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Abstract

Since a long time ago, the ultimate constituents of matter have always puzzled
the mankind and been researching. It began with the theory of atomism (indestruc-
tible atom) speculated by Democritus, a philosopher of ancient Greece, followed
by the modern atomic theory proposed by John Dalton with the law of multiple
proportions in 1803. In the early 20th century, the electron was discovered by J. J.
Thomson through the measurement of mass to charge ratio in his explorations on the
properties of cathode rays, and Ernest Rutherford theorized that atoms have their
charge concentrated in a very small nucleus through his discovery and interpretation
of Rutherford scattering with the gold foil experiment. With more experiments built
for researching, more particles, such as proton, neutron and quark, are discovered
in succession. All the discoveries let us clearly know that the atom consists of the
nucleus and electrons, the nucleus is made up of protons and neutrons which are
composed of fundamental particles, quarks and gluons.

Currently, it is widely known that the ultimate constitutes of the matter are
three generation quarks, their anti-quarks and three leptons. These fundamental
particles have strong, weak and electromagnetic interactions by mediating gluons,
W= and Z° bosons, and photons. A famous theory, Standard Model(SM), estab-
lished to describe the electromagnetic, weak, and strong nuclear interactions and
the fundamental particles, is success in explaining a wide variety of experimental
results. The strong force of quarks and gluons is described by a theory of Quantum
Chromodynamics (QCD). Three significant features, confinement, asymptotic free-
dom and chiral symmetry restoration, reveal the main characteristics of QCD. The
strong interaction increases or the coupling constant « describing the strong inter-
action strength becomes larger with the momentum transfer decreasing. Therefore,
the quarks and gluons are confined in the hadrons in the normal world with low mo-
mentum transfers, known as confinement. The second feature is called asymptotic
freedom. According to the asymptotic freedom, the coupling constant a, becomes
smaller and the interaction is perturbative with the momentum transfer increas-
ing (equivalently at short distances). The third characteristic associated with QCD
is chiral symmetry restoration. The chiral symmetry exists as an exact symmetry
only when the mass parameter of a quark is strictly zero. At low energy region,
Lattice QCD is a well-established non-perturbative approach to solving the quan-
tum chromodynamics theory of quarks and gluons. According to the Lattice QCD

prediction, a new matter, Quark-Gluon Plasma (QGP), which consists of decon-
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fined quarks and gluons, is excepted to be created at extremely high temperature
and/or high baryons density. More results demonstrate that the QGP matter may
be created in the universe after a microsecond of the Big Bang due to the formed
extremely high temperature or in the interior of the neutron stars with high baryons
density. Therefore, it is great significant to search for the characteristic signatures
of the QGP and research its properties for understanding the evolution and forma-
tion of the early stages of the universe. However, it is impossible to extract directly
the signatures of the early stages of the universe due to its long time evolution and
explore the interior of the neutron stars. So how to create the QGP matter under
the normal laboratory conditions is a great challenge.

Ultra-relativistic heavy-ion collision experiment is considered as an available ap-
proach to producing the QGP phase. In the heavy-ion collisions, two Lorentz con-
tracted nuclei approach to each other with velocities nearly equal to the velocity
of light and have colliding. In the colliding instant, both contracted nuclei pass
through each other in the region of geometrical overlap. Many processes of parton-
parton hard scatterings occur in the overlap region, which result in depositing a
large amount of energy in a limit volume. The energy density is so high that a new
matter state consisting of defined quarks and gluons is created. Since 1960’s, a series
of heavy ion accelerators, such as Alternating Gradient Synchrotron (AGS), Super
Proton Synchrotron (SPS) and Relativistic Heavy Ion Collider (RHIC), have been
built to search for the QGP signatures and research its properties.

In European Organization for Nuclear Research (CERN), the current biggest
accelerator, Large Hadron Collider (LHC), was designed at 1998 and run successfully
at the end of 2009. As one of four experiments, A Large Ton Collider Experiment
(ALICE), whose aim is to study the physics of the strongly interacting matter at
extreme energy densities. The centre-of-mass energy of \/syx = 2.76 TeV of Pb+Phb
collisions running in 2010 is about 14 higher than the highest energy of RHIC. Hence,
it is excepted that the QGP created at LHC has longer lifetime and larger volume
than at RHIC. This provides much better conditions for searching for the QGP and
studying its properties. In the heavy-ion collisions, the formed QGP only exists in a
short time and then fragment into a great variety of final hadrons. In this case, we
can only study the QGP phase by different measurements from the final particles.
Up to now, some main measurements which are considered as the signatures of the
formation of the QGP are strangeness enhancement, suppression of J/1 production,
direct photons and thermal di-leptons, jet quenching, collective flow, and so on.

Two-particles correlation is considered as a powerful probe for understanding the

vi
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properties of the strongly interacting hot and dense medium. In such an analysis,
a particle is chosen from higher pr region and called the trigger particle, which is
presumably from jet fragmentations. The so called associated particles from lower
pr region are always from the other fragmentation of the jet, or another production,
such as collective flow. At RHIC and LHC, the measurements of the azimuthal
angle distribution from two-particle correlations in A+A collisions show a strong
suppression even disappeared at the high pr and enhancement with double-peak at
the low pr on the away side, and “ridge” structure in pseudo-rapidity direction at
the low pr on the near side compared to pp collisions. All the measurements can
be explained as the effects of the hot and dense medium, and imply the Quark-
Gluon Plasma is indeed formed in the heavy-ion collisions. When the direct photon
is selected as the trigger particle, the correlations probably tag the v-jet events
produced from the QCD Compton scattering process, ¢+g — ¢+~ and ¢+q — g+~
annihilation process. In these processes, the photons momenta in the center-of-mass
frame are approximately balanced by that of the recoil partons. The photons do
not occur energy loss when going through the medium due to only electromagnetic
interactions happen between photons and other particles because of the large mean
free path of photons. The fragments of the recoil partons have rich information,
such as the parton fragmentation function with the medium effects, due to the

interactions of the recoil partons and medium.

In this thesis, the medium effects and the parton fragmentation function are
measured by m°-hadron correlations and direct photon-hadron correlations, where
the 7 and photons are detected by the electromagnetic calorimeters (EMCal) and
the charged hadrons are reconstructed by the central barrel detector system. In

the 7%-hadron correlations, the azimuthal angle distribution of the correlations and
PbPb
BT

side are measured in pp and Pb+Pb collisions at /syy = 2.76 TeV. In central

Pb+Pb collisions, an away side suppression from in-medium energy loss is observed

the per-trigger yield modification factor, Iy = on the near side and away

(Iaa = 0.6), which is from the effects of partons energy loss. Moreover, there is
an enhancement above unity of (Ixaa &~ 1.2) on the near side which has not been
observed with any significance at lower collision energies. The significant near side
enhancement of Ixa in the pr region observed shows that the near side parton is
also subject to medium effects. Ixa is sensitive to (i) a change of the fragmentation
function, (ii) a possible change of the quark/gluon jet ratio in the final state due
to the different coupling to the medium, and (iii) a bias on the parton pr spectrum

after energy loss due to the trigger particle selection. In the direct photon-hadron
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correlations, both isolation technique and statistical subtraction method are used
to extract the direct photons and measure the azimuthal angle distribution of the
correlations and the parton fragmentation function in pp at /s = 7 TeV. The
isolation technique used for the analysis is based on the physics that there is no
particle or only a few particles around the leading order direct photons. The parton
fragmentation function is measured and compared to the theory calculations at
8.0 < p/f”7 < 25.0 GeV/c. The statistical subtraction method is based on the fact
that all photons consist of direct photons and decay photons from hadrons decay.
Since there is no enough statistics of pp collisions at /s = 7 TeV, it is impossible to
extract significant results with the statistical subtraction method. But the work in
this thesis develops the method in ALICE data analysis, which can be used quickly
for measuring the parton fragmentation function and studying the medium effects
in the next running.

This thesis is organized as follows: Chapter 1 presents the Standard Model of
the particle physics including the description of the Higgs boson and the Quantum
Chromodynamics, the Lattice QCD predication and the QCD phase diagram. The
space-time evolution of the heavy-ion collisions and some significant measurements
for searching for the QGP phase from SPS, RHIC and LHC are summarized in
Chapter 2. Chapter 3 gives an overview of the ALICE experiment and a description
of the ALICE online and offline systems. The analysis framework for measuring
the correlations is also presented shortly in this chapter. In Chapter 4, the analysis
method of two-particle correlations is introduced as well as the measurements of the
correlations with the triggers as charged hadrons, neutral pions and direct photons
from RHIC and LHC. From Chapter 5 to 7, the selection criteria of the analysis
data, analysis details of neutral pion-hadron correlations and direct photon-hadron
correlations are discussed. Chapter 5 summarizes the selection criteria of data,
clusters and tracks. The 7° identification at EMCal and its trigger correlations are
presented in Chapter 6. Chapter 7 deals with the analysis of direct photon-hadron
correlations extracted from the pp collisions at \/s= 7 TeV with the methods of the
isolation and the statistical subtraction. At last, the discussion and outlook to the

work in this thesis are addressed in Chapter 8.

Keywords: ultra-relativistic heavy-ion collisions, Quark-Gluon Plasma (QGP),
Large Hadron Collider (LHC), A Large Ion Collider Experiment (ALICE), medium
effects, two-particle correlations, neutral pion, direct photon, parton fragmentation

function
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Chapter 1
Fundamental theory

Since a long time ago, a great variety of questions about the world, such as what
are the ultimate constituents of matter? How do they interact with each other?, has
puzzled the mankind. Up to now, both theoretically and experimentally one can
believe that all the matter consist of elementary particles and their interactions with
strong, weak, electromagnetic and gravitational at different ranges and strengths.
The latest experiment results at LHC demonstrated the Higgs boson, which explains
why some particles have mass and others do not, e.g. the W+ and Z° bosons are very
massive, whereas the photon is massless, is indeed existence and has mass about 125
GeV/c2.

This chapter will start with a brief overview of the elements of the Standard
Model in Sec. 1.1. In Sec. 1.2, a theory describing the strong interaction of color
quarks and color gluons, Quantum Chromodynamics (QCD), is introduced. This is
followed by the description of the Quark-Gluon Plasma (QGP) consisting of decon-

fined quarks and gluons in Sec. 1.3.

1.1 Standard Model of particle physics

The Standard Model (SM) [1-3] of particle physics currently provides a theo-
retical description to the elementary particles constituting the matter as well as
their interactions including the electromagnetic interactions, the weak and strong
interactions (but not gravity). The theory was firstly set up by combining the
electromagnetic and weak interactions by Sheldon Glashow in 1976 and then incor-
porating Higgs mechanism [4-7|, which is believed to give rise to the masses of all

the elementary particles, by Steven Weinberg and Abdus Salam in 1967.
1
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In the SM, there are 61 elementary particles, as summarized in Tab. 1.1 and
Fig. 1.1. According to the spin of physics, these elementary particles are mainly
divided into two classes, fermions with spin % and bosons with spin 1. The fermions

consisting of 6 leptons, electron (e), electron neutrino (v, ), muon (i), muon neutrino

Elementary particles | Types | Generations | Antiparticle | Colors | Total
Quarks 2 3 Pair 3 36
Leptons 2 3 Pair None 12
Gluons 1 1 Own 8 8
W 1 1 Pair None 2
Z 1 1 Own None 1
Photon 1 1 Own None 1
Higgs 1 1 Own None 1
Total 61

Table 1.1: Elementary particles in the Standard Model.

(v,), tau (1), tau neutrino (v.), and 6 quarks, up (u), down (d), charm (c), strange
(¢), top (t), bottom (b), which can be categorized into three generations shown in
Fig. 1.1, respect the Pauli Exclusion Principle. For each quark (lepton), there is also
an anti-quark (anti-lepton) with same mass, opposite electric charge and opposite
baryon (lepton) number. Each (anti)quark has three color charge, red, blue and
green, and carries an electric charge of —%e or %e. Particles consisting of quarks are
called hadrons, which divided into mesons and baryons. Mesons consist of quark-
antiquark pair, such as 7 (ud) and 7 (@d), while baryons are composed of three
quarks, e.g. p (uud) and n (ddu). Recently, two independent groups, the BESIII
Collaboration [9] and the Belle Collaboration [10], announced a new strange particle
consisting of four quarks (cedu), named Z.(3900), was discovered. The stable matter

are composed of the first generation as the heavy quarks and lepton of higher gen-

Interaction Carry boson(s) Applies to
electromagnetic photon v charged particles
strong 8 gluon g quarks
weak W+ and Z°  quarks and leptons

Table 1.2: Fundamental forces and their carries in the Standard Model [11].
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Figure 1.1: Standard Model elementary particles with three generations of matter, gauge bosons
in the fourth column, and the Higgs boson in the fifth [8].

strong weak electromagnetic
(color) (flavor) (charge)

a
‘ \ a oy
y ‘ W
eak
Photon b
quarks bound together reverse befa decay alpha particle scattering
within a proton in the gold foil experiment
H : interaction mediated interaction mediated interaction mediated
nggi Boson by gluons by W and Z particles by photons

Figure 1.2: Summary of interactions between particles (first), and characterization of strong (sec-
ond), weak (third) and electromagnetic (fourth) [8].
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eration decay to the lighter ones immediately once created. The bosons, including
photon (7), gluon (g), W* and Z°, are the carries of the electromagnetic, strong and
weak fundamental interactions. The interactions and their carries are summarized
in Tab. 1.2.

The Higgs boson was predicted to be an elementary particle by the Higgs mech-
anism with production modes shown in the left panel of Fig. 1.3. At LHC, The
Higgs boson was firstly discovered by H — 7 channel with mass 126.0 4 0.4(stat) £
0.4(sys) GeV/c* at ATLAS [13] and 125.3+0.4(stat) +0.5(sys) GeV/c? at CMS [14],
see the right panel in Fig. 1.3.

S 10000 J ! T l —
8 L Selected diphoton sample ]
N g ¢ Data 2011+2012 N
-~ C Sig+Bkg Fit (m =126.8 GeV) i
'2 C «+ Bkg (4th order polynomial) ]
¢ eom— ATLAS Preliminary —
w o T Hoyy -
4000 — —
C v;=7Tev,ILdt=4.efb" 7
2000 — —
T {s=8TeV, det =207f0" N
o 500 = } } t } } =
x 400E- =
p 300E- =
L& wE + } 3
i 100E- + + =
- $ ot LI ¥
s owdp 4 AARAALES
Vector boson fusion Top fusion g WE ‘ ‘ . ‘ , =
w 100 110 120 130 140 150 160
m,, [GeV]

Figure 1.3: Feynman diagrams for Higgs production (left) [12] and invariant mass spectrum of two
photons measured at the LHC [13].

1.2 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is a theory for description of the strong in-
teraction of color quarks and color gluons, the gluons as the quanta of the chro-
modynamic fild. Tt is analogous to the theory which describes the electromagnetic
force, Quantum Electrodynamics (QED), with photons as the quanta of the Elec-
trodynamic fild.

The Lagrangian of QCD is written as [15]:

_ ] 1 y
L= Z V4,017 0p0ab — gsv“tC%Af — MaOab) Vg b — L—lFﬁ/FA’“ ) (1.1)
q

4
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where y* is the Dirac «-matrix which expresses the vector nature of the strong
interaction with ;1 being a Lorentz vector index. 1),, are quark-field spinors for
a quark of flavor ¢ and mass m, induced by the standard Higgs mechanism. The
color-index, a, runs from a = 1 to N, = 3 since the quark may be one of the three
colors. The .Aff correspond to the gluon fields with color-index C' going from C' =1
to N2 — 1 = 8 because of 8 types of gluons, and t$, are the generators of the SU(3)

group with eight 3 x 3 matrices, written as [16]:

0 1 0 —i 0 0 001
M=l100 [, X=[i 0 0] N= -1 0 |, M=[000
00 0 0 0 0 1 00
1
0 —1 0 00 00 O 7 0 1
5 _ 6 7 8 _ 1
AN=1|00 A =1001 |, AM=]100 —i |,\= 07§O
-2
¢ 0 010 t 0 10 N
(1.2)
The field tensor F f,, is expressed as:
F = 0,A} — 0,A) — gufapc ALAS, (1.3)
where the definition of SU(3) structure constants, fapc, are
(t4, 8] = i fapcet®. (1.4)
The useful color-algebra relations:
N2-1 4
ab'be GCCF (CF 2N, 3)7
_ N = (1.5)
facofpep = 6aBCr (Ca = N = 3),
tAtE = Troap Tr=1/2.

where Cr, Cx and Ty are the color-factor (“Casimir”) associated with gluon emission
from a quark, from a gluon, and a gluon to split to a gq pair, respectively.

The QCD coupling constant, oy = g, which is analogous to a = 1/137 in QED,
describes the strong interaction strength depending on the momentum transfer Q),
i.e. ag ~ 0.1 for 100 GeV-TeV range. In perturbative QCD (pQCD), a5 can be
expressed as a function of an (unphysical) renormalization scale ugr with [17]:

o dag

“R% Blas)

= —boOéi — blOéi - bQO/SL — ... (16)
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where by = (11C4 — 4nfTR)/(127) = (33 — 2ny)/(127) is referred to as the 1-
loop beta function coefficient, the 2-loop coefficient is by = (17C4 — nfTR(10C4 +
6Cr))/(247%) = (153 — 19n;)/(247?), and the 3-loop coefficient is by = (2857 —
5033n s +325n7%)/(1287%). The negative sign in Eq. 1.6, combined with the fact that
bo > 0 (for the number of quarks ny < 16), gives a result which the QCD coupling
effectively decreases with energy, called asymptotic freedom. One can consider
only the by term at an energy range where the number of flavors is constant, under
the assumption p% ~ Q?, written as[18, 19]:

9 1

as(Q°) = bo (G2 /A3 0)

where Agep is a constant of integration, corresponding to the non-perturbative

(1.7)

scale of QCD. Currently, the measurements of the QCD coupling is presented as
a function of the energy scale Q in Fig. 1.4, which demonstrates the agreement of
measurements with the specific energy dependence of «; predicted by QCD.

From Fig. 1.4, One can find a feature which reveals a main characteristic of
QCD. With the momentum transfer increasing (equivalently at short distances), the
coupling constant a, becomes smaller. At a, approaching zero, the quarks interact
very weakly and can behave as if they are free. This feature of the strong interac-
tion is so-called asymptotic freedom, or deconfinement. On the contrary, at low
momentum transfers, the coupling constant a, becomes larger and the perturba-
tive approach is not valid anymore. In the normal world, the quarks and gluons
are confined in the hadrons, known as confinement. The further explanation is
given by the coupling strength between two interacting quarks which increases with
the distance. The potential of the strong force between a ¢q pair as a function of
distance r can be approximated by [21]:

Vi(r) = 3 + K1 (1.8)
where k is the string tension and r is the distance between the two quarks. It
concludes that the QCD potential between two quarks does not vanish for large
distances r but grows linearly with r. The third characteristic associated with QCD
is chiral symmetry restoration. The chiral symmetry exists as an exact symmetry
only when the mass parameter of a quark is strictly zero. At high momentum
transfers range, some quarks will have small mass and the chiral symmetry is said
to be approximately restored. However, quarks inside hadrons are confined and have

large dynamical masses. In this case, the chiral symmetry is considered to be broken
(or hidden).
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Figure 1.4: Summary of measurements of a; as a function of the energy scale Q. The curves show

the predictions from QCD at the average value of «y between 4-loop approximation and 3-loop
threshold matching heavy quark masses M. = 1.5 GeV and M}, = 4.7 GeV. The o, extracted from
QCD perturbation are shown at next-to-leading order (NLO) (open triangles plussing squares),
next-to-next-to leading order (NNLO) (open circles), next-to-NNLO (N3LO) (Full symbols). The
cross filled square is based on lattice QCD. The filled triangle at Q = 20 GeV (from DIS structure

functions) is obtained from the original result which includes data in the energy range from Q =

2 to 170 GeV. The plot is taken from [20].
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1.3 Quark-Gluon Plasma

To the ordinary matter in the world, they are made up of quarks and gluons,
confined into hadrons by the strong interactions. As discussed in Sec. 1.2, the quarks
and gluons is expected to be in a deconfined state based on the asymptotic prop-
erty of QCD at extremely high temperatures and/or short distances. By analogy
with classical plasma, the quarks and gluons deconfined state is called Quark-Gluon
Plasma (QGP) [22]. After the discovery of the asymptotic freedom, One open ques-
tion is about the properties of the transition from the hadron phase to the QGP
phase.

1.3.1 Lattice QCD predictions

At low energy region, the increasing coupling constant requires the use of non-
perturbative methods to study the properties of QCD. A new theory, Lattice gauge
theory, was proposed by K. Wilson in 1974 [23] to solve the QCD theory of quarks
and gluons on non-perturbative approach, well known as Lattice QCD. In lattice
QCD, the QCD Lagrangian is described in Euclidean space-time lattice, where quark
fields are located on the lattice sites and gauge fields are defined on the links between
sites. Lattice QCD calculation provides quantitative information on the QCD phase
transition between the hadron phase and the QGP phase. For massless quarks, a
transition at baryonic potential iz = 0 was obtained from the calculation, which is
expected from the spontaneous breaking of the chiral symmetry in QCD. The esti-
mated phase transition temperature, named critical temperature (7.), and critical
energy density would be T, ~ 170 MeV and € = 0.7 GeV /fm? [24], as shown in the
left panel of Fig. 1.5. The QCD pressure can also approach the ideal QGP phase
value at infinite temperature due to the asymptotic freedom of QCD. As shown in
the right panel of Fig. 1.5, the pressure strongly reacts to changes in the number of
degrees of freedom [25]. Both of calculations are based on 163 x 4 lattice and used
the p4-improved staggered quark action with the Symanzik improved gauge [25].
A clear number of flavors dependence is observed for energy density and pressure,

which becomes larger when going to larger number of degrees of freedom.

1.3.2 QCD phase diagram

Under different conditions such as temperatures and pressures, a physical system

made up of many particles would appear different phases, e.g. water can be solid,

8
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Figure 1.5: Left: Scaled energy density e/T* as function of temperature T from lattice calculations.
Right: Scaled pressure p/T* in QCD with different number of degrees of freedom as a function of
temperature T. The calculations are carried out with 2 or 3 light flavors or 2 light and 1 heavy
flavor (strange quark). The arrows are the Stefan-Boltzmann limit predictions corresponding to

different number of flavors.

fluid, or gaseous. Analogously, the strong interacting matter would present different
phases depending on the conditions of temperature and baryon chemical potential
which is related to the density of baryons in the system, as shown in Fig. 1.6. Either
experimentally or theoretically, the phase diagram is not well known. The names
of the various phases including vacuum, hadron gas, nuclear matter, color super-
conductor and Quark-gluon plasma are shown in white words. The critical point
and crossover are presented by a big point and dash lines, respectively. Some ex-
periment regions also are shown in the phase diagram with yellow marks. Normal
nuclear matter consist of neutrons and protons, such as a Pb nucleus, has low T
and pup ~ 900 MeV. The quarks and gluons are confined in neutrons and protons,
generally said hadrons, as packed together in bags. However, under extreme condi-
tions of high temperature or high baryon chemical potential (or both), quarks and
gluons are set free due to the confinement breaking down. This is well known as
the deconfinement of hadrons to the quark-gluon plasma. Deconfinement at large
baryon chemical potential is considered to exist in the interior of neutron stars [26]
and color superconductor [27|, where the nuclear matter is strongly compressed to
up to 10 times the normal nuclear density. Deconfinement by heating up nuclear
matter can be achieved by colliding heavy nuclei at enormous energies, 7.e. SPS,
RHIC and LHC, at a critical temperature of T, ~ 170 MeV. Along the first order
phase transition line, the matter is shown with hadron gas (lower 7') and quark-gluon

plasma (higher T'). The transition line is end at a point known as the QCD critical
9
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& Universe
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Figure 1.6: Schematic of the QCD phase diagram of nuclear matter in terms of the temperature
(T) versus baryon chemical potential (). The solid lines show the phase boundaries for the
indicated phases. The solid circle depicts the critical point where the sharp distinction between
the hadronic gas and QGP phases ceases to exist. Possible trajectories for systems created in the

QGP phase at different accelerator facilities are also presented.
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point [28] where deconfinement occurs. To the point, both phases are distinct and
the transition from one phase to the other is sharp. Meanwhile, both of them can
co-exist and the transition from one to the other is a smooth crossover |29]. Locating
the critical point both experimentally and theoretically is a great challenge. Current
theoretical calculations are highly uncertain about the location of the critical point.
At RHIC, a new running program has recently started to search for the critical
point by energy scan using Au-+Au collisions with energies between 5 GeV and 20
GeV, corresponding to up values from about 100 MeV to 500 MeV. There is now
considerable evidence that the universe began as a fireball, called “Big-Bang”. It is
believed that after the electro-weak transition (¢ ~ 107" s and E ~ 1 TeV) the QCD
phase transition happened at ¢t ~ 1075 s. In other words, fractions of a second after
the Big Bang the universe was filled with the free quarks and gluons. Therefore,
studying the phase transitions of quark-gluon plasma also allows to understand the

behavior of matter in the early universe.

11






Chapter 2
Heavy-ion physics

It is widely considered that the free quarks and gluons, referred to as strongly
interacting matter or Quark-Gluon Plasma, exist in the universe after a microsecond
after the Big Bang and the interior of neutron stars. Under controlled laboratory
conditions, the Quark-Gluon Plasma may be created at extremely high tempera-
tures and high densities by reactions of nucleus-nucleus pairs, usually named ultra-
relativistic heavy-ion collisions. Since 1980’s, many heavy-ion experiments have been
developed to search for this matter and study its properties. For example, Alternat-
ing Gradient Synchrotron (AGS) at BNL (Brookhaven National Laboratory) with
VSN = 5.4 GeV, Super Proton Synchrotron (SPS) at the European Organization
for Nuclear Research (CERN) at /sy = 19.4 GeV, Relativistic Heavy Ion Collider
(RHIC) at BNL with Au+Au collisions up to /syy = 200 GeV and currectly largest
one, Large Hadron Collider (LHC) at CERN with Pb+Pb collisions energy /sy =
2.76 TeV.

In this chapter, an overview of the space-time evolution of ultra-relativistic
heavy-ion collisions is summarized in Sec. 2.1. The particle production in ultra-
relativistic heavy-ion collisions, including the effects from initial and final nuclear
interactions, is briefly discussed in Sec. 2.2. Sec. 2.3 summarizes of the experiment

probes for searching for and understanding the Quark-Gluon Plasma.

2.1 Ultra-relativistic heavy-ion collisions

2.1.1 Geometry of collisions

In the ultra-relativistic heavy-ion collisions, two highly Lorentz contracted nuclei

(like “thin pancakes”) approach each other with velocities nearly equal to the velocity

13
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of light. Many nucleon-nucleon collisions are happened in the region of geometrical
overlap, which are determined by the distance between the centers of the two collid-
ing nucleus named impact parameter b as shown in Fig. 2.1. The impact parameter

characterizes the centrality of the heavy-ion collisions. The corresponding nucleons

Participants

before collision after collision

Figure 2.1: Schematic view of two colliding nuclei in the geometrical participant-spectator model.
The distance between the centers of the two Lorentz contracted nuclei is the impact parameter b.

in the overlap region are so-called participants, which consist of protons and neu-
trons taking part in the collision. While the nucleons outside the geometrical overlap
are called spectators, which continue traveling almost unaffected. The participants
interact with each other in the reaction zone, which lead to the formation of a hot
and dense region, the fireball. The number of participating nucleons, Npq, is an
important way of characterizing the heavy-ion collisions. It is also useful to know
the number of binary nucleon-nucleon collisions, Ney;. Both Ny and Negy can be

calculated by a probabilistic model due to Glauber [30, 31] as presented in App.A.1.

2.1.2 Space-time evolution of collisions

A simple view of a ultra-relativistic nuclear collision including many various
stages is presented in the top panel of Fiig. 2.2. Sometimes it is useful to conceptualize
such a collision in terms of a light cone diagram as shown in the bottom panel of
Fig. 2.2. Here two Lorentz contracted nuclei approach each other with velocities
nearly equal to the velocity of light and have colliding at t = z = 0. In the colliding
instant, both contracted nuclei pass through each other in the region of geometrical
overlap. Many processes of parton-parton hard scatterings occur in the overlap
region, which result in depositing a large amount of energy in a limit volume. The
energy density is so high that a new matter state consisting of defined quarks and
gluons is formed, which is expected to happen in the early universe. The created

new matter expands in the space-time going through different stages till a large

14
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number of hadrons produced from partons fragmentation arrive at the detectors
eventually. More illustration of the various forms of QCD matter intervening during

the successive phases of the collisions is discussed briefly in the following.

QGP and hadronic phase
initial state hydrodynamic expansion .and freeze-out

pre-equilibrium

hadronization

NNy S

Tf
= 22/e-0
= cl cese-0
Hadron gas QCD phase
transition
thermalization
QGP o

parton cascade

-

Vo) Z
’b({\ @(5.

NS 2

Figure 2.2: Top: Overview of the space-time evolution in a ultra-relativistic nuclear collision.
Bottom: Schematic representation of the various stages of a heavy ion collision as a function of

time ¢ and the longitudinal coordinate z (the collision axis) [32, 33].

2.1.2.1 Initial state for collisions

Prior to the collision, in the center-of-mass frame, the accelerated projectile and
target nuclei seem as two Lorentz-contracted “pancakes”, with a longitudinal extent
smaller by the Lorentz boost factor v = E/m ~ 100 (E is the beam energy per
nucleon, and m is the mass of nucleon) than the radial extent in the transverse
plane. The Parton Distribution Functions (PDFs) in the nucleus, which govern the

initial conditions of the evolution of the system, are modified by the Nuclear Initial
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State Effects (or Cold Nuclear Effects). Two models, Glauber model and Color Glass
Condensate (CGC) [34, 35], are commonly used to describe the initial state.

Glauber model:

The Glauber Model views the collision of two nuclei in terms of the individual inter-
actions of the constituent nucleons. In all calculations of geometric parameters us-
ing a Glauber approach, two most important inputs are the nuclear charge densities
measured in low-energy electron scattering experiments and the energy dependence
of the inelastic nucleon-nucleon cross section. To a fixed impact parameter b heavy
ion collision, the number of participants N4+ and binary nucleon-nucleon collisions
Neoi can be calculated as presented in Sec. 2.1.1. The PDFs in the nucleus, which
are different from those in free protons and neutrons in the initial state effects, such
as nuclear shadowing [36—40], initial state parton energy loss [41, 42|) and intrin-
sic transverse momentum (k;) broadening or Cold Nuclear Effects [43], perform the

initial conditions of the evolution system.

Color Glass Condensate:

Alternatively, the CGC takes saturation effects into account, given e.g. by the
Kharzeev-Levin-Nardi (KLN) model [44, 45]. In this model, assuming two “pan-
cakes” are mostly composed of gluons which carry a small fractions zp; (Bjorken-z)
of the momentum of their parent nucleons (xp; < 1) due to the Lorenz contrac-
tion of the longitudinal size of the nucleus at high energy. However, the gluon
density growth can not go on forever since it would lead to violation of unitarity
for physical cross sections. The density is rapidly increasing with 1/x with carrying
relatively large transverse momenta, written in Dokshitzer-Gribov-Lipatov-Altarelli-
Parisi (DGLAP) [46, 47| formalism as:

2G(x, Q%) ~ exp[\/aslog 1/ log Q?] (2.1)

A typical value for such a gluon in a Pb or Au nucleus is k; ~ 2 GeV for x =
10~%. According to the Balitsky-Fadin-Kuraev-Lipatov (BFKL) evolution [48-50],
the gluons with low zp; will overlap together and their density will saturate due to
the finite nucleus volume, named gluon saturation [51]. The DGLAP and BFKL

evolutions are shown in Fig. 2.3.

2.1.2.2 Fireball of collisions

The two nuclei collide with each other and the interactions start developing at

the geometrical overlapping region. In the collision process, a fireball is created.
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Figure 2.3: “Phase-diagram” for parton evolution in QCD in the CGC model. The straight line is
the saturation line which separates the dense and dilute regimes [52].

A large amount of energy is deposited in the fireball of the two colliding nuclei,
and is distributed among deconfined quarks and gluons that potentially form a
equilibrated QGP when passing pre-equilibrium parton cascade stage firstly. The
fireball keep expanding in space-time then going through a mixed phase with the
QGP and hadrons till the eventually created particles freeze-out. More details about

the fireball evolution to final state particles are presented as following:

e Beam colliding:
At time 7 = /12 — 22 = 0, the two nuclei hit with each other. The nucleons
of the colliding nuclei are resolved into their partons on the basis of the ex-
perimentally measured nucleon structure functions and the interactions start
developing. The “hard” processes with large transferred momenta (QQ > 10
GeV) occur fast (within 7 < 1/@Q)), which are responsible for the production
of “hard particles”, like (hadronic) jets, direct photons, dilepton pairs, heavy

quarks, etc.

e Pre-equilibrium:
At time 7 < 1 fm/e, parton-parton scattering predominantly occur in the
space-time volume, and a large amount of energy is deposited which result in

a new matter composed of deconfined quarks and gluons. While the matter is
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currently still not in thermal equilibrium and perturbative QCD models can
be used to describe the underlying dynamics as a cascade of freely colliding
partons. The Parton Cascade Model (PCM) [53-55| is one of models to mainly
describes the evolution of this stage of the collision based upon the Boltzmann
equation, in order to estimate how fast partons belonging to incoming nucleons

multiply and thermalize.

Chemical and thermal equilibrium:

After the short pre-equilibrium stage, the matter local equilibrium is achieved
at the proper time 75. The system evolves to the law of hydrodynamics [56],
which is established of thermal (but not necessarily chemical) equilibrium at
partonic level. A special simplified hydrodynamics model of the collisions, the
Bjorken longitudinal boost-invariant model, is commonly used to estimate the

initial produced energy density in the collision by formula as [57, 58]:

_ dEr/dy 3

. ANy /dn
~— 1orR2 2

< Er/N >
v/ Tom R?

(2.2)

where 7g is the thermalization time, R is the radius of a nuclear, and Et/N ~
1 GeV is the transverse energy per emitted particle. Until the interacting
medium is thermalized, the hot and dense QCD matter consisting of quarks
and gluons (QGP) is formed. The existence of this phase is well established

via theoretical calculations on the lattice.

Hadronization and mixed phase:

The partonic matter keeps expanding and cooling down fast via strong inter-
actions between quarks and gluons. Hadronization occurs when the (local)
temperature becomes of the order of the critical temperature T, for deconfine-
ment, known from lattice QCD calculations as T, = 150 <+ 180 MeV. For larger
times 10 < 7 < 20 fm/c, this hadronic system is still relatively dense, so it
still keeps collective expansion via hadron-hadron interactions to form hadron
gas, whose temperature and density continue decrease with increasing time. A
“mixed phase” is expected to exist between the QGP and hadron gas phases.
In the mixed phase, the entropy density is transferred into fewer degrees of

freedom, therefore, the system is prevented from a fast expansion.

Freeze-out:
Around time 7 > 20 fm/c, the hadrons stop interacting with each other after

the system reaches a certain size and temperature, and the hadrons undergo
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free streaming for the medium until they reach the detector. The memory of
the QGP formation in the early stage of the collision is expected to be kept
in their final distributions. Two types of freeze-out are appear in this stage.
When inelastic collisions between constituents of the fireball do not occur any
longer and the hadron abundances stop changing, including antibaryons, it is
called as chemical freeze-out [59]. Subsequently, the elastic collisions also cease
to happen in the fireball and the momenta of the hadrons can not undergo
further change, this stage specifies the kinetic freeze-out or thermal freeze-
out [59]. Both of the two freeze-outs are not indeed sharp occurrences for
all hadronic species at the same time and different freeze-outs need to be

considered for different particles.

2.2 Particle production

Many experment results show a fact that pions, the most abundant particles pro-
duced in a collision, have on average small transverse momenta, pr ~ 0.4 GeV/c. [60].
The processes which lead to the production of such low-energetic pions are called
soft processes. On the other hand, the processes producing the pions with large

transverse momenta pr > 1 — 2 GeV/c are called hard processes.

2.2.1 Soft processes

The soft processes are the bulk of the events taking place in heavy-ion collisions.
Generally, particles in soft processes are produced by the decays of nucleons which
are excited by soft collisions. Multiple soft collisions change only the excited states of
the nucleons, which in turn produce particles the moment they leave the interaction
region. This is why the multiplicity from soft processes is excepted to be scaled
by the number of participants. The soft processes can not be described directly by
perturbative QCD (pQCD). In this case, the strong coupling constant is large and
the non-perturbative effects, which are very difficult to deal with, are important.
The appropriate scaling of multiplicity of soft processes is postulated to be the
number of participating nucleons Npa. QCD based phenomenological models, such
as the wounded nucleon model [61| and string model 62|, have been introduced
by extrapolating the ideas developed for the hadron-hadron and hadron-nucleus

interactions which correctly describe soft nucleon-nucleon collisions.
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2.2.2 Hard processes

The hard processes involve large momenta transfers (¢ > 10 GeV)connected
with a small value of the strong coupling constant. Therefore, this process can
be described successfully within the methods of pQCD. For the hard processes,
the number of particles produced is assumed to scale with the number of binary
collisions Ngo. In this process, the inelastic hard scattering of the nucleons can be
described by the pQCD in terms of the scattering of the pointlike partons (quarks or
gluons) inside the nucleons. This eventually leads to the particles produced along the
direction of the scattered partons, like a jet. The characteristic time and length scale
of the parton-parton interaction is short compared to the soft processes between the
bound partons in the initial state and to those of the fragmentation process of the
scattered partons in the final state.

The hard inelastic cross section in nucleon-nucleon scattering is described in
pQCD as the convolution of partonic reactions ab — cd with the parton distribution

function (f) and the fragmentation function (D) as shown on Fig. 2.4. The produc-

Figure 2.4: Diagram of calculation for the hard scattering process.

tion cross section of a given hadron A in a nucleus-nucleus collision A + B can be

factorized as [63]:
dS O.hard dBO.hard

M =3 fuia(@. Q) © fys (@, Q) © 5 @ Djealea, @) (23)

E =
dp3 dp3

a,b,c

where fo/4(2, Q%) (fo/5(z, Q%)) is the PDFs of the initial parton “a” (“b”) in the initial

nucleus “A” (“B”), which depends only on the momentum transfer and the parton
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fractional momentum x and can be determined e.g. in deep inelastic electron-nucleus
reactions, Dy /ca(zea, @) is the non-perturbative Fragmentation Function (FF) of

the scattered parton ¢ (d) into the hadron h carrying a fraction z = p"/p@D of the

SO.}La'r'd

parton momentum, and % represents the parton-parton cross section. In the
SO.hard . .
formula, only parton-parton scattering term, ;;;Cd, is perturbatively computable,

and other terms (PDFs and FF) are parameterizations based on the experimental
data.

The PDFs are defined as the momentum distribution functions of the partons
within the proton, which represent the probability densities to find a parton of flavor
f carrying a fraction x of the hadron longitudinal momentum at a squared energy
scale Q2 (= —¢*). The PDFs are universally defined and independent of any specific
physical process. Since PDFs can not be computed by the pQCD because of the
inherent non-perturbative effect in a QCD binding state. The functions are obtained
as parameterization by using measured nuclear structure function Fy(z, Q%) [64].
The proton structure function is measured by lepton Deep Inelastic Scattering (DIS)
in many experiments. As an example, the parameterized PDFs are provided by the
CTEQ group as shown in Fig. 2.5 [65].
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Figure 2.5: Parton distribution function from the CTEQ group as a function of z at @ = 2 GeV
(left) and 100 GeV (right) [65].

The FFs represent a probability for a parton of flavor f to fragment into a par-
ticular hadron carrying a certain fraction of the parton’s energy. The Fragmentation
functions incorporate the long distance, non-perturbative physics of the hadroniza-

tion process in which the observed hadrons are formed from final state partons of
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the hard scattering process. They also can not be calculated in the perturbative
QCD method. The FFs has been determined as a fraction with z = pli/EP*"™" of
the original parton in other processes, e.g. ete™ and ep collisions, which are typi-
cally related to the transverse momentum of final state hadrons. As an example,

the fragmentation functions of 7° from different partons are shown in Fig. 2.6.
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z

Figure 2.6: Fragmentation function of 7° as a function of the momentum of fraction z of 7°. These

fragmentation functions were evaluated at Q* = 10 GeV? [66].

The Leading Order (LO) and Next-to-Leading Order (NLO) pQCD calculations
succeed in describing high-pr particle production in high-energy nucleon-nucleon
collisions [67]. Fig. 2.7 shows the 7° spectra measured by ALICE in pp collisions at
V/$=0.9 TeV and 7 TeV [68]. The 7° production in pp collisions at /s = 0.9 TeV
and 7 TeV is compared with NLO pQCD calculations using the PDF CTEQ6M5
and DSS 7° [69], BKK 7° [70] NLO fragmentation functions. The data and NLO
predictions are compared via a ratio with the fit to the measured cross section. In
the NLO calculations the factorization, renormalization and fragmentation scales
are chosen to have the same value given by u. State-of-the-art calculations describe
the data at 0.9 TeV and 0.2 TeV [71], however this is not the case at 7 TeV, where the
calculations overestimate the cross sections and exhibit a different slope compared
to the data.
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Figure 2.7: a) Differential invariant cross section of 7° production in pp collisions at /s = 7
TeV (circles) and 0.9 TeV (squares) and of n meson production at /s = 7 TeV (stars). The
lines and the boxes represent the statistical and systematic error of the combined measurement
respectively. The uncertainty on the pp cross section is not included. NLO pQCD calculations
using the CTEQ6M5 PDF and the DSS (AESS for 7 mesons) FF for three scales = 0.5 pt, 1 pr
and 2 pr are shown. Dotted lines in panels b) and ¢) correspond to the ratios using the BKK FF.
Ratio of the NLO calculations to the data parameterizations are shown in panels b), ¢) and d).
The full boxes represent the uncertainty on the pp cross sections. [65].
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2.2.3 Nuclear effects to particle production

Particles with large transverse momenta are predominantly produced with hard
scattering process in parton-parton collisions as discussed above. In pp collisions, the
produced partons in the hard scattering go to fragmentation directly in the QCD
vacuum, which form particles concentrating upon the direction of motion of the
primordial parton. In heavy-ion collisions, although the fundamental QCD parton-
parton processes are the same as in nucleon-nucleon collisions, the initial state of the
matter in a nucleus prior to the hard scattering can be significantly modified. The
main initial state effects were presented shortly in Sec. 2.1.2.1, and some of them will
be discussed in more details in the following section. The scattered partons may have
to go through the hot and dense medium created in nucleus-nucleus collisions before
they fragment into hadrons. Therefore, the production from hard scattering can
probe matter produced in the early stage of the collisions. It is generally accepted
that prior to hadronization, partons lose energy in the extremely hot and dense
medium due to gluon radiation and multiple collisions discussed in the following.

These phenomena are broadly known as “jet quenching’|72-74].

2.2.3.1 Effects of Cold Nuclear Matter

The effects of Cold Nuclear Matter [75] cause to enhance the particle production
by multiple soft scattering, and/or make modification of the parton distribution
functions in the initial state. Many mechanisms are introduced to describe these

effects. For instance, followings are known as the initial state effects.

e Cronin effect:
The Cronin effect was first observed in 1970’s |76], featuring an enhancement
of hadron production at intermediate pr range in p+A relative to pp, when
scaled by number of binary collisions. In p+A collisions, the hadron production
cross section for a given pr scales as:

3 3
er ) = E5S

with @ > 1 for transverse momenta above about 2 GeV /c as shown in Fig. 2.8.

E (pr,1)A” (2.4)

Traditional explanations of the Cronin effect involve multiple soft scattering of
incoming partons passing through the nucleus A prior to the hard scattering,
which lead to an additional broadening at intermediate pr. After the discovery
of the Cronin effect, some theoretical models such as soft hadronic rescattering

models [77] and the colour dipole model |78] were presented to explain it.
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Figure 2.8: Transverse momentum dependence of the exponent « in Eq. 2.4. The nuclear enhance-

ment for charged pion production was reported in [76].

e Nuclear shadowing;:
The modification of the parton distribution function in nuclei, can also have
an effect on particle production. The measurements of the nuclear structure
function F3'(z, Q%) by EMC group in DIS [79-81] indicate clearly that parton
distributions of the bound protons are different from those of the free protons,
fia(@, Q%) # fisp(x,Q*). The initial state nuclear effects are offten categorized
as the ratio of the structure functions, written as:
A 2 fijalz, Q?)
R (z,Q°) = T Q) (2.5)
Fig. 2.9 shows a typical shape of the ratio R#(x,Q?) of data for different
nuclei [82]. According to this distribution shape, the nuclear effects in the
ratio are usually divided into the following regions in Bjorken-z (z ~ —2X_

Vv SNN
at mid-py rapidity region):

— shadowing, a depletion R (x, Q%) <1 at # < 0.1;
— anti-shadowing, an excess R (z,Q?) > 1 at 0.1 < z < 0.3;
— EMC effect [83], a depletion R (z,Q?) <1 at 0.3 <z <0.T;

— Fermi motion [84], an excess towards © — 1 and beyond.

Currently, there are two sets of nPDF available which are based on the global
DGLAP fits to the data: (i) EKS98 (85, 86] and (ii) HKM [87].

25



LAY
DOCTORAL DISSERTATION

Chapter 2. Heavy-ion physics

1,2 T ||||||| T T ||||||| T T ||||||| T T ||||||| T T |||||||
1.0 e - —
0.8 saturation ? |
--------- Fermi
enhancemant smearing
EMC
____________ shadowing effect
EN 0‘6 i ||||||I i i ||||||I i i ||||||I i i ||||||I i i |||||||
& 1‘2 T ||||||| T T ||||||| T T ||||||| T T ||||||| T T |||||||
o~ o Eess o¢ NMC [previous) B SLAC
A +
S I L K
C/D ¢%%¢ + ¥
4 $ 990
o + ;
0.8+ Ca/D + AlD |
Xe/D ©
A Xe/D - E 665 (1952)[3]
O Ca/D-NMC (1994)[7]
* + + ¢ C/D- NMC (1994)[7
0.6 L 10l Ll R . J:!"Jlljl |_||$|_AC|“?B|4?|4H||
1074 1073 1072 107" 1

X

Figure 2.9: Phenomenological curve and some experimental data for the nuclear effect structure

function, F3'/FP, taken from [82].
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2.2.3.2 Parton energy loss

In additional, final effects also have influence to the final particles production.
In the nucleus-nucleus collisions, one of the generally known final effects, parton
energy loss or jet quenching, gives influence to the final particle production by
medium-modifications of partons fragmentation pattern and hadronization [88]. The
explanation is that the partons created in the early stage of nucleus-nucleus collisions
via hard scatterings go through the hot and dense medium formed in these collisions
and loss a large fraction of their energy due to the interactions between partons inside
the medium.

A first attempt to calculate the energy loss of a fast parton in the hot and
dense QCD medium was made by J.D. Bjorken [72]. However, this calculation did
not include the currently known dominant effect at high energies, namely, gluon
radiation (gluon bremsstrahlung) energy loss [88, 89]. Recently, a new interaction
mechanisms, collisional energy loss, is usually considered as the dominant mechanism
especially at low energies. In a general way, the total energy loss of a parton going

through the QCD medium is the sum of collisional and radiative term, written as:
AE = AFE,qqa+ AE (2.6)

where AFE,.q is the gluon bremsstrahlung energy loss contribution via medium-
induced multiple gluon emission, and AFE,,; is the collision energy loss with the
medium constituents. Their different processes can be indicated briefly with dia-

grams in Fig. 2.10.

X
(medium)

Figure 2.10: Diagrams for radiative (left) and collisional (right) energy losses of a quark of energy

E traversing the quark-gluon medium.

e Gluon radiation energy loss:

The fast partons lose their energy with gluon radiation energy loss through
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inelastic scatterings within the medium dominantly at higher momentum. A
simple diagram of this process is shown in the left panel of Fig. 2.10. More

details is shown in Fig. 2.11. In a hard scattering, a initial created parton

-+ —— path length L -

Epnrl.on

> s : '
/ L !

Figure 2.11: Typical gluon-radiation diagram, adapted from Ref. [90].

with energy FE transversing the medium radiates of a gluon with energy w
with a probability proportional to L, the length of its path. Due to its non-
abelian nature and its interaction with the medium the radiated gluon suffers
multiple scattering with a mean free path \. The number of scatterings with
momentum transfer gr that the radiated gluon undergoes until it eventually
decoheres. Conveniently, the properties of the QCD medium are characterized
by the so-called transport coefficient, ¢, of the medium, which is defined as
the average medium-induced transverse momentum squared transferred to the

projectile per mean free path, written as:

< ¢t >

A

q= (2.7)

The determined radiated energy distribution w4 (or w%dlﬁ) is set by the

characteristic energy w, as:
1

we = =qL? (2.8)

2
In the Baier-Dokshitzer-Mueller-Peigne-Schiff and Zakharov (BDMPS-Z) cal-
culation [91, 92|, the emitted gluon is allowed to exploit the full transverse

phase space regardless of its energy. The number of coherent scattering cen-

ters, which act as a single source of gluon radiation: N, = tc/‘\)h, where t.,, 18
the coherence/formation time, and ., ~ % o~ \/%. The average energy loss

of the parton due to the gluon radiation with the gluon energy spectrum per
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unit path length as [93, 94]:

dl 1 dllscatt Qs (j (2 9)
w ~ w ~ ~ g\ — .
dwdz  Ngp dwdz Leon w

However, physically the transverse momentum k; of the radiated gluon is
kinematically bound to be smaller than its energy w, This imposes a constraint

on the emission probability via the dimensionless quantity

1
R:wJﬁ:§ﬂﬁ (2.10)
first introduced as “density parameter” in Ref. [95]. The parameter R with w.

dl
dw?

Dokshitzer-Mueller-Peigne-Schif-Zakharov and Salgado-Wiedeman (BDMPS-
Z-SW), as shown in Fig. 2.12. In the limit R — oo, the energy distribution is

determines the radiated gluons energy distribution, w9, referred to as Baier-

" BDMPS (R=00)

R=40000

0.75
0.5
0.25

1
w/w,

OI
DI F
—
(=]

Figure 2.12: Medium-induced gluon energy distribution wj—f) in the multiple soft scattering approx-

imation for different values of the kinematic constraint R = w.L. The figure is taken from [94].

of the form [94]

e for w<uw,

(2.11)
L(2)? for w>w,
where Cg is the QCD coupling factor or Casimir factor between the considered

hard parton and the gluons in the medium. It is Cr = 4/3 to a quark and
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Ca = 3 to a gluon. The average parton energy loss is the zeroth moment of

this energy distribution, written as [94]

< dl sC
< AFE >p_ 0= hm dw— = a ch
—0oo Jo du) 2

(2.12)

e Collision energy loss:
The collision energy loss via elastic scatterings with the medium constituents
dominates at low particle momentum as shown in the right panel of Fig. 2.10.
The collisional energy loss in the QGP was originally calculated by Bjorken [72]
and later improved by various authors [96-98|. The average energy loss in one

scattering is:

1 tmax d
<AE“Wsz;f/‘ tj%ﬁ (2.13)

where t = () is the momentum transfer squared in a medium of temperature
T; m3, ~ 4rasT?(1+ N;/6) is the Debye screening mass squared; and ¢4, =
[s — (my, + my)][s — (m, — myg)?]/s is the maximum momentum transfer with
s = 2moE 4+ m3 +m2. In above equation, the % is as:

do 4o (t) _ 127
— =~ C; 5 , th a,(t) =
with a,(f) (33— 2n;) In(t/A20p)

dt 2
where C; = 9/4,1,and4/9 are the color factors for gg, gq and gq scattering

(2.14)

respectively. Eventually, on can obtain [97]

__dE,

— Light-quark, gluon: —%%ett| = 2Cra,(ET)m3, In(£5)
mp

— Heavy-quark: —%eett | = —Bean| — 2CnT2[q (Mo (ET) In(£L))]

Due to the mass of heavy quarks, the gluon bremsstrahlung off a heavy quark
differs from that of a massless parton in the nuclear medium. The radiation
is suppressed smaller than the ratio of the quark mass M to its energy E at
a angle of 6y = 2 = % |99]. This effect, known as the dead cone |100, 101],
results in a reduction of the total gluon radiation emitted off heavy-quarks.

For light flavor partons, the medium-induced gluon radiation has been shown to
be more important than the collisional energy loss. However, for heavy quarks, the
collisional energy loss is usually considered as the dominant mechanism especially
at low energies due to the large masses of heavy quarks which suppress the phase
space of gluon radiation [102]. However, at the LHC energies region, heavy quarks
become ultra-relativistic as well and thus are expected to behave similarly as light

partons for significantly considering the radiative energy loss corrections [103].
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2.3 Signatures of the quark-gluon plasma

As it is widely known, it is impossible to directly observe the short lived (~ some
fm/c) QGP phase. During the time when the QGP is created in the nucleus-nucleus
collisions, final particles that arise from the interactions between the constituents of
the matter can provide rich information concerning the state of the hot and dense
matter. Meanwhile, one has to use models to deduce QGP properties from the
measured particle distributions. The collective measurements in heavy-ion colli-
sions need to be disentangled from the measurements already present in pp and/or
p+A systems where it is considered no QGP creation. For this purpose, the same
observables in A+A and pp (and/or p+A) collision systems are usually directly
compared.

It is generally recognized that there is no single unique signature that allows
an unequivocal identification of the QGP phase, and study the properties of QGP.
A variety of observables have been measured which are proposed to be the reliable
evidences of the he creation of a QGP. These observables mainly include three types,

which are global observables, soft probes and hard probes:

e Global observables:
The global observables describe the state and dynamical evolution of the bulk
matter created in a heavy ion collision, and allow to study the global properties

of the collision.

e Soft probes:
The soft probes are these signatures produced in the later stage of the colli-
sions. Even if they are produced during the hadronization stage, they keep
indirect information on the properties of the phase transition and on the QGP.
The probes mainly include momentum spectra, strangeness enhancement, el-

liptic flow, particle correlations and fluctuations.

e Hard probes:
In the early stage of the collisions, the short-distance hard-scatterings pro-
duce “quasi-free” partons which fragment into the final partcles. The partons
passing through the hot and dense QQCD matter have energy loss via gluon
bremsstrahlung and multiple scattering in the medium. The hard-scatterings
cross sections can be theoretically calculated by the pQCD framework. There-

fore, hard processes constitute experimentally- and theoretically-controlled
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self-generated “tomographic” probes of the hot and dense medium. The hard
probes mainly include jet quenching, production of quarkonium states (J/W,

T), thermal dileptons and photons.

In this sections, the main experimental observables of heavy-ion collisions prob-
ing the formation and properties of QGP are briefly discussed. Some observables
measured in proton-proton collisions as a reference for nucleus-nucleus collisions are

also presented shortly.

2.3.1 Global observables

The global observables describe the state and dynamical evolution of the bulk
matter created in a heavy ion collision, and allow to study the global properties of the
collision. The main global observables include multiplicity distributions, momentum

distribution of identified particles and correlations between particles, etc.

Multiplicity distributions:

The multiplicity distributions of charged particles constrain the particle production
mechanisms and be related to the initial energy density reached during the collisions.
The initial energy density can be estimated with the help of a formula originally
proposed by Bjorken [57] which relates the initial energy density ¢ to the transverse

energy FEr, written as Eq. 2.2. At LHC energies, the measurement result implies
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_g 6~ « PbPb ALICE (shifted) A
<. [ 4 PbPbATLAS (shifted) .
G [ v PbPbCMS (shifted) 4 ’
Z 4 e PbPbLHCaverage .
St i &’
L é@_@@
2 f—
oL "'1’#* Ll 1 1
1

10 10° 10°
Centre of mass energy \|s,, (GeV)

Figure 2.13: Charged particle pseudo-rapidity density dN.,/dn per colliding nucleon pair
(0.5Npart)as a function of center of mass energy (y/snn) for pp and central nucleus-nucleus colli-
sions. The black solid line is a power law with s°!° for the heavy-ion data, and the black dash line

is for pp(pp) data with s0-11.
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that the initial energy density (at 7o = 1 fm/c) is about 15 GeV/fm? [104], which is
approximate three times higher than in Au+Au collisions at RHIC [105-108].
Since there are larger experimental acceptance of the detectors at LHC, the
measured high multiplicity allows to obtain a very precise determination of the
collision geometry in each event. Fig. 2.13 shows the charged particle multiplicity
per participant pair [109-111|, dNg,/dn/(0.5Npa), at the LHC, compared to results
from lower energies [112-114] at central A+A collisions. The measured multiplicity
of heavy-ion collisions at LHC is significantly larger than those measured at lower

0.15

energies at RHIC, but follows a power law with s”°. Also the pp measurements are

well described by a power law, however with a less steep dependence on energy as
G011

The centrality dependence of particle production is compared in Fig. 2.14 with
the one measured at RHIC, which is normalized to the LHC result at Ny, = 350 by
scaling with a factor of 2.14. The result of LHC shown in the figure is the average

E:,—_-10 —
© B a
B R . .‘ <
0o 8 N _*--" bk
S [
’\E oF 11 5T e LHC PbPb 2.76 TeV
o g + R4 R ®  RHIC AuAu 200 GeV x 2.14
L] el
Z-‘C’ Aﬁ# S v pp Inel 2.76 TeV
) 4 :* A pp Inel 200 GeV x 2.14
S DPMJET Ill
2 —— HIJING 2.0 (sg=0.23)
B -=== Albacete et al.
ol N T P B
0 100 200 300 400

Number of participants (N _ [

part

Figure 2.14: dN.,/dn per colliding nucleon pair as a function of the number of participating
nucleons together with model predictions for Pb+Pb at /syy=2.76 TeV.

value from the three LHC detectors [109-111], which are in excellent agreement with
each other (within 1-2%). Compared to the averaged and scaled 200 GeV Au+Au
data [112-114], it shows a similarity in the shape of both distributions. However,
both distributions of the peripheral collisions extrapolate towards respective the
measurements in pp inelastic collisions (N, = 2) at /s = 200 GeV and 2.76 TeV,
and they start to separate because of the different energy dependence which can be

saw in Fig. 2.13.

Hanbury Brown-Twiss interferometry:
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To obtain insight into the properties of the QGP created in heavy-ion collisions, it is
important to extract the space-time characteristics of the emitting source. The mea-
surement of two-particle correlations of identified particles at low relative momenta,
widely known as Hanbury Brown-Twiss (HBT) interferometry or femtoscopy, allows
us to characterize the size and lifetime information of the particle emitting source,
created in heavy-ion collisions [115, 116]. The measurement of the HBT correlation
are shown in Fig. 2.15 in central Pb-+Pb collisions at /sy = 2.76 TeV as a function
of the charged particle density dN.,/dn [117], together with the measurements at

lower energies [118-125|. The total freeze-out volume is given as the product of a ge-
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Figure 2.15: Left: Product of the three pion HBT radii at k7 = 0.3 GeV/c. Right: Decoupling time
extracted from Rjong (k7). The ALICE results (red filled dot) are compared to those obtained for
central gold and lead collisions at lower energies at the AGS [118], SPS [119-121] and RHIC [122-
124).

ometrical factor and the radii measured in three orthogonal directions (called Ry,
Rige and R,,). The lifetime was estimated from the pair-momentum dependence
of Riong. The systematics of the product of the three radii are shown in the left
panel of Fig. 2.15. The product of the radii, which is connected to the volume of
the homogeneity region, shows a linear dependence on the charged-particle pseudo-
rapidity density and is two times larger at the LHC than at RHIC. The size of the
homogeneity region is inversely proportional to the velocity gradient of the expand-
ing system. The longitudinal velocity gradient in a high energy nuclear collision
decreases with time as 1/7 [126]. Therefore, the magnitude of Ry,,, is proportional
to the total duration of the longitudinal expansion. It was found the system lifetime
is proportional to the cube root of the particle density and increases by about 30%

to 10 fm/c in central Pb+Pb collisions collisions as shown in the right panel of the
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Fig. 2.15.

2.3.2 Soft probes

The soft probes are these signatures produced in the later stage of the collisions.
Even if they are produced during the hadronization stage, the soft parts of the
produced spectra provide very powerful tools to characterize the collective properties

of the nuclear collisions and eventually the properties of a new state of matter.

Anisotropic flow:

In Fig. 2.1, we show a schematic view of the fireball created at the early stage of the
collisions. In the collision if the impact parameter is not zero, the initial overlapping
region of the two nuclei is not azimuthally symmetric. In this case, the pressure
gradients between the center of the overlapping region and its periphery in the
collision vary with azimuth, and is stronger in the direction of the reaction plane
defined by the impact parameter and the beam direction z than in the direction

orthogonal to it, see Fig. 2.16. The initial coordinate-space anisotropy is converted

g

X,b

Figure 2.16: Almond-shaped interaction volume after a non-central collision of two nuclei, where

z direction is the collision axis.

into a momentum-space anisotropy since the pressure gradient is not azimuthally
symmetric, see Fig. 2.17. The spatial anisotropy is largest early in the evolution
of the collision. However, with the fireball expanding it becomes more spherical,
thus this driving force quenches itself. Therefore, the momentum anisotropy is
particularly sensitive to the early stages of the system evolution [127]. Anisotropic
particle distributions were first suggested in [128] as a signal of the collective flow in
ultra-relativistic heavy-ion collisions. A convenient way of characterizing the various

patterns of the anisotropic flow is to use a Fourier expansion of the invariant triple
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Px

Figure 2.17: Coordinate-space anisotropy and momentum-space anisotropy.

differential distributions as [129]:

BN 1 BN

- = (142 v, cosn(p — U 2.15
By = sy 2 2 vl ~ W) 2.15)

where F is the energy of the particle, p the momentum, pr the transverse momentum,
¢ the azimuthal angle, y the rapidity, and Ug the reaction plane angle. The v, =
(cos[n(p—1by,)]) is the n-th harmonic Fourier coefficient. The first order harmonics vy
and the second order harmonics vy are usually called directed flow and elliptic flow,
respectively. While the vs is called ¢riangular flow. The Elliptic flow depends on
fundamental properties of the created matter, in particular the sound velocity and
the shear viscosity. It has its origin in the amount of rescattering and in the spatial
eccentricity of the collision zone. Detailed measurements of elliptic flow provide an
experimental handle on the early information about the system.

An overview of the vo measurements performed at RHIC can be found in [130-
134]. The ALICE experiment has provided v, measurement in Pb+Pb collisions at
V5NN = 2.76 TeV [135]. Fig. 2.18a shows v, as a function of py at centrality 40-50%
obtained with different methods, To compare, STAR measurements [136, 137| at
the same centrality from Au+Au collisions at /syy = 200 GeV are indicated by
the shaded area. The comparison indicates that the value of vy(pr) does not change
within uncertainties from /syny = 200 GeV to 2.76 TeV.

The integrated elliptic flow measured in the 20-30% centrality class from ALICE [135]
is compared to results from lower energies [138, 139] in Fig. 2.19. The comparison
shows there is a continuous increase in the magnitude of the elliptic flow for this
centrality region from RHIC to LHC energies. Compared to the elliptic flow mea-
surements in Au+Au collisions at y/syny = 200 GeV, a factor about a 30% increasing
is observed in the magnitude of vy at |/syn = 2.76 TeV.

36



i 2 v 2 VA |
DOCTORAL DISSERTATION \3

2.3. Signatures of the quark-gluon plasma

Vv,

F H

03 E=| % v.@ ws0% (a) 3

E |y {4} 40-50% 3

0sf|""™ " =

E Dv2{4}(STAR) £ % =

02— ES =

0.15 — —

0.1 -

0.05 — —

. F—t—t——t—f———t—t—f— +——t—t——t—f—t—t——+—]

= C | ® 1020% (b) 3

> 0.25 — | m 20-30% =

F | A 3040% E

B3 1020% (STAR) =

0.2 — —]

| B8 20-30% STAR) ]

0.15 ~
0.1

0.05 — 3

: 1 1 1 1 ;

1 2 3 5

p. (GeV/c)

Figure 2.18: Measurements of charged particle v, as a function of pr in Pb+Pb collisions at
V5NN = 2.76 TeV [135]. a) va(pr) for the centrality bin 40-50% from the 2- and 4-particle cumulant
methods for this measurement and for Au+Au collisions at \/syn = 200 GeV. b) v24(pr) for various
centralities compared to STAR measurements. The data points in the 20-30% centrality bin are

shifted in pr for visibility.
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Figure 2.19: Integrated elliptic flow in Pb+PDb collisions at 20-30% centrality class at /syn = 2.76
TeV compared with results from lower energies taken at similar centralities [138, 139].
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Elliptic flow of identified hadrons is sensitive to the hydrodynamical radial ex-
pansion of the medium. The identified particle (7, K, p, Z, Q) va(pr) as a function of
pr, together with theoretical prediction from ideal hydrodynamics [140], are shown
in the left panel of Fig. 2.20 [141, 142]. The measurements indicate that v, has
larger values for lower mass particles at pr < 2 GeV/c region. The hydrodynamical

model describes the data very well for all particle species up to intermediate py. The
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Figure 2.20: Left: Integrated elliptic flow at 2.76 TeV in Pb+Pb collision at 20-30% centrality class
compared with results from lower energies taken at similar centralities [138, 139]. Right: Elliptic
flow for mesons and baryons, scaled by the respective number of valence quarks n, as a function

of (mp —mg)/ng.

mesons (7, K) are well agreement with the predicted flow below 1.5 GeV /¢, however
the baryons v, follows the hydrodynamical prediction curves, within the still large
experimental errors, up to about 3 GeV/c. The different behaviour of mesons and
baryons has been interpreted as a sign of quark recombination or coalescence [144—
147]. A universal scaling for the flow of both mesons and baryons is observed in
RHIC by measuring vs/n, as a function of (mr — myg)/n, [134], where n, is the
number of constituent quarks (n, = 2 or 3) and (mr —my) is the transverse kinetic
energy (mp = /p?+m3). The same measurement at ALICE is presented in the
right panel of Fig. 2.20 [141, 142]. The measured results indicate that (mqy—my)/n,
scaling of vy is at the level of +20% for pr > 3 GeV/c in contrast to the observation
at the top RHIC energy [143].

Strangeness enhancement:
The initial strangeness content of the colliding nuclei is very small and there is
no net strangeness. In the collisions, the strange quark (s) and anti-quark (5) are

produced, which subsequently combine with other quarks and anti-quarks to form
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strange particles, e.g. K (ud), X (uus). If the QGP is created after the nucleus-
nucleus collisions, there would be many deconfined partons including gluons (g). It
was proposed that strangeness production would be increased due to the formation
of a QGP compared to that from a hadron gas [148]. The enhancement is thought
from the high production rate of gluon fusion gg — s§ in an equilibrated gluon-rich
plasma [148, 149]. During the hadronization, these (anti)strange quarks combine
with other (anti)quarks which result in a significant increase of the strange particle
production. Therefore, compared to pp collisions, the production strangeness is a
significant signal to characterize the formation of the QGP phase.

The yield enhancement factor, F(i), for a particle specie i is calculated us-
ing [150]:

YAA(i)/NAA
B(i) = oot 2.16
W = I (219
where Y44(i) and YNV (i) are the yields of strange particles. N/, and N3 are the

numbers of nucleon participants in nucleus-nucleus and nucleon-nucleon collisions,
respectively. Fig. 2.21 shows the E(i) distribution of strange particles, Q~, Q+,
=7, =f, A and A, as a function of N, from ALICE measurements [151]. The

same measurements of RHIC can be found in [150|. It can be seen that there is an
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Figure 2.21: Strange particle production as a function of Npart for /syn = 0.017, 0.2, and 2.76
TeV collisions relative to pBe (NA57) and pp (STAR, ALICE).

enhancement in the yields over that expected from N,,,, scaling for all the particles

presented.
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2.3.3 Hard probes

The hard scatterings produce “quasi-

I ” : :
q: fast colour triplet | | free” partons carrying large energy in the

Induced q early time of the collisions. These par-
gluon tons passing through the hot and dense
g: fast colour octet radiation ng/dy

QCD matter have energy loss via gluon

bremsstrahlung and multiple scattering in

Q: slow colour

Energy the medium. The final particles with large
triplet D

transverse momentum and/or mass, pr
Tent , m > Qo > Agcp, where Qp = 1
€t GeV and Agep =~ 0.2 GeV is the QCD

v*W,Z: colourless : scale, constitute valuable tools to study
v: colourless Controls (APDF)  the “tomography” of the QGP [152], see
—D.

Fig. 2.22 [178]. Some mainly observables

QQ: slow colour

) Dissociation
singlet/octet

QCD medium of hard probes, such as jet quenching, pro-
duction of quarkonium states (J/W¥, T)

Figure 2.22: Tomography of QCD medium. .
and thermal dileptons and photons, are

presented briefly in the following.

Jet quenching:
The initial energetic partons are produced by short-distance hard-scatterings at the
early stage during the collisions. The partons have to go through the hot and dense
QGP medium and are expected to interact with the medium and lose their energy.
This parton energy loss is often referred to as “jet quenching”. The fragmentation
of the reduced-energy parton will yield fewer particles at high-pr in the final state.
That is to say the energy lost by a parton provides fundamental information on
the thermodynamical and transport properties of the medium. A comparison of the
final-state high-pr particle yields in pp and A-+A collisions will thus reveal the effect
of jet-quenching.

Two main experimental techniques are available to explore the effect of jet-
quenching. One is to measure inclusive single particle spectrum and make com-
parison with the measurement in pp collisions, which is called nuclear modification
factor, Raa, and defined as:

d*Naa/dprdn
Tya)d?onn/dprdn

where N4 and oypy are the particle yield in nucleus-nucleus collisions and the

Raa(pr) = < (2.17)
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cross section in nucleon-nucleon collisions, respectively. T4 is the nuclear overlap
function, which can be obtained from the ratio of the number of binary nucleon-
nucleon collisions, (N.y), calculated from the Glauber model, and the inelastic
nucleon-nucleon cross section. This measurement has been extensively studied at
RHIC, and can be found in [105-108]. Instead of R4 one can also approximate the
centrality dependence by measuring R¢p, the ratio of central over peripheral events.
The evolution of the nuclear modification factor with center-of-mass energy from
SPS [153, 154] to RHIC [155, 156] to the LHC [157] is presented in Fig. 2.23. At LHC,
the R44 reaches a minimum value of 0.13 around 6-7 GeV /c in the 0-5% centrality.
At higher-pr, the value of Ra4 rises and levels off above 40 GeV/c at a value

of approximately 0.5. Besides charged hadrons, other types particle are selected
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GLV: dNjdy = 2000-4000
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Figure 2.23: Measurements of the nuclear modification factor R4 in central heavy-ion colli-
sions at three different center-of-mass energies as a function of p for neutral pions and charged
hadrons [153-157], compared to several theoretical predictions [159-162]. The error bars around
the points are the statistical uncertainties, and the yellow boxes around the CMS points are the
systematic uncertainties. The bands for several of the theoretical calculations represent their un-

certainties. The plot is taken from [158].

to measure the nuclear suppression factor for distinguishing the exact mechanisms
of energy loss. Measurements exist for identified 7% K9, A [163, 164], isolated
photons [165], Z, W [166-169], D-mesons [164], jets [170], J/¢ [168, 171, 172], and

T [172]. A summary of R4 measurements for different particle species at the most
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centrality is presented in Fig. 2.24.
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Figure 2.24: Nuclear modification factor R4 as a function of pt for a variety of particle species,
together with theoretical predictions. Experimental error bars correspond to the total error (sta-
tistical and systematic errors added in quadrature). Left: Low momentum region pr < 20 GeV;
Right: Entire momentum range measured at LHC. The curves show the results of various QCD-
based models of parton energy loss [173—-176]. More details can be found in [177].

The other approach is to reconstruct jets directly and compare jet yields in
Pb-+Pb with jet production in pp, as well as to measure jet-jet and jet-like particle
energy and angular correlations [177]. Jets are formed by the fragmentation produc-
tion from high-pr partons as they pass through the created hot and dense matter.
The energy of partons dissipation into the medium can be studied by measuring the
asymmetry of dijets in nucleus-nucleus collisions as a function of centrality and/or
by comparing to the same measurements from pp collisions. The asymmetry charac-
terizes the dijet momentum balance (or imbalance) quantitatively, which is defined
as [179]:

Aj=——"-"" (2.18)

The Er; and Ery are the transverse energy of two back-to-back two jet, leading
and subleading jet, respectively. The measurement from ATLAS is pr instead of
Er |180]. The centrality dependence of dijet asymmetry A; in Pb+Pb collisions
from ATALS is shown in Fig. 2.25 and is compared with pp data and with fully-
reconstructed HIJING+PYTHIA simulated events [179]. simulations. Similar with
nuclear modification factor from single particle, the nuclear modification factors of
jets, Rt and RI, are measured in ALICE |181] and ATLAS [182]. The ALICE
measurements are shown in Fig. 2.26. As a reference, the spectrum from pp collisions

at the same center-of-mass energy is estimated from the PYTHIA simulations. The
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Figure 2.25: Top: Dijet asymmetry distributions for data (points) and unquenched HIJING
with superimposed PYTHIA dijets (solid yellow histograms), as a function of collision central-
ity. Bottom: Distribution of Ay, the azimuthal angle between the two jets, for data and HI-
JING+PYTHIA, also as a function of centrality. [179].

results for four centralities bins in R = 0.3 with Anti-kr algorithm are shown. A
strong nuclear suppression qualitatively and quantitatively similar to the Rs4 of

inclusive hadrons shown previous is observed in the most central collisions.
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Figure 2.26: Left: Nuclear modification factor Raa for jets reconstructed with radius R = 0.3, and
PYTHIA Perugia0 simulation as the reference. Right: Rcp for jet radius R = 0.3 [181].

As mentioned previous, the jet-like hadron correlations, aslo called two-particle
correlations, is a technique to characterize the jet quenching. In such an analysis,
a particle is chosen from a pr region and called the trigger particle. The so called

associated particles from another pr region are correlated to the trigger particle
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where pi5°¢ < ptTrig generally. The associated per-trigger yield is measured as a

function of the azimuthal angle difference Ay = puis — Yassoc and pseudo-rapidity

difference An = Mg — Nassoc:

1 dN,
Y (Ap, An) = —— ——2¢ 2.19
where N,goc 1S the number of particles associated to a number of trigger particles
Niig. This quantity is measured for different ranges of ptT’rig and pi3¥°°. Generally,

in the two-particle correlations, the azimuthal angle distribution at Ay ~ 0 and
Ay ~ 7 are named near side and away side, respectively. Fig. 2.27 shows a typical

di-hadron correlations measurements from RHIC [183]. The di-hadron correlations
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Figure 2.27: Per-trigger yield versus A for various trigger and associated pr (ptTrig ® p§°°) in
pp and 0-20% Au-+Au collisions. Solid histograms (shaded bands) indicate elliptic flow (ZYAM)

uncertainties. [183].

in Au+Au reactions at RHIC show several striking features, mainly summarized in

following:

e The away-side azimuthal peak at Ay ~ 7 shows strong suppression (even

aSSOC

disappeared) with increasing centrality for hadrons with p§®°¢ > 2 GeV /c.

e The vanishing of the away-side peak is accompanied with an enhanced pro-

duction of lower pr hadrons (p§*°° < 2 GeV/c) with a characteristic double-
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peak structure at Ay ~ 7w + 1.1 — 1.3. Different mechanisms have been pro-
posed to explain the phenomenon, such as the medium-induced gluon radi-
ation [184, 185|, the Mach-cone wave formed by the passing partons in the
QGP [186, 187|, the path-length-dependent jet energy loss [188, 189], the
Cerenkov radiation from the jet [190], the strong parton cascade [191], and
triangular flow [192], etc.

e The away-side suppressed peak reappears when both pr of trigger and as-
sociated particles go to high, shown in the ¢ and h panels. This has been
interpered that the selected jets in the correlations are produced in the surface
of the fireball, and the parton in the opposite direction of the trigger particle
passing through a short length in the medium has lost a significant amount of

its energy but survived to undergo fragmentation in the vacuum.

e A large broadening (“ridge”) was observed on the near-side in pseudo-rapidity
direction at Au+Au collisions, and no in d+Au collisions |193], see Fig. 2.28.
Some models try to explain this phenomenon. e.g, triangular flow [192], and
radiated gluons broadened by longitudinal flow [194], or by QCD magnetic
fields [195], or by Anisotropic plasma [196], medium heating and recombination
model [197|, radial flow and trigger bias [198], momentum kick model |199], etc.

#entries
N
8

-
@
=)

. /MI\\»

Figure 2.28: “Ridge” structure was observed in the Au+Au collisions (left), and not shown in d+Au
collisions (right) [193].

Quarkonium states:
Heavy quarkonia, charmonium (J/1, 1, x., etc.) and bottomonium (Y (1S, 2S, 3S),

Xb, €lc.), containing at least one heavy quark (c or b) are important probes of the
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QGP phase [200]. The heavy quarks are produced in the beginning of the collisions
and interact with the medium and can be slowed down. Furthermore, they are
however not completely thermalized due to their large masses. Compared to in pp
collisions, the quarkonia are predicted to have suppression in heavy-ion collisions,
which is considered as a consequence of deconfinment (“melting”) in the QGP [201].
The suppression is predicted to occur above the critical temperature of the medium
(T,) and depends on the QQ binding energy. Of course, the initial state effects
presented at Sec. 2.2.3.1 are further possible changes to the quarkonium production
in heavy-ion collisions [202, 203|.

In the past decades, the charmonium studies in heavy-ion collisions have been
measured at SPS [204] and RHIC [205]. At LHC energies, the measurement of
quarkonia production suppression [171, 172] for both .J/¢ and Y is shown in Fig. 2.29.
At the LHC another effect, namely regeneration, due to the high density of c¢ pairs
was predicted, and in fact explains why the J/v is less suppressed for LHC than for
RHIC in Fig. 2.29.
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Figure 2.29: Nuclear modification factor R44 as a function of centrality for J/¢ (left) and T
(right) at LHC, together with the measurements from RHIC [206-208].

Thermal dileptons and photons:

Thermal dileptons and photons produced during the entire space-time evolution of
the system belong to electromagnetic probes to investigate the thermodynamical
state of the early stages of collisions. These electromagnetic probes interact with
medium or other particles only electromagnetically, and their mean free path is
considerably larger than the size of the collision volume, therefore they are considered
as the ideal probes. Thermal dileptons are directly related to chiral restoration, and

the photons are a control/complementary probe of the partonic phase in heavy-ion
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collisions because of without strong interactions with the partons in the QGP. The
dilepton production is mainly from annihilation of quark and antiquark (¢qg — v* —
[T17). The left panel of Fig. 2.30 shows a schematic view of the dilepton ete™
pair mass distribution. At the leading order, the production processes of photons
are Compton scattering (¢qg — v¢) and annihilation (¢¢ — 7g). More processes of
photons are shown in the right panel of Fig 2.30.
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Figure 2.30: Left: Schematic view of the dilepton eTe™ pair mass distribution. Right: Photon

sources in nucleus-nucleus collisions.

The dileptons in low mass region was measured by the CERES collaboration [209],
which show a strong enhancement at invariant masses of about 400 MeV for SPS-
energy S+Au heavy-ion collisions as compared to proton-proton as well as proton-
nucleus collisions. At RHIC, the enhancement of dileptons at low-mass was also
measured [210] and shown in Fig. 2.31. The left panel of the figure shows that
the low-mass enhancement is concentrated in the first two centrality classes, 0-
10% and 10-20%. When go to more peripheral collisions, the enhancement di-
minishes. The right panel shows the measurements by quantifying the centrality
dependence of the enhancement in the mass region 0.15 < m,. < 0.75 GeV/c2 and
0 < mee < 0.1 GeV/c? scaled by the number of participating nucleon pairs (Npq-/2).

The direct photons was firstly measured in ultra-relativistic heavy-ion reactions
in WA98 experiment in central Pb+Pb collisions at /sy = 17.2 GeV [211]. In the
jet quenching, the nuclear modification factor of hadrons shows a strong suppression
at high-pr. Simiar measurements, the nuclear modification factor of direct photons,
were analyzed at RHIC [212] and LHC [213] as shown in Fig. 2.32. At RHIC, the

nuclear modification factor R4 4 of direct photon was found to be consistent with
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Figure 2.31: Left: Invariant mass spectrum of ete™ pairs at 0 < pr < 5 GeV/c compared to
expectations from the model of hadron decays for pp and for different Au + Au centrality classes.
Right: Dielectron yield per participating nucleon pair (Nper+/2) as function of Nper for two
different mass ranges (a: 0.15 < me. < 0.75 GeV/c?, b: 0 < me. < 0.1 GeV/c?) compared to the
expected yield from the hadron decay model.

CMS \[5,=2.76TeV L _ (PbPb)=6.8 ub™ L, (pp)=231nb™*

}2‘ |sospinef‘fect 27Y\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\T7
2 .~~~ EPS09 PDF [5 L —o— Ry, (0-10%) 1
18 — — prompt+qgp 24] i Systematic Uncertainty
" — - coherentsconversionsA E 3] 15 [ ] Taa scale uncertainty
14
2 \

T

; } r — PbPb(EPS09)/pp(CT10)
08 ’ : 0.5 r PbPb(NDS)pp(CT10) |
04 AUTAU,VST‘NﬁOO GeV o PbPb(HKNO7)/pp(CT10) |
2 dlrecty RAA’ 0-5% i — — EPSO09 PDF uncertainties |

' s b b b b b Py

G L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L 010 20 30 40 50 60 70 80

2 ¢ 6 8 0 1 # % 8 2 Photon E. (GeV)
p[Gelie) 0 T

Figure 2.32: Left: Nuclear modification factor of direct photons for 0-5% most central events
in Au+Au Collisions at 200 GeV, compared with theoretical calculations [214-217] for different
scenarios. Right: Nuclear modification factor of isolated photons as a function of the photon Ep
measured in the 0-10% most central Pb+Pb collisions at 2.76 TeV.
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unity for all centralities over the entire measured pr range [212]. The R4 of direct
photons is compared to theoretical calculations that predict modifications of the
direct photon yield due to initial state and final state effects [214-217|. The com-
parison indicates that the data is consistent with a scenario where the hard scattered
photons are produced taking account of the isospin effect and modifications of the
nuclear PDFs and then simply traverse the matter unaffected [212]. The leading
order direct photons are produced from Compton scattering and Annihilation pro-
cesses, therefore a new analysis method, isolation technique, can be use to extract
these direct photons. At LHC, the isolated photon production was measured and
the nuclear modification factor of isolated photon as a function of transverse energy
Er |213]. More measurements of direct photons, such as enhanced production of
direct photons [218], direct photon flow [219], can be found in the corresponding to

references.
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Chapter 3

ALICE Experiment at LHC

A Large Ion Collider Experiment (ALICE) [220] is one of the seven experi-
ments at the Large Hadron Collider (LHC) located at CERN, which is designed as
a dedicated heavy-ion detector to mainly explore the properties of strongly inter-
acting matter created at extremly high energy densities and temperatures in ultra-
relativistic heavy-ion collisions. It enables to investigate hadrons, electrons, photons
and muons produced in heavy-ion collisions up to a high particle multiplicity environ-
ment expected at the LHC. Meanwhile, ALICE also operates in proton-proton and
proton-nucleus collisions in order to obtain the required reference for QGP analysis
and investigate open issues in elementary particle physics, such as the quarkonium

production mechanism.

In this chapter, the main features of the LHC, CERN accelerator complex and
main research purposes of each experiment are presented in Sec. 3.1. Sec. 3.2 shows
more detail descriptions of the ALICE detector. The online system and offline
projects in data processing chain and framework used at ALICE, including data

simulation and reconstruction, is also described briefly in Sec. 3.3.

3.1 Large Hadron Collider

The LHC located at CERN laboratory is the world’s highest-energy particle
collider and dedicated to the pursuit of fundamental science, which is based in the
northwest suburbs of Geneva on the border between Switzerland and France. It lies
in a circular tunnel spanning about 27 km in circumference, at a depth ranging from

50 to 175 m beneath the earth’s surface. The large accelerator follows the Large
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Electron Positron' (LEP) collide [222] tunnel geometry, which contains two adjacent
parallel beamlines (beam pipes) kept at ultra-high vacuum. Inside the beamlines,
two particle beams travel in opposite directions at close to the speed of light before
they are made to collide at four main points (P1, P2, P5 and P8) in the LHC, see
Fig. 3.1. The CERN accelerator complex [223], shown in Fig. 3.2, is a succession of
machines that accelerate particles to increasingly higher energies. Each accelerator
injects the beam into the next one, which takes over to push the beam to a higher
energy to nearly the speed of light. As an example, a relationship between kinetic

energy and speed of a proton in the CERN accelerators can be found at in Tab. 3.1.

Low B (pp)
High Luminosity

RF
& Future Expt.

Octant 3 7

Low B
(B physics)

Low B (pp)

High Luminosity

Figure 3.1: Layout of the LHC sectors and the interaction points for the four experiments. The

two hadron beams, going in clockwise (Beam 1) and anticlockwise (Beam 2) directions, are shown
in red and blue [222].

In pp, p+Pb and Pb+Pb collisions, protons or lead ions are accelerated through
the CERN accelerator complex as following processes [223-225]:

e protons acceleration

— Hydrogen atoms are taken from a bottle containing hydrogen. Protons
are obtained by stripping orbiting electrons from hydrogen atoms in using

an electric field.

!The Large Electron Positron collider was a particle accelerator built at CERN, which operated
from 1989 to 2000 with the maximum center-of-mass energy 209 GeV [221].
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Kinetic energy of a proton | Speed (%c) | Accelerator
50 MeV 31.4 Linac 2
1.4 GeV 91.6 PS Booster
25 GeV 99.93 PS
450 GeV 99.9998 SPS
7 TeV 99.9999991 LHC

Table 3.1: Relationship between kinetic energy and speed of a proton in the CERN machines. The
rest mass of the proton is 0.938 GeV /c? [224].

— The protons are injected into the PS Booster (PSB) at an energy of
50 MeV from the Linear accelerator2 (Linac2), and are accelerated to
1.4 GeV.

— The protons are fed into the Proton Synchrotron (PS) where they accel-
erated to 25 GeV, are then transferred to the Super Proton Synchrotron
(SPS) where they are accelerated to 450 GeV.

— Finally, the protons are sent to the LHC rings where they are accelerated
for 20 minutes to their maximum energy of 7 TeV. Currently, the protons

are accelerated to maximal 4 TeV before colliding in the LHC.
e lead ions acceleration

— Lead ions are produced from a highly purified lead sample heated to a
temperature of around 500°C. This allows a small number of lead atoms

to vaporize.

— The lead vapour is ionized by an electron current, and formed many

different charge states with a maximum around Pb?+,

— The Pb®*** ions are injected into the Linear accelerator (Linac3) and
accelerated to 4.2 MeV per nucleon before going through a carbon foil,

which strips off most of the remaining electrons to Pb34.

— The Pb>'* ions are filled into the Low Energy Ton Ring (LEIR) where
these ions are accumulated and accelerated to 72 MeV per nucleon, then
transferred to the PS.

— The PS accelerates the ions to 5.9 GeV per nucleon and sends them to the
SPS. Before arriving at the SPS, the accelerated ions are fully stripped
to Pb®2*+ by passing though a second foil.
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— The ions are accelerated once more to 177 GeV per nucleon in the SPS,
and then sent to the LHC. In the LHC, the lead ions can be accelerated
to maximal energy per nucleon of 2.76 TeV. Currently, the ions are
accelerated to maximal 1.38 TeV before colliding in the LHC.

% North Area

ALICE LHC-b

Towards
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e N
# /
________
LINAC 3 AD  Antiproton Decelerator
PS Proton Synchrotron n-TOF Neutron Time Of Flight
| PrOtOnS antiprotons SPS  Super Proton Synchrotron CNGS CERN Neutrinos Gran Sasso
ions p electrons LHC Large Hadron Collider CTF3 CLIC TestFacility 3

neutrons p= neutrinos

Figure 3.2: Overview of the CERN accelerator complex [224].

Since running in proton-proton collisions at /s = 0.9 TeV, the LHC has per-
formed subsequently proton-proton collisions at center-of-mass energies /s = 2.36,
2.76, 7.0 and 8.0 TeV, lead-lead collisions at center-of-mass energy /syy = 2.76 TeV
and proton-lead collisions at center-of-mass energy /sy = 5.02 TeV in around 3.5
years. Up to now, the achieved center-of-mass energy in pp collisions by the LHC
is around 4 times higher than the former highest running at proton-antiproton col-
lisions with y/s = 1.96 TeV in the Tevatron [226] at the Fermi National Accelerator
Laboratory (Fermilab). In heavy-ion collisions, the LHC runs Pb+Pb collisions at
Vsnn = 2.76 TeV, which is about 14 times higher than the Au+Au collisions at
VSN = 200 GeV in the RHIC [227] located at BNL. The ultimate anticipated
center-of-mass energy is up to 14 TeV in pp collisions with an unprecedented lumi-
nosity of 10** cm™2s™!, and up to y/snny = 5.5 TeV in Pb+Pb collisions with a peak

luminosity of 10%” cm=2s71L.
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The LHC mainly consists of seven experiments: ALICE, A Toroidal LHC Ap-
paratus (ATLAS) [228], Compact Muon Solenoid (CMS) [229], Large Hadron Col-
lider beauty (LHCb) |230], TOTal Elastic and diffractive cross section Measurement
(TOTEM) [231], Large Hadron Collider forward (LHCf) [232] and Monopole and
Exotics Detector At the LHC (MoEDAL) [233]. ALICE, ATLAS, CMS and LHCb
are installed in the four collision points of the LHC beams. TOTEM and LHCf
are the smallest experiments in the LHC, which are installed close to the CMS in-
teraction point and near the ATLAS, respectively. MoEDAL is built at the same
cavern with LHCb in 2010. A brief introduction about the main physics aims of

each experiment is presented as follows [223, 224|:

e ALICE
The ALICE experiment is mainly dedicated to the heavy-ion collisions for
investigate the properties of the QGP created under conditions of very high
temperatures and densities. Such a state of matter probably existed just a
microseconds after the Big Bang, before particles such as protons and neutrons
were formed. It also plays a significant role in searching particle physics in

proton-proton collisions.

e ATLAS and CMS
The ATLAS and CMS experiments are two general-purpose experiments de-
signed to cover a wide range of physics. The main aims of them are to search for
the Higgs boson?, extra dimensions, and particles that constitute dark matter
such as particles predicted by the supersymmetric extension of the standard
model (SUSY) [235]. Meanwhile, heavy-ion collisions and the understanding
of the QGP are also in the scope of the two experiments facilities. Although
both of the experiments have a similar research program, they use different
technical setups and designs in order to complement each other and give the

possibility of cross checks and reassurance in case of discoveries.

e LHCb
The LHCb experiment specializes in the study of the slight asymmetry be-
tween matter and antimatter present in interactions of B-particles (particles
containing the b quark). Understanding it should prove invaluable in answering

the question: “Why is our universe made of the matter we observe?”

2The Higgs boson is an elementary particle initially theorized in 1964 [4-7] and tentatively
confirmed to exist on 14 March, 2013 [234]
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e TOTEM
The TOTEM experiment studies forward particles to focus on physics which
is not, accessible to the general-purpose experiments. It measures the effective
size or “cross-section” of the proton at the LHC. Furthermore, this experiment

accurately monitors the luminosity of the LHC.

e LHCf
The LHCT experiment studies particles generated in the “forward” region by
proton collisions in the LHC, and uses these particles as a source to simulate
cosmic rays in laboratory conditions and understand the origin of ultra-high-

energy cosmic rays.

e MoEDAL
The MoEDAL experiment is built to directly search for the Magnetic Monopole

(MM) or dyon and other highly ionizing Stable (or pseudo-Stable) Massive
particles (SMPs).

3.2 ALICE detector overview

As mentioned previous, the ALICE was built as general-purpose detector for
exploring the properties of QGP which is created in the ultra-relativistic heavy-ion
collisions. Tt is also used to take the data with proton beams at the LHC energies to
collect reference analysis for the heavy-ion programmes and to address several QCD
topics for which ALICE is complementary to the other LHC detectors. The detector
has been built by a collaboration including currently over 1000 physicists and engi-
neers from 138 institutes in 36 countries, which is located at the Intersection Point
(IP) 2 of the LHC machine, and around 80 m underground at Saint-Genis-Pouilly,
France. Fig. 3.3 shows the schematic layout of ALICE detector. The detector setup
consists of three parts including a central barrel detector system, several forward

detectors and a muon spectrometer [236, 237].

e Central barrel detector system
The central barrel system covers the pseudo-rapidity range —0.9 < n < 0.9
(polar angles 45° < 6 < 135°) over the full azimuth, and measures and identi-
fies charged hadrons, electrons and photons. It is embedded in a large solenoid
magnet with an internal length of 12 m and a radius of 5 m and a field of
0.5 T [238]. From the collision point to the outside, the installed sub-detectors
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Figure 3.3: ALICE schematic layout.
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of the central barrel system are: the Inner Tracking System (ITS) [242] made
up of six layers of high resolution Silicon Pixel Detector (SPD), Silicon Drift
Detector (SDD) and Silicon Strip Detector (SSD), the cylindrical tracking de-
tector Time Projection Chamber (TPC) [243], the electron identification detec-
tor Transition Radiation Detector (TRD) [244], the particle identification array
Time-Of-Flight (TOF) [245], the ring imaging Cherenkov detector, High Mo-
mentum Particle Identification Detector (HMPID) [246] for high-momentum
particles identification, and two electromagnetic calorimeters®, the Electro-
Magnetic Calorimeter (EMCal) [247] made of Pb-scintillators for full jet mea-
surement and the high-density crystals PHOton Spectrometer (PHOS) [248]
for the photon and neutral mesons detection. These sub-detectors configu-
ration in frontal view is shown in Fig. 3.4. They allow to reconstruct pri-
mary vertex, track charged particles over a wide range of transverse momenta
(150 MeV/c ~ 100 GeV/c) and identify charged hadrons, electrons and pho-

tons.

Figure 3.4: Cross-sectional overview of Central barrel detector system. It includes ITS, TPC,
TRD, TOF, Cherenkov detector HMPID and two electromagnetic calorimeters EMCal and PHOS.
The new installed DCal does not be shown, which is close to PHOS.

An array of plastic scintillators, ALICE COsmic Ray DEtector (ACORDE),
placed above the solenoid magnet, is built to trigger on cosmic rays events for

calibration and alignment.

3A third calorimeters, Di-jet Calorimeters (DCal) [239] was installed closely to PHOS during
the LHC shutdown in 2013-2014 [240] for the di-jet measurement.
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e Forward detectors
Several smaller detectors, the Zero Degree Calorimeter (ZDC) [249], the Pho-
ton Multiplicity Detector (PMD) [250], the Forward Multiplicity Detector
(FMD) [251], the fast timing and triggering detector TO [251] and the collision
multiplicity (centrality in Pb+Pb) triggering detector VZERO [251] at for-
ward and backward pseudo-rapidity regions. They are built for global event
characteristics, e.g., multiplicity measurement, centrality determination and

event plane reconstruction in heavy-ion collisions, and triggering.

e Muon spectrometer
The muon spectrometer [252] consists of a complex arrangement of ab-
sorbers, a large dipole magnet with a 3 Tm field, 10 planes of tracking, and
4 planes of Resistive Plate Chambers (RCP) used for triggering chambers.
It is designed to detect and identify muons in the pseudo-rapidity range of
—4 < n < —2.5 for the measurement of heavy-quark vector-mesons reso-
nances, open heavy flavour semi-muonic decays, and low mass resonances (p,

w and o) ete.

An overview of the pseudo-rapidity 1 coverage of the ALICE system is shown in
Fig. 3.5 and Tab. 3.2.
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; . _sDD :
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Figure 3.5: Overview of the pseudo-rapidity acceptance of ALICE sub-detectors [241].

In the following sections, the detectors which have been used in the presented
data analysis, ITS, TPC, VZERO and EMCal, are described in more details. A

little description is also given briefly to the other detectors.
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Detector

Acceptance (1, ¢)

‘ Position (m) ‘ Dimension (m?) ‘ Channels ‘

Central barrel detector system

ITS layer 1,2 (SPD) +2, +1.4 0.039, 0.076 0.21 9.8 M
ITS layer 3,4 (SDD) +0.9, £0.9 0.150, 0.239 1.31 133 000
ITS layer 5,6 (SSD) +0.97, +£0.97 0.380, 0.430 5.0 2.6 M
+09atr=28m readout 32.5 m?
TPC 0.848, 2.466 557 568
+l5atr=14m Vol. 90 m?
TRD +0.84 2.90, 3.68 716 1.2 M
TOF +0.9 3.78 141 157 248
HMPID +0.6, 1.2° < ¢ < 58.8° 5.0 11 161 280
PHOS +0.12, 220° < ¢ < 320° 4.6 8.6 17 920
EMCal +0.7, 80° < ¢ < 187° 4.36 44 12 672
ACORDE +1.3, —60° < ¢ < 60° 8.5 43 120
Forward detectors
ZDC:ZN In| < 8.8 +116 2 x 0.0049 10
ZDC:ZP 6.5<|n <75 +116 2 x 0.027 10
48 <n<d.7
ZDC:ZEM —16° < ¢ < 16° and 7.25 2 x 0.027 10
164° < ¢ < 169°
PMD 23<n<35 3.64 2.59 2 221 184
FMD disc 1 3.62 <n <5.03 inner: 3.2
FMD disc 2 1.7 <np < 3.68 inner: 3.2
outer: 0.752 0.266 51 200
FMD disc 3 —34<n< 17 inner: —0.628
outer: —0.752
VOA 28 <n<5h.1 3.4 0.548 32
voC —37<n<—-17 —0.897 0.315 32
TOA 4.61 <n<4.92 3.75 0.0038 12
ToC —3.28 < n< —297 0.727 0.0038 12
Muon spectrometer
Tracking station 1 —5.36 4.7
Tracking station 2 —6.86 7.9
Tracking station 3 -9.83 14.4 1.08 M
Tracking station 4 —12.92 26.5
. . —-4<n< =25
Tracking station 5 —14.22 41.8
Trigger station 1 —16.12 64.6
. . 21 000
Trigger station 2 —17.12 73.1

Table 3.2: Summary of the ALICE experiment sub-detectors [236].
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3.2. ALICE detector overview

3.2.1 Central barrel detector system

3.2.1.1 Inner Tracking System

The Inner Tracking System (ITS) [242] is placed closely to the interaction point,
which is made up of three different silicon detectors (SPD, SDD, SSD) with two
layers (each silicon has two layers) around the beam pipe at radii between 4 cm and
44 c¢cm. It covers roughly the pseudo-rapidity region of || < 0.9 and full azimuthal
coverage for all vertices located within +10, length of the beam-beam interaction
diamond (£5.3 cm along the beam direction) (see Fig. 3.6). The number, position
and segmentation of the ITS layers, as well as the detector technologies, have been
optimized for efficient track finding in the high multiplicity environment and high

resolution on track impact-parameter.

Figure 3.6: Schematic view of the ITS. It consists of three silicon detectors, SPD, SDD and SSD,

with each having two layers.

The first two layers of the ITS constitute the Silicon Pixel Detector (SPD),
which are located at an average distance of 3.9 cm and 7.6 cm from the beam
axis, respectively. The SPD is based on hybrid silicon pixels, consisting of a two-
dimensional matrix (sensor ladder) of reverse-biased silicon detector diodes bump-
bonded to readout chips. It plays an important role in determination of the position
of the primary vertex, measurement of the impact parameter of secondary tracks
from the weak decays of strange, charm and beauty particles. Furthermore, the most
inner layer has a more extended coverage (|n| < 1.75) which provides a broad rapidity
coverage range for charged particle multiplicity measurements of —3.4 < n < 5.1
together with the FMD), and contributes to the minimum bias trigger and the tracklet

reconstruction. The outer radius is designed for the necessity to match tracks with
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TPC.

The two intermediate layers of ITS, Silicon Drift Detector (SDD), sit at the
average radius of 14.9 cm and 23.8 cm, where the charged particle density is expected
to reach up to 7 cm~2. The SDD has very good multi-track capability and provides
two out of the four dE/dz samples needed for the ITS particle identification.

The outer two layers consist of double-sided silicon micro-strip, which are posi-
tioned at 38 and 43 cm, called Silicon Strip Detector (SSD). The SSD is crucial for
the connection of tracks from the ITS to the TPC and provides dE/dz information
to assist particle identification for low-momentum particles. A summary parameter

information on the six silicon detector layers of the ITS can be found in Tab. 3.3 [242]

Layer Radius (cm) | &2 (cm) | [n| | opp (pm) | o, (pm)

1 (SPD 1) 3.9 141 | 1.98
0.266 100

2 (SPD 2) 7.6 141 | 09

3 (SDD 1) 14.9 221 | 0.9
35 25

4 (SDD 2) 23.8 20.7 | 0.9

5 (SSD 1) 38.0 4431 | 0.9
20 830

6 (SSD 2) 43.0 489 | 0.98

Table 3.3: A summary parameter information on the six silicon detector layers of the ITS [236, 242].

The general design considerations of I'TS are:
e localize the primary vertex positions with a resolution better than 100 pm.

e reconstruct the secondary vertices from the decays of hyperons, D and B

mesons.
e track and identify charged particles with transverse momentum below 100 MeV /c.

e improve the resolution of momentum and angle of charged particles recon-

structed by the TPC and reconstruct particles traversing dead regions of the
TPC.

Some ITS performance results are introduced in the following. The measurement

impact parameter resolution in ITS is presented in Fig. 3.7.
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Figure 3.7: Impact parameter resolution of ITS+TPC tracks for proton-proton [253] (left) and lead-
lead collisions [254](right). Data (red) has been compared with Monte-Carlo simulations (boxes)

with residual misalignment has been introduced

The ITS is able to identify particles with two methods: reconstruction only
with the ITS (called ITS standalone) and reconstruction using the ITS and TPC
together. In both of the reconstructions, the dE/dz is measured in the SDD and the
SSD. The standalone tracking extends the momentum range to lower pr than the
measurement in the TPC, while the combined tracking in ITS and TPC provides
a better momentum resolution. Fig. 3.8 shows the measurement of dE/dz for the
sample of ITS standalone tracks along with the PHOBOS parametrization of the
most probable value [255] as function of momentum in pp collisions at /s = 7 TeV
and Pb-+Pb collisions at /sy = 2.76 TeV.

3.2.1.2 Time Projection Chamber

The Time Projection Chamber (TPC) [243] is a cylinder shape surrounding the
ITS, which has an inner radius of 85 cm determined by the maximum acceptable hit
density (0.1 cm?) and an outer radius of 250 ¢cm chosen in order to have an average
particle path length in the chamber sufficient to get a dE/dx resolution better than
10%. The total active length in the z direction is about 500 ¢m, which allows the
acceptance in the pseudo-rapidity range of —0.9 < n < 0.9 as shown in Fig. 3.9.
The detector is made of a large cylindrical field cage, filled with 88 m? of Ne/CO,
(90%/10%), which has been optimized for the drift velocity, low electron diffusion,

63



LAY
DOCTORAL DISSERTATION

Chapter 3. ALICE Experiment at LHC

~
[=3
o

700

Q

(=2
=3
o
D
o
o
T

ALICE

PERFORMANCE |
: 02/06/2011 ]
. --Pb-Pb m:Z]GT&V ]

ALICE Performance

(32
(=3
o

9/5/2011

dE/dx (keV/300u1m)

B
o
o

ITS stand-alone tracks

S
o
o

e

pp @\/s =7 TeV (2010 data)

ITS dE/dx (keV/300um)
133
S
T

300F

200f
100

b7 0 02 0304 4
p (GeVic) p (GeVic)

Figure 3.8: Specific energy-loss signal dF/dz vs. momentum in pp collisions at /s = 7 TeV (left)
and in Pb+Pb collisions at /syy = 2.76 TeV (right) for ITS standalone tracks measured with
the ITS. The continuous curves represent the Bethe-Bloch parametrization, the dashed curves the

asymmetric bands used in the PID procedure.

a low radiation length and hence low multiple scattering, small space-charge effect,
and aging properties. Because of the gas mixture used in the TPC, the field cage is
operated at very high-voltage gradients, of about 400 V/cm, with a high voltage of
100 kV at the central electrode which results in a maximum drift time of about 90
ps. This time is the limiting factor for the maximum luminosity which the ALICE
can handle. The readout chambers instrument the two end-caps of the TPC cylinder

with an overall active area of 32.5 m?

. The chambers are multi-wire proportional
chambers with cathode pad readout. For the design of ITS the maximal expected
multiplicity, dN.,/dy = 8000, was used which results in 20000 charged primary and
secondary tracks in the TPC.

The TPC is the main tracking detector of the ALICE central barrel together with
the other central barrel detectors, ITS, TRD, and TOF, which provides charged-
particle momentum measurements, particle identification through dF/dx measure-
ment, and vertex determination with sufficient momentum resolution, two-track
separation and dE/dx resolution for studies of hadronic and leptonic signals. The
TPC is capable of detecting tracks of charged particles with transverse momenta
from 0.1 GeV/c up to 100 GeV /e, with a transverse momentum resolution in cen-
tral Pb+Pb collisions, of about 1% for pr < 5 GeV/¢, 3% for pr < 10 GeV/c and
6% for particles at pr < 20 GeV/c. While the higher transverse momenta resolution
is worsen, for instance in interval 60 < pp < 80 GeV/¢, it is about 25% in central
Pb-+Pb collisions shown in Fig. 3.10. Both in central Pb+Pb collisions and pp colli-
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Figure 3.9: Schematic view of the TPC. It has a cylinder shape with the inner radius of 85 cm and
the outer radius of 250 cm in in the pseudo-rapidity —0.9 < n < 0.9.

sions, the track finding efficiency of TPC saturates at about 90% for pr > 1 GeV/c.
Moreover, TPC is also used as a centrality estimator with a resolution of about 0.5%
centrality bin width in the most central collisions. Fig. 3.11 shows the Glauber fit
track multiplicity in TPC. Finally, The TPC identifies particles via the specific
energy loss in the gas: up to 159 samples can be measured. A truncated mean,
utilizing only 60% of the available samples, is employed. It provides identification
particles from the low-momentum region up to few tens of GeV/c, in combination
with ITS, TRD and TOF. The dF/dx measurement in the TPC with global tracks
in pp collisions is shown in the left panel of Fig. 3.12 and Pb+Pb collisions in the
right panel of this figure.

3.2.1.3 Transition Radiation Detector

The Transition Radiation Detector (TRD) [244] covers the active length of 7 m
in longitudinal direction at pseudo-rapidity —0.84 < n < 0.84 and full azimuth with
radial position of 2.90 < r < 3.68 m shown in Fig. 3.13. It consists of 540 individual
readout detector modules, which are arranged into 18 super modules each containing
30 readout chambers arranged in five stacks along 2z and six layers in radius. The
readout chambers are filled with gas mixture Xe/CO, (85%/15%), in which ionizing
radiation produces electrons. The particles pass through the radiator, the generator
of the Transition Radiation (TR), and then enter the conversion and drift region of

the readout chamber. This passing procedure is shown in Fig. 3.14 in rz-direction.
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Figure 3.12: dE/dx measured in the TPC in pp collisions (left) and Pb+Pb collisions (right). The

continuous curves represent the Bethe-Bloch parametrization.

TRD stack TRD super module

TRD chamber

Figure 3.13: Schematic drawing of the TRD layout in the ALICE space frame. There are 18 super
modules each containing 30 readout chambers (red). On the outside the TRD is surrounded by
the Time-Of-Flight (TOF) system (dark blue). On the inside the heat shield (yellow) towards the
TPC is shown.
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Figure 3.14: Schematic cross-sectional view of a detector module in rz-direction. It shows the

charge deposit from an inclined track which is used for momentum reconstruction.

The TRD is built to provide electron identification in the central barrel for
momenta larger than 1 GeV/c, where the pion rejection capability has a factor of
100. To below 1 GeV /¢, the electrons can be identified via specific measurement of
energy loss in the TPC. In conjunction with information from the I'TS and the TPC,
it provides the necessary electron identification capability to measure the production
of light and heavy vector mesons as well as the continuum in the di-electron channel

in pp and Pb+Pb collisions.

3.2.1.4 Time-Of-Flight

The Time-Of-Flight (TOF) detector [245] is a large area array that covers the
central pseudo-rapidity region (|n| < 0.9) and full azimuth. The detector is a cylin-
drical shape with with an inner and outer radius of 3.70 m and 3.99 m, which has a
modular structure corresponding to 18 sectors in the azimuthal angle. And each of
these sectors is divided into 5 modules in the longitudinal direction along the beam
axis. Fig. 3.15 shows the layout of the TOF detector. All the modules contain a
total of 1638 Multigap Resistive Plate Chamber (MRPC) strips, which cover an area
of 160 m? with 157248 readout channels (pads).
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Figure 3.15: Time-Of-Flight (TOF) detector layout: modular structure.

The TOF MRPC shown in Fig. 3.16 is an ionization chamber filled with a gas
mixture of 90% CyF4Hs, 5% C4Hyo and 5% SFg, which has a sandwich structure
of resistive plate and gas layer. A charged particle going through the gas gives rise
to an avalanche of electrons, which in turn induce a signal on the read-out pads.
The particle mass, m, is calculated by combining the track momentum, p, passing
length, L, and the measured time ¢ of a particle traveling from the interaction vertex
to the TOF detector as:

ct

m=np (E)2 —1 (3.1)
The TOF is designed to identify charged particles in the intermediate momentum
range, from 0.2 to 2.5 GeV /c for pions and kaons, up to 4 GeV/c for protons, with
a m/K and K/p separation better than 3¢ [256, 257]. Coupling with the ITS and
TPC for track and vertex reconstruction and for dE/dx measurements in the low-
momentum range, it provides event-by-event identification of large samples of pions,
kaons, and protons. The particle identification capabilities of the TOF detector is

presented in Fig. 3.17.

3.2.1.5 High-Momentum Particle Identification

The High-Momentum Particle Identificaton Detector (HMPID) [246] covers 5 m
in radial position corresponding to pseudo-rapidity —0.6 < n < 0.6 and azimuth

range 12° < ¢ < 58.8°, which consists of seven identical proximity-focusing Ring
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Figure 3.16: Schematic diagram of the TOF double-stack MRPC units.
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Figure 3.17: TOF particle identificaiton capability performance in Pb+Pb collisions. The left
panel shows the TOF S bands as a function of the momentum (p) for e, 7, K, p and d. The right

panel gives the mass spectra of different species clearly.
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Imaging Cherenkov Counter (RICH) modules of about 1.5 x 1.5m? each. The mod-
ules are placed on an independent support cradle and mounted at the two o’clock
position of the ALICE space frame as shown in Fig. 3.18. Each HMPID module is

Figure 3.18: View of the seven modules of the HMPID mounted on the cradle.

equipped with three radiator vessels made of NEOCERAM, providing 15 mm radia-
tor thickness. Cherenkov photons, emitted by a fast charged particle going through
the radiator are detected by a photon counter, which exploits the novel technology
of a thin layer of CsI deposited onto the pad cathode of a Multi-Wire Pad Chamber.
The HMPID is dedicated to measurements of identified hadrons at pr > 1 GeV/c,
which enhances the PID capability of charged hadrons identification beyond the mo-
mentum interval for which the particle identification can not be performed through
energy-loss in ITS, TPC and TOF. The detector is optimized to extend the useful
range for 7/K and K /p discrimination, on a track-by-track basis, up to 3 GeV/c
and 5 GeV/c, respectively. The separation (n-o) for 7/K and K/p as a function of
transverse momentum in HMPID is shown in Fig. 3.19. The Cherenkov angle as a
function of transverse momentum in different particles is presented in Fig. 3.20 in
pp and Pb+Pb collisions.

3.2.1.6 PHOton Spectrometer

The PHOton Spectrometer (PHOS) [248] is built as a single-arm high-resolution
high-granularity electromagnetic spectrometer consisting of a highly segmented elec-
tromagnetic calorimeter, which is placed at the bottom of the ALICE setup at a

distance of 460 cm from the collision vertex and covers in pseudo-rapidity, —0.12 <
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Figure 3.19: Separation (n-o) for 7/K and K/p as a function of transverse momentum.
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Figure 3.20: Cherenkov angle as a function of track transverse momentum in pp collisions (left)
and Pb+Pb collisions (right).
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n < 0.12, and 100° in azimuthal angle with five modules (three modules are installed
up to now). Each PHOS module is segmented into 3584 detection cells arranged in
56 rows of 64 cells. The detection cell consists of a 22 x 22 x 180 mm lead-tungstate
crystal, PbWO, (PWO), coupled to a 5 x 5 mm Avalanche Photo-Diode (APD)
followed by a low-noise preamplifier [258], see the left panel of Fig. 3.21. The PWO
crystal is designed with this geometry corresponding to 20X, radiation length in the
longitudinal direction, which is known as its characteristics of the fast signal and
the small Moliere radius of about 2 cm. The right pannel of Fig. 3.21 shows the
obtained energy resolution as a function of photon energy together with previous

results from the prototypes [258, 259] and a fitting result by following formula:

E (GeV)

5 °VE

018 0.
= \/M o 293 & 0.011 (3.2)
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Figure 3.21: Left: PbWO, crystal inset into PHOS module. Right: Energy resolution measured
in 2006 for first PHOS module together with the measured resolution for prototypes. All results
can be described by a single fitting as shown in a dotted line.

The PHOS provides unique coverage of the following physics topics:

e thermal and dynamical parameters of the initial phase of the collision, in

particular the initial temperature, via direct single photons and di-photons
e jet-quenching as a probe of deconfinment, studied via high-pp 7°

e signals of chiral-symmetry restoration

A performance of invariant mass spectrum of PHOS cluster pairs after combina-
torial background subtraction in centrality 0-10% in Pb-+Pb collisions at /syy =
2.76 TeV is shown in Fig. 3.22.
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Figure 3.22: Invariant mass spectrum of PHOS cluster pairs in centrality 0-10% after combinatorial
background subtraction. The 7% peak is fitted by a Gaussian function, the mean mass and the o

are shown.

3.2.1.7 Electromagnetic Calorimeter

The ElectroMagnetic Calorimeter (EMCal) [247] is a layered Pb-scintillator sam-
pling calorimeter with a longitudinal pitch of 1.44 mm Pb and 1.76 mm scintillator
with longitudinal wavelength shifting fiber light collection. It occupies a cylindrical
geometry adjacent to the ALICE magnet coil at a radius of 450 cm from the inter-
action point, covering a length ~ 700 cm with the pseudo-rapidity |n| < 0.7 and
azimuth of 107°. The EMCal detector is positioned to provide partial back-to-back
coverage with the PHOS calorimeter. The detector Super Modules, the basic struc-
tural units of the calorimeter, can be seen in Fig. 3.23. There are 10 full size and 2
one-third size Super Modules in the full detector acceptance. The full size modules
span An = 0.7 and Ap = 20° , whereas the 1/3 modules span a smaller azimuthal
range of Ap = 7°. A full-sized Super Module is assembled from 12 x 24 = 288
modules. Each one-third size Super Module is assembled from 4 x 24 = 96 modules.
Each module comprises four independent detection channels/towers giving a total of
1152 towers per full sized Super Module, each of which is approximately projective
in 17 and ¢ to the collision vertex. More physical characteristics of the EMCal are

summarized in Tab. 3.4

The EMCal is focused mostly at measurement of photons from hard jets, which
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Figure 3.23: Array of EMCal Super Modules shown in their installed positions on the support

structure.

Value
~ 6.0x ~ 6.0 x 24.6cm (active)
Ap x An = 0.0143 x 0.0143
1.44 mm Pb/1.76 mm Scintillator
Number of Layers 77

Quantity

Tower Size (at n = 0)

Towser Size

Sampling Ratio

Effective Radiation Length X 12.3 mm
Effective Moliere Radius Ry, 3.20 cm
Effective Density 5.68g/cm?
Sampling Fraction 10.5
Number of Radiation Lengths 20.1
Number of Towers 12,288
Number of Modules 3072

Number of Super Module

10 full size, 2 one-third size

Weight of Super Module

~ 7.7 metric tons (full size)

Total Coverage

Ap =107°, —0.7<n < 0.7

Table 3.4: EMCal physical parameters.




o) AL
5/ DOCTORAL DISSERTATION

Chapter 3. ALICE Experiment at LHC

reduces the bias of jet quenching studies and improve jet energy resolution coupled
with ALICE tracking detectors. Fig. 3.24 shows the inclusive differential full jet
cross section obtained with R = 0.2 compared to a pQCD calculation at NLO and a
PYTHIAS prediction [260]. It also improves the ability of ALICE to neutral mesons

; T T T =
() 3l anti-k;, R = 0.2, n|<0.5 1
107§ —
% %  ALICEpp Vs=276TeV:L,  =13.6nb" I
2 04 [] systematic uncertainty ]
£ E E
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Figure 3.24: Upper panel: Inclusive differential jet cross sections for R=0.2. Vertical bars show the
statistical error, while boxes show the systematic uncertainty. The bands show the NLO pQCD
calculations. Lower panels: Ratio of NLO pQCD calculations to data. Data points are placed at

the center of each bin.

and high momentum photons in a larger acceptance compared to the PHOS detector.
Discrimination of v and 7% using EM shower shape characteristics is possible in the
EMCal up to pr ~ 30 GeV/c. While additional techniques, isolation cuts, can be
used for photon (direct photon) measurements to higher pp. The measurement of
heavy flavor production at high-pt provides unique observables of jet quenching. At
high-pr, semi-leptonic decay channels (branching ratio ~ 10% for both B and D
mesons) are favorable for heavy flavor measurements because they can be triggered,
but also require good hadron rejection. The ALICE has extensive capabilities for
electron measurements at pr > 10 GeV/c and provides both an efficient and fast
trigger and sufficient hadron rejection via the EMCal. Secondary vertex provides
additional discrimination, and ALICE with the EMCal can measure b-jet production
in Pb-+Pb collisions up to Et ~ 80 GeV [247].

Furthermore, the EMCal provides collecting data trigger system with the goal
for enhancing the kinematic reach of recorded data for hard probes such as high-pr

70, ~, electrons and jets, within the overall trigger rate and bandwidth constraints
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of ALICE. The ALICE Trigger System consists of two independent components:
a Central Trigger Processor (CTP) providing the trigger decision logic, generating
triggers for the readout detectors and a Trigger Distribution Network delivering
these triggers to the detectors. The earliest trigger decision (Level 0 or L0) is issued
1.2 ps after the interaction, L1 is issued at 6.5 us, and L2 is issued at 88 ps. The
rejection of L0 triggers is provided by L1 and L2 decisions. In terms of EMCal event
rejection the following relevant trigger observables have been implemented: neutral

cluster trigger and jet trigger

e Neutral cluster trigger
The cluster trigger searches for high-pr showers from v (7% 7,...) and elec-
trons. The L0 algorithm identifies the shower energy above threshold in the
local region of a Trigger Region Unit (TRU). The energy is summed over a
sliding window of 4 x 4 towers and compared to a threshold above noise. The
left panel of Fig. 3.25 shows the ratio of distributions EMCal/MB, which mea-
sures the rejection factor of the EMCal trigger. Uniform trigger efficiency
is observed above ~ 5 GeV, with a rejection factor of ~ 1000 [261]. This
value corresponds closely to the online rejection factor during data-taking.
The right panel of Fig. 3.25 shows the EMCal-L0 trigger efficiency for EMCal
clusters calculated via simulation with comparison to data of pp collisions at
Vs = 2.76 TeV. The trigger efficiency is extracted by making the ratio of the
energy distribution of clusters containing valid trigger bit in triggered events
to the energy distribution of all the clusters in the MB events. Then the effi-

ciency curve from data is scaled to match the simulation curve above 5 GeV.

o Jet trigger
The jet trigger that is efficient and unbiased requires integration over a phase
space region larger than that subtended by a single TRU, which decision at
L1 is evaluated using a “patch” trigger. A single patch is made up of a number

of adjacent n x n towers.

An absolute energy calibration of the test beam data was obtained from the
known incident electron energy using an iterative procedure. The energy resolution
obtained at the different positions was combined and the average values as a function
of the incident beam momentum are displayed in Fig. 3.26. The simulation data

points and a fit to the energy resolution as a function of the incident energy are also
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Figure 3.25: Left: Ratio of the distributions EMCal/MB. The horizontal dashed red line is drawn
at 1000, indicating the online rejection factor. Right: EMCal-L0 trigger efficiency for EMCal

clusters calculated via simulation with comparison to data of pp collisions at /s = 2.76 TeV.

shown in Fig. 3.26. The fitting is done by following formula:

e =\t (3.3

where the coefficients of a, b and ¢ are 0.0435, 0.0973 and 0.0163, respectively.

The linearity of the energy response was investigated in conjunction with the
energy resolution. Fig. 3.27 displays the average ratio of the reconstructed and inci-
dent beam energy as a function of the incident beam energy obtained by combining
the measurements at different detector positions. The simulation result is shown in
the same plot with red points. The fits to the test beam data and simulation data

are shown by formula:

ET‘QC 1 1
Z =a; X ( — X o ) (3.4)
true (]_+a/2 X e a3 1_|_a4 X e 96

where coefficients of a1, as, az, a4, as and ag are 0.977, 0.183, 0.664, 0.131, 163.460
and 24.689 to data fitting, and are 0.981, 0.114, 1.002, 0.0967, 219.381, 63.16 to
simulation fitting.

The position resolution of the EMCal was investigated by tge test beam data
using the incident beam location projected from the tracking information from the
MWPCs. The distribution of energies in the towers of the cluster is used to calculate
the cluster position in x and y. The x and y position resolution as a function of

incident momentum for electrons and a fit with 1.5 mm + 5.3 mm/v/E are shown
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Figure 3.26: EMCal energy resolution from 2010 electron test beam measurements (black) and

simulation data (red). The curve is the fit result of test beam data.
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Figure 3.27: Energy non linearity in EMCal, comparison of test beam data with electrons (black)

with simulation (red). The curves are the fit results.
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in Fig. 3.28. As expected, no significant difference between the x and y position is

observed.
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Figure 3.28: Dependence of the position resolution as a function of 1/v/E (GeV) for electrons. The
curve shows the best fit result. Taken from [247].

A performance of invariant mass spectrum of EMCal cluster pairs with and
without background subtraction in pp collisions at /s = 7 TeV with minimum bis

trigger is shown in Fig. 3.29.

3.2.2 Forward detectors

3.2.2.1 Zero Degree Calorimeters

There are two Zero Degree Calorimeters (ZDCs) [249] which are located at 114
m either side of the IP. Each ZDC set consists of two hadron calorimeters: one for
spectator neutrons (ZN, 7.04 x 7.04 x 100 cm?) placed at zero degrees relative to the
LHC axis, and one for spectator protons (ZP, 12x22.4x 150 cm3) placed externally to
the outgoing beam pipe on the side where positive particles are deflected. The ZDC
project includes electromagnetic calorimeter (ZEM)) with dimensions 7x 7 x 21 em?
at ~ 7 m from IP covering rapidity range 4.8 < 1 < 5.7 only on one side to improve
the centrality trigger. It is made of lead and quartz fibres and designed to measure
the energy of particles emitted at forward rapidities, essentially photons generated
from 7° decays event by event. The ZDC provides a centrality estimation and trigger
in Pb+Pb collisions by measuring the energy carried in the forward direction by

non-interacting (spectator) nucleons.
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Figure 3.29: Two-photon invariant mass spectrum in pp collisions at /s = 7 TeV with minimum
bias trigger at 5 < E < 7 GeV in EMCAL.

3.2.2.2 Photon Multiplicity Detector

The Photon Multiplicity Detector (PMD) [250] is installed at 360 cm from the
IP, on the opposite side of the forward muon spectrometer, covering the pseudo-
rapidity 2.3 < n < 3.5 and full azimuth. The PMD consists of two identical planes
of detectors with a 3Xq thick lead converter in between them and made up of four
supermodules with six identical unit modules in each. The unit modules are sep-
arated among themselves by a thin 100 pm kapton strip supported on a 0.3 mm
thick FR4 sheet for rigidity. The detector is designed to measure the multiplicity
and spatial (n— ) distribution of photons on an event-by-event basis in the forward
region of ALICE.

3.2.2.3 Forward Multiplicity Detector

The Forward Multiplicity Detector (FMD) [251] is a silicon strip detector of
modest segmentation, placed around the beam pipe with psedo-rapidity coverage of
—34 <n<—17and 1.7 < n < 5.0, see Fig. 3.30. It consists of five rings FMD1i,
FMD2i, FMD2o, FMD3i and FMD3o located at z = 340 c¢m, 83.4 ¢m, 75.2 cm,
—62.8 em and —75.2 cm with different psedo-rapidity range shown in Fig. 3.31. The
rings consists of two types with 10 (for the inner rings, FMD1i, FMD2i, and FMD3i)

or 20 (for the outer rings FMD2o0, FMD30) hexagonal silicon sensors in azimuthal
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angle, respectively. Each sensor is azimuthal segmented into 2 sectors, and each
sector is segmented into strips at constant radii. The segmentation is made up of a

total of 51200 silicon strip channels. The FMD is designed to study multiplicity

FMD1i FMD2i FMD2o FMD3i FMD3o

Figure 3.30: Layout of the FMD five rings in the ALICE experiment.
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Figure 3.31: Continuous pseudo-rapidity coverage provided by the FMD five rings together with
the SPD [262].

fluctuations on an event-by-event basis and flow in the considered pseudo-rapidity
range. It provides early charged particle multiplicity distributions for all collision
types in the psedo-rapidity range —3.4 < n < 5.1 together with the pixel system
of the ITS. The detector is also able to reconstruct event plane with fine resolution

based on the benefit of its many segment in ¢ direction.
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3.2.24 TO

The T0 [251] detector is built with two arrays of Cherenkov counters, 12 counters
for each array. The two arrays are asymmetrically placed at 72.7 ¢cm (T0-C, muon
spectrometer side) and 375 cm (T0-A, PMD side) from the interaction vertex with
the pseudo-rapidity coverage range —3.28 < n < —2.97 and 4.61 < < 4.92 shown

in Fig. 3.32, respectively. It is designed to perform the following functions:

iTs

ALICE central region TO _C

Figure 3.32: Position of the T0 detector arrays inside ALICE.

e To give a start signal with good time resolution for the TOF detector particle
identification system in ALICE. The signal corresponds to the real time of the
collision (plus a fixed time delay) and is independent on the position of the

vertex.

e To measure the vertex position with a precision +1.5 cm for each interaction

and provide a LO trigger when the position is within the preset values.
e To provide an early (prior to the L0 trigger) “wake-up” trigger to the TRD.

e To measure the particle multiplicity and generate one of the three possible

trigger SignaIS: TOmin—biaS: TOsemi—centrala or Tocentral-

3.2.2.5 VZERO

The VZERO [251] is a small-angle detector consisting of two arrays of scintillator
counters placed at two sides of the ALICE interaction region. The two counters
have the pseudo-rapidity coverage 2.8 < n < 5.1 (VZERO-A) and —3.7 <n < —1.7
(VZERO-C) overlapping partly with the FMD acceptance shown in Fig. 3.33. The

VO0-A device is located on the positive z-direction at a distance of about 340 cm from
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the interaction point. The VO-C device is placed at the negative z-direction along
the absorber nose at 90 cm from the interaction point. Both of VO-A and V0-C are
segmented into 32 elementary counters distributed in four rings. Each ring covers

0.4-0.6 unit of pseudo-rapidity.

Figure 3.33: Layout of VERO-A and VZERO-C in the ALICE experiment.

The VZERO detector has multiple roles as:

e a minimum bias trigger for the central barrel detectors.

two centrality triggers in Ph+Pb collisions.

a centrality indicator.

a control of the luminosity.

a validation signal for the muon trigger to filter background in pp mode.

Fig. 3.34 shows the distribution of VZERO amplitudes for all events triggered
with the 3 — out — of — 3 (signals in VZERO-A and VZERO-C and at least 2 chips
hit in the outer layer of the SPD) trigger after removing the beam background.

3.2.3 Muon spectrometer

The muon spectrometer is built to detect muons in the polar angular range 2—9°.
This interval, a compromise between acceptance and detector cost, corresponds to

the pseudo-rapidity range of —4.0 < n < —2.5. The spectrometer consists of five
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Figure 3.34: Distribution of the sum of amplitudes in the VZERO scintillators. The distribution
is fitted with the NBD-Glauber fit shown as a line. The inset shows a zoom of the most peripheral
region [263].

components which are, a passive front absorber absorbing hadrons and photons, a
high-granularity tracking system, a large dipole magnet, a passive muon filter wall
and an inner beam shield protecting the chambers from particles and secondaries

produced at large rapidities, see Fig. 3.35 and 3.3. The ALICE forward muon

dipole magnet
. tracking chambers

7

small angle absorber -1 muon filter igger chambers

Figure 3.35: Layout of the ALICE muon spectrometer.

spectrometer is designed to study the complete spectrum of heavy quarkonia (J/1,
¢, T, T, T") via their decay in the u*u~ channel. Meanwhile, W4 and Z; can be

also measured with the muon spectrometer.
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3.3 ALICE online system and offline project

In this section, the ALICE online system, which includes the Trigger system
(TRG), the Data Acquisition system (DAQ), the High Level Trigger (HLT), and
the Experiment and Detector Control Systems (ECS and DCS), is briefly described
firstly. Subsequently, the ALICE offline project including AliRoot analysis, especial
analysis framework to this thesis work and ALICE Grid, is presented.

3.3.1 ALICE online system

The ALICE online systems, namely, the Trigger system (TRG), the Data Ac-
quisition system (DAQ), the High Level Trigger system (HLT), and the Detector
Control System (DCS) interface to each other through a controls layer: the so-called
Experiment Control System (ECS).

3.3.1.1 Trigger System

The ALICE Trigger System (TRG) [236, 264] is designed to select events dis-
playing a variety of different features at rates which is able to be scaled down to
suit physics requirements. It operates with interaction rates for nucleus-nucleus,
proton-nucleus and proton-proton collisions at rates between about 8 kHz and 300
kHz. The Central Trigger Processor (CTP) is the main block of the ALICE trigger
electronics, which receives and aligns up to 60 trigger inputs parallelly from the
trigger detectors, and then processes these triggers information for each cluster and
generates the result of this processing. There are three different hardware trigger
levels (LO, L1 and L2) with latencies from 1.2 microseconds to 100 microseconds.
The LO trigger signal reaches detectors at 1.2 ps from interaction, which includes
800 ns input to CTP, made decision by CTP with 100 ns and delivered to detectors
up to 300 ns. The L1 trigger signal is sent at 6.5 pus which includes 6.1 us input to
CTP and made decision by CTP with 100 ns. To L2 trigger signal, it is delivered
to detectors with 105 ps from interaction. After these trigger signals sent to CTP,
they are combined by logical operations inside a FPGA* to form the different physics
triggers (e.g. minimum-bias, central collision, high-pt jet). Outputs from the CTP
go to the Local Trigger Units (LTUs) of each sub-detector, where they are further
processed according to the different detector needs and finally sent back to the de-
tector Front-End Electronics (FEE). The LTU serves as an interface between the

4FPGA: Field-Programmable Gate Array, more details can be find in Wikipedia: FPGA.
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CTP and the sub-detector readout electronics, and is able to run in a stand-alone

mode of operation where the LTU fully emulates the CTP protocol.

3.3.1.2 Data Acquisition system

In ALICE, a variety of physics observables are investigated by using different
beam conditions. In this environment, a large number of trigger classes is used
to select and characterize the collision events. These trigger classes belong to two
broad categories depending on whether they are frequent(e.g., central, semi-central
and minimum-bias) or rare (dimuon and dielectron). The task of the ALICE Data
AcQuisition (DAQ) 236, 264] system, combined with the ALICE Trigger and High-
Level Trigger (HLT) systems, is to select interesting physics events, to provide an
efficient access to these events for the execution of high-level trigger algorithms and
finally to archive the data to permanent data storage for later analysis. In a word,
the ALICE DAQ handles the data flow from the sub-detector electronics to the
archiving on tape shown in Fig. 3.36. Furthermore, The DAQ system also includes
software packages for raw data integrity and system performance monitoring and
overall control of the DAQ system. The detectors receive the trigger signals and
the associated information from the CTP, through a dedicated LTU interfaced to
a Timing, Trigger and Control (T'TC) system. The Front-End Read-Out (FERO)
electronics of the detectors is interfaced to the ALICE-standard Detector Data Links
(DDL). The same standard protocol is used to inject data produced from the detec-
tors (event fragments) on the DDL. In the DQA system, The event fragments are
read out from the optical DDL and reassembled into sub-events by the Local Data
Concentrators (LDCs), which are then transferred to the Global Data Collectors
(GDCs), in charge of performing the event building network. The Event Destina-
tion Manager (EDM) broadcasts information about the availability of the GDCs to
all LDCs. All the sub-events are received by the same GDC, and assembled into a
full event. The assembled event is then archived over the storage network as data
files of a fixed size to the Transient Data Storage (TDS) consisting of storage ar-
rays connected to the storage network. The data files are then read by the TDS
movers (TDSM) over the storage network and exported to the computing center
where they are recorded to the Permanent Data Storage (PDS). Each uninterrupted
data collecting period is called a run, ranging from few minutes to many hours,
with the same hardware and software configuration. During a run period, all GDCs

produce a sequence of such files which are registered in the ALICE Grid software
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CTP: Central Trigger Processor GDC: Global Data Collector
DA: Detector Algorithm HLT: High-Level Trigger
DDL: Detector Data Link H-RORC: HLT Read Out Receiver Card
DQM: Data Quality Monitoring LDC: Local Data Concentrator
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DSS: DAQ Service Server PDS: Permanent Data Storage
EDM: Event Distribution Manager TDSM: Transient Data Storage Manager
FERO: Front End Read Out electronics TTC: Timing, Trigger and Control

FEP: Front End Processor

Figure 3.36: Overall architecture of the ALICE DAQ and the interface to the HLT system [236, 265].
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(AliEn) [266].

3.3.1.3 High-Level Trigger

The ALICE High-Level Trigger (HLT) [236, 264, 267] is a dedicated real-time
system for online event reconstruction and triggering. It is designed to combine and
process the full information from all major ALICE sub-detectors in a large computer
cluster. Its main goal is to reduce the raw data volume read from the detectors by an
order of magnitude, and to fit within the available data acquisition bandwidth while
preserving the physics information of interest. This is achieved by a combination of

different techniques which require a detailed online event reconstruction:

o Trigger:
selecting interesting events based on detailed online analysis of its physics

observables.

e Selection:

selecting the Regions of Interests (interesting part of single events).

e Compression:
reducing the event size by advanced data compression without any loss of the

contained physics.

Fig. 3.37 shows six architectural layers of the HLT. The HLT system physically
comprises a large computing cluster built mostly from commodity components. The
main production cluster has 205 individual machines used for computation, which
are divided into 117 Front End Processor (FEP) machines, 84 Compute Nodes (CN)
and 4 portal machines. At the layer 1, the raw data from all ALICE sub-detectors
are received over these channels and fed into the HL'T compute farm via 454 DDLs.
When going to the layer 2, the first processing performs basic calibration and ex-
tracts hits and clusters, which is achieved in part with hardware coprocessors and
therefore simultaneously with the receiving of the data. The event for each detector
is reconstructed individually at the layer 3. At the Layer 4, the processed and cali-
brated information of all detectors is combined and the whole event is reconstructed.
The reconstructed physics observables is use to perform the selection of events or
regions of interest by layer 5 based on run specific physics selection criteria. The

selected data is further subjected to complex data compression algorithms.
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Figure 3.37: Schematic diagram of the six architectural layers of the HLT [236].

3.3.1.4 Detector Control System

The ALICE Control System (DCS) [264] performs to ensure a safe and correct
operation of the ALICE experiment. It provides remote control and monitoring
of all experimental equipment in such a way that the ALICE experiment can be
operated from a single workplace through a unique set of operator interface panels.
The optimal operational conditions are provided vis the system in order to keep

high quality in the data taking by the experiment.

The hardware architecture of the control system consists of three layers shown
in Fig. 3.38. The first layer is supervisory layer, which provides the user interfaces
to the operators and connect to disk servers with a number of PCs’ supports. The
supervisory level will interface, mainly through a LAN, to the control layer. The
control layer collects and processes information from the lowest (field) layer via field
buses or the Local Area Network and forward them to the supervisor. The third
layer, field layer, contains all field devices (e.g. power supplies), sensors and actua-
tors. To the software architecture, it is built as a tree-like structure representing the
structure of sub-detectors, their sub-systems and devices. The basic building blocks
for the entire hierarchical control system are two types of nodes, Control Units (that

model the behaviour and interactions between components) and Device Units (that
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Figure 3.38: Hardware architecture of the DCS in the ALICE experiment [264].

3.3.1.5 Experiment Control System

The Experiment Control System (ECS) [264] is logically a part of the ALICE
control system, which is responsible for the coordination and synchronization of the
online systems involved (DAQ, TRG, HLT, and DCS) and the LHC machines as
shown in Fig. 3.40. The role of the ECS mainly includes the following. On the one

ECS

Experiment Control System

Il I

DCS TRG DAQ HLT

Detector Control Trigger Data Acquisition High Level Trigger
System System System System

Figure 3.39: Interface of ECS with other online system in the ALICE experiment [264].

hand, it provides the operators with a unified view of the experiment and a central
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point from where to steer the experiment operations. On the other hand, it also
permits independent concurrent activities on parts of the experiment by different
operators at the detector level. At last, it has to coordinate the operations of the
control systems active on each detector: the trigger control, the detector control,
the DAQ run control and the High-Level Trigger control.

Fig. 3.40 illustrates the architecture of the ECS. The database is the heart of the
system, where all the resources are described. The Experiment Control Agent (ECA)
is a utility that facilitates the manipulation of the database. Resources are allocated
by the Partition Control Agent (PCA), which creates an environment in which

only allocated resources are seen by the online systems. The major components of

Partition 1 PCA Partition 2 PCA

v v v v

v v v
Detector A Detector B Detector C Detector D

¥ Pamsssssssssnsnnsnnnnns . . T

Figure 3.40: Architecture of the ECS in the ALICE experiment [264].

the system include Finite State Machines (FSM), PCA, The Database and Human
Interface. The FSM provides an intuitive way of representing the behavioural model
of a real object, therefore they constitute the ideal paradigm for the implementation
of the ECS, and also provides a natural communication model, based on the control
of objects located in remote Activity Domains. The PCA controlling each partition is
a process performing its task through FSMs and implemented using the FSM package
SMI++-. The database holds the list of all the resources and their characteristics.
The operators can interact with the ECS by means of human-interface processes.
These processes have a passive role: they establish a connection with one of the
ECS agents (ECA or PCA), display on the screen the information that the agent
makes available to them, and forward to the agent the commands required by the

operator.
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3.3.2 ALICE offline project

The ALICE offline project is a complex environment for development and op-
eration of the data processing framework. The tasks of the offline project mainly
includes simulation, reconstruction, calibration, alignment, visualization and anal-
ysis. In this section, Two main parts of the offlie environment, AliRoot framework

and ALICE computing grid, are introduced.

3.3.2.1 ALICEROOT framework

The ALICE offline framework, AliRoot [237, 268, 269|, was started to develop in
1998, at a time when computing was facing a huge challenging task in high-energy
physics. The AliRoot is entirely based on Object Oriented technology (C++) for
programming and complemented by the AlikEn system which gives access to the
computing grid. It is developed from the ROOT [270] which provides an environment
for the development of software packages for event generation, detector simulation,
event reconstruction, data acquisition and a complete data analysis framework. The
final objective of the AliRoot offline framework is to reconstruct and analyze the
physics data coming from Monte-Carlo simulation and real collisions data in ALICE
experiment. It also was used to perform simulation studies for the Technical Design
Reports of all ALICE detectors and optimize their design during the initial stage of
ALICE experiment.

The AliRoot framework is schematically shown in Fig. 3.41. The STEER module
as the core in this framework provides steering, run management, interface classes
and base classes. The codes for simulation and reconstruction from the different
detectors are independent. The response of different detector simulation is per-
formed via different transport packages like GEANT3 [271], GEANT4 [272] and
FLUKA |273]. In the EVGEN module, it contains some hadronic collisions event
Monte-Carlo generators like, PYTHIA [274], HIJING [275], etc. The ROOT capa-
bilities are extended by providing an ALICE Environment (AliEn) specific imple-
mentation to allow ALICE users a transparent access to datasets on the Grid.

In ALICE, the data processing of AliRoot framework is shown in Fig. 3.42 [237].
Associated with real particle collisions, simulated collisions are generated via simu-
lation programs by Monte-Carlo event generators and detector response simulation
packages. The data produced by the event generators contains the full information
about the generated particles (PID, momentum, charge, etc), and then is trans-

ported to detectors where the detector response is simulated with the transport
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Figure 3.41: Schematic view of the AliRoot offline framework [268].
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Figure 3.42: Data Processing Framework in AliRoot [237].
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packates. The transport package transports the generated particles through the set
of detectors, and produces hits. The hits are energy deposition at a given point and
time, which are transformed into digits by taking into account the detector response
and associated electronics response. In the transport procedure, each original and
new particle from interactions is traced up till the moment when it leaves the full
ALICE detector volume or its energy drops below a predesignated threshold. Fi-
nally, raw data are produced when the digits from simulated events are stored in the
specific hardware format of each detector. The reconstruction and analysis chains
can be activated from the raw data produced point.

In the reconstruction chain, full information of the particles trajectory and mass
starting are reconstructed by the reconstruction algorithms. For example, a local
reconstruction of clusters is performed in each detector firstly, then vertexes and
tracks are reconstructed and particles types are identified. In order to evaluate the
software and detector performance, the simulated events are processed through the
whole cycle, and the reconstructed particles are eventually compared to the Monte-
Carlo generated ones. The final output of the reconstruction stored in the Event
Summary Data (ESD) which is a root file containing all the information needed

during the physics analysis, as follows [268]:

e fields to identify the event such as run number, event number, trigger word,

version of the reconstruction, etc.;
e reconstructed ZDC energies and number of participant;
e primary vertex;
e TO estimation of the primary vertex;
e array of ESD tracks;

e arrays of HLT tracks both from the conformal mapping and from the Hough

transform reconstruction;
e array of MUON tracks;
e array of PMD tracks;
e arrays of reconstructed VO vertexes, cascade decays and kinks;

e indexes of the information from PHOS and EMCAL detectors in the array of
the ESD tracks.
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From the Monte-Carlo simulation to the ESD data, the procedure can be shown
in Fig. 3.43. Compared to the simulation, in the real data, the similar chain is

presented in this figure, which includes the online system introduced in Sec. 3.3.1.

Simulation Reconstruction

Monte Carlo

Real Data

Online | Offline

Figure 3.43: Simulation and reconstruction framework in AliRoot [268].

In the ALICE computing model, the analysis activity starts from the ESD, whose
size is about one order of magnitude lower than the corresponding raw data. From
the ESD data, some filters are performed through a train of “analysis tasks” required
by the analyzers (the physics working groups in the ALICE collaboration) who are
interested in specific physics. In this case, the ESD data is filtered to result in the
creation of Analysis Object Data (AOD) files, which also contain all the informations
needed for a specific analysis and can be more easily handled by the users. The
typical analysis to calculation the physics quantities of interest requires processing
of selected sets of events, and then looping over all the selected events. Usually,
in each event, a set of loops over the reconstructed entities such as tracks, neutral
clusters, etc, is needed to select the signal candidates by applying a number of
criteria (cuts). The selection criteria is usual estimated via simulation data analysis
to achive optimization. The analysis results obtained after using the criteria are
raw, and need to be corrected with many detector correction factors, e.g., trigger
efficiency, reconstruction efficiency, geometrical acceptance, etc. The last part to
achive the physics quantity usually involves quite complex mathematical treatment,

and sophisticated statistical tools, e.g., statistical errors, systematic errors, etc.
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3.3.2.2 ALICE Grid

To the present and foreseen real and simulated data, the enormous computing
resources required to process the data coming from the ALICE experiment isof such
magnitude that it is not feasible to concentrate it in a single computing center.
Therefore, in order to utilize the computing centers located at worldwide for solv-
ing this problem, the Grid Middleware was developed in the ALICE experiment,
which allows for efficient, seamless, and democratic access to worldwide-distributed
heterogeneous computing and storage resources distributed at the HEP computing
facilities of the institutes and universities participating in the experiment. The tech-
nical side of the decentralized offline computing scenario has been formalized in the
so-called MONARC model [276] schematically shown in Fig. 3.44. All real data

CERN (Tier0, 1 and 2)

RAW data master copy,
data reconstruction,
prompt analysis

/\ ____________________________________________________________________________________

Tier 1 (QoS level 1)
FZK || NDGF || NIKHEF|| RAL | o0 of raw,

data reconstruction
data analysis

CCINZ2P3

L I I Tier 2 (QoS level 2)
L MC production,
Subatech| partial copy of ESD, AOD
Nantes data analysis

Figure 3.44: Schematic view of the ALICE offline computing tasks in the framework of the tiered
MONARC model [269].

originate from CERN, with a very large computing center called Tier 0. Tier 1s
are the major large regional computing centers which provide a safe data storage
on high reliably storage media and perform the bulk of the organized processing of
the data. Tier 2s are smaller centers which are logically clustered around the Tier
1’s. The major role of Tier-2’s is simulation and end-user analysis. The MONARC
model also foresees Tier 3s which are university departmental computing centers and
Tier 4s that are user workstations. Generally, the raw data from the experiment
is stored at CERN (Tier 0), and the Tier 1 centers share the reconstruction to the
ESD level. The Tier 1s also participate subsequent data reduction to the Analysis
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Object Data (AOD) level, analysis and Monte-Carlo production with Tier 2s. While
the Tier 2s also perform Monte-Carlo and end-user analysis. Presently, the ALICE
grid is composed of over 90 sites scattered all over the world (mainly, Africa, Asia,
Europe, North and South America), involving 5 Tier 0 centers, 5 Tier 1 centers and
more than 80 Tier 2 centers [277] shown in Fig. 3.45

JINR @
LUNARC RRC-KI @@ RRC_KI T1
@ DCSC_Ku Troitsk@®
ITEF @
IHEP @
MEPHI
Birmingham® .- (] iy @ Poznan
RAL o® Oxford HHLR GU
»
BITP @ @ KNU
» @ Prague @ Cyfronet
GRIF_IRFU@ -FG:_' 2 Vi
GRIF_IPNO® . @ Kosice
@ Strasbourg IRES® Bratislava
Subatechl} Ay @ WIGNER_KFKI

[ el
Clermont @ ‘Itht"Torinn @ Trieste

CNAF@El NIHAM @ @ NIPNE

nobls ® Bologna ISS_LCG@ ISS

1 L“Q"
@ Madrid

& Trujillo % ® Cagliari
wig @ Catania

e % TriGrid_Catania® Athens

® Bari
‘Yerevan “‘r

Figure 3.45: Part of ALICE Grid sites spotted in the worldwide [277].

The ALICE developed in year 2000 an interface to the Grid with Alice Envi-
ronment (AliEn) [278, 279]. The AliEn has been developed to offer the ALICE
user community a transparent access to computing resources distributed worldwide
through a single interface as AliEn User Interface (UIl). The AliEn components are

mainly as following:

File catalogue with meta-data capabilities.

Data management tools for data transfers and storage.

Authentication and authorization

Workload management system.

Interfaces to other Grid implementations.

ROOT interface.

Monitoring.
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3.3.2.3 Neutral trigger correlations analysis framework

Analysis is the final operation performed on the data and the user finally destined
to extract interesting physics information. In the ALICE Computing Model, the
analysis starts from the ESD produced during the reconstruction step. The AOD is
produced with a very general analysis filter named AliAnalysisTaskESDfilter from
the ESD (more filters can be done according to the user own for specific physics
analysis from ESD or AOD). Further analysis passes can start from condensed AODs.

The overview of the analysis chain in AliRoot can be found in Fig. 3.46.

The overall picture

AlIESDInputHandler
AliAODInputHandler

AliIMCEventHandler ] AlIACDHandler

(Output)

|
AliVEvent

AliAnalysisTaskSE

AlIESDEvent
AliAODEvent,

AliIMCEvent AlIAODEvent

[ AliVParticle

|
l AlIESDtrack AlIMCParticle
Tasks \

AliAODtrack

Data

]
ULilli:

Figure 3.46: Schematic view of analysis framework starting from ESD and AOD data in Ali-
Root [268].

The neutral trigger correlations in this work are analyzed with tasks located in

two sub-directories in AliRoot:

e PWG /CaloTrackCorrBase

e PWGGA /CaloTrackCorrelations

In PWGGGA /CaloTrackCorrelations/macros, the analysis macros to launch the
analysis can be found. The framework is rather flexible and allows to analyze corre-
lations between trigger particles, v, 7°,  and associated particles, tracks (charged

hadrons).
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The analysis includes the following steps:

e Event, cluster and track filtering: Events are selected depending on the
vertexes, centralities and other criteria tracks and calorimeter clusters are
filtered based on the cuts required by the analyzer. The filtering is done in
the class AliCaloTrackReader.

e Particle identification: Looping over the clusters or tracks in their array,
this selects the particles needed in the analysis with the corresponding PID
criteria to the clusters or tracks. The particle with PID is put into a new
array which will be the list of possible triggers for the correlations, or the in-
variant mass analysis for neutral mesons analysis. In our analysis, the triggers

includingy, 7 and 7 are identified via two different classes as:

— v with AliAnaPhoton: This class loops over all clusters in an array
with the photon identification criteria, such as track matching, cluster
timing, cluster shower shape cuts, etc to select the photon candidates for

correlation or neutral mesons analysis.

— 7 (n) with AliAnaPiOEbE: This class can perform different kind of

neutral meson selections event-by-event.

x Shower shape and splitting: Clusters with large shower shape
long axis are likely to be produced together by two photons from one
neutral meson decay. They can be split and if the invariant mass of
the new split two clusters is close to the one of the neutral meson,

then the cluster is selected.

x Invariant mass in calorimeter: Two clusters in the calorimeter
falling in a given mass window are selected. The side bands around

the peak are checked to address the background.

e Correlation with tracks (charged hadrons): This is done in class AliAna-
ParticleHadronCorrelation. The azimuthal correlations of the trigger particles
with tracks and other available measurements are stored in histograms. The

same is done for the event mixing (in case it is needed).
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Many experimental and theoretical studies of the QGP have been obtained from
the study of hadron jets, the fragmentation products of high transverse momentum
(pr) partons [105-108, 280|. It is generally accepted that prior to hadronization,
partons lose energy in the extremely hot and dense medium due to the gluon ra-
diation and the multiple collisions. These phenomena are broadly known as “jet
quenching” [72-74]. A strong di-jet energy asymmetry for leading jet transverse
momenta above 100 GeV/c has been reported [179, 180]. At low transverse mo-
menta (pr, je < 50 GeV/c), background fluctuations due to the underlying event
dominate [281] and event-by-event jet reconstruction becomes difficult. Two-particle
correlations allow the study of medium effects on the jet fragmentation without
the need for jet reconstruction. A brief introduction about the measurements of
two-particle correlations is presented in Sec. 2.3.3. In this chapter, more details
about two-particle correlations, including di-charged hadron correlations, 7°-charged

hadrons and vy-hadron correlations, are summarized.

4.1 Two-particle correlation analysis method

The pr dependence of the correlation is studied by measuring triggered corre-
lations. In such an analysis, a particle is chosen from a pr region and called the
trigger particle. The so called associated particles from another pr region are cor-

assoc trig

related to the trigger particle where p5°°¢ < p1.°. The associated per-trigger yield
is measured as a function of the azimuthal angle difference Ap = Yiig — Passoc and

pseudo-rapidity difference An = Nig — Nassoc:
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1 dN?

V(b ) = o (1)
where N,soc is the number of particles associated to a number of trigger particles
Nuig. This quantity is measured for different ranges of pfrrig and p7°°. A typical
schematic view of di-jet events and two particles azimuthal angle correlations are

shown in Fig. 4.1.

o |
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Figure 4.1: Left: Schematic view of di-jet production in pp and A+A collisions. Right: Cartoon
of two-particle azimuthal angle correlations distribution in Ay in pp collisions. It has two peaks
corresponding to near side (Ap ~ 0) and away side (Ap ~ 7) jet, and a flat component representing
the underlying event pairs.

To obtain the fully corrected per-trigger associated primary particle yield, two
steps are performed on the raw correlations. Firstly, detector acceptance effects are
assessed by using a mixed-event technique: the differential yield defined in Eq. 4.1
is also constructed for pairs where the trigger and the associated particle come from
different events with similar centrality (or multiplicity in pp) and z-vertex position.
The angular correlation constructed from particles within the same event and mixed
events are shown in the left and right panel in Fig. 4.2. The acceptance corrected
distribution can be obtained from the ratio of pair distributions from the same and

mixed events with a proper normalization factor, as written as:

EN™(Ap,An) 1 d*N®™/dApdAn

Ag, Ap) = _ .
C (A, An) dApdAn Nerig A2N"%0 [ dA pdAn

(4.2)

where the normalization factor « is chosen to normalize the background distribution
such that it is unity for pairs at A = An &~ 0. If one only focuses on the distribution

1 dN delxed
of Norg A the factor a = v

Ap—o 18 selected. Secondly, tracking efficiency and
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Figure 4.2: Correlation constructed from pairs of particles from the same events (left panel) and
the mixed events (middle panel) [282].

track contamination from secondary particles are used to correct the correlation

function.

In nucleus-nucleus collisions, multiple processes, such as jets, mini-jets, reso-
nance decays and anisotropic flow, have contributions to the two-particle corre-
lations. To obtain the jet-like correlations, one needs to subtract other sources,
so-called background, contributed to the correlations. Among these background
sources, anisotropic flow is dominant. Generally, the jet-like correlations noted by
J(Ayp) are obtained as:

J(Ap) = C(Ap) — B(Ay) (4.3)

where B(Ag) is the background contribution term estimated by anisotropic flow.
According to the expression of anisotropic flow in Sec. 2.3.2. When one only takes
into account the main flow contribution, elliptic flow, the jet correlations term is

written as:

J(Ap) = C(Ap) — bo(1 + 2(v iy 5°°¢) cos(2A¢)) (4.4)

assoc

where UtT 9 and vg are the elliptic flow coefficients of trigger particles and asso-
ciated particles, respectively, by is the background scaled factor, which is generally
determined by a pedestal subtraction employing the zero-yield-at-minimum (ZYAM)

method.
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4.2 Di-hadron correlations

Many significant measurements of di-hadron correlations from previous experi-
ments were obtained and presented in the Jet quenching summary of Sec. 2.3.3. A

little more measurements from ALICE are discussed in the following.

4.2.1 Near-side jet shape

A typical per-trigger yield is shown in the left panel of Fig. 4.3. At low-pr,
per-trigger yield includes a sizable contribution from collective flow with a strong
modulation in Ay but independent of An. For isolating jet-like correlations to
study the shape of the near-side jet peak, the flow contributions are determined in
the long-range correlation region at 1 < |An| < 1.6 and subtracted from the short-
range correlation region at |An| < 1. This prescription called the n-gap method
provides a measurement independent of the flow strength. The middle panel of
Fig. 4.3 shows the projection to azimuthal Agp in 1 < |An| < 1.6 (red) and |An| < 1
(black). The difference between the two distributions in the near-side is the signal
to be searched. The away-side peak is removed by construction in this procedure.
Hence, the away-side region can not be studied with this method. The right panel
of Fig. 4.3 shows the subtracted per-trigger yield distribution in Ay and An with
4 < pi'® <8 GeV/c and 1 < p§° < 2 GeV/c in most central Pb+Pb collisions.
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Figure 4.3: Left: Per-trigger yield; middle: Per-trigger yield projection to Agp in 1 < |An| <
1.6 (red) and |An| < 1 (black); right: Per-trigger yield subtracted flow contributions. Shown

is at trigger 4 < ptTrig < 8 GeV/e, associated 1 < pf§¥°° < 2 GeV/c in most central Pb+Pb

collisions [282].

In order to quantify the near-side peak shape, the peak is fitted with a sum of
two 2D Gaussians with the center at Ap = Anp = 0. The fit parameters are used
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to calculate the rms (equal to the square root of the variance, o, for distributions
centered at 0) in Ay and An direction (0ay, 0a,). Fig. 4.4 presents the centrality

dependence of oa, and op,, together with reference results from pp collisions in five

different bins of ptTrig and pT°°°. The results indicate that the o, is independent of

centrality within the errors, and decreases with increasing ]otT]rig and p§°°, whereas
the oa, has a significant increase of moving from pp to central collisions and also
decreases with higher ptTrig and p7*°°. More details about this analysis can be found

in [282, 283].
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Figure 4.4: Centrality dependence of oa, (left) and oa,, (right) in five different pfrrig and p§¥°° pr

bins.

4.2.2 Modification of the jet-particle yield

At higher py (p® > 8 GeV/e, pa°° > 3 GeV/c) where collective effects are
small and jet-like correlations dominate, the medium modification of the jet-particle
yield has been studied by calculating ratios of yields on the near-side and away-
side. In order to remove uncorrelated background from the yield, a pedestal value
is determined by a constant fitting the region close to the minimum of the Ay dis-
tribution (A =~ £7) where uncorrelated background is dominated. A background
shape considering the elliptic flow parameter vs is also analyzed. For a given pr bin,
the vy background is calculated as 2(vg trig) (U2,ass0c) €08 2A¢p. The v, values are taken
from an independent measurement [284]. The n-gap method, described in Sec. 4.2.1,
is also used to remove the contributions from Ar-independent correlations on the
near-side of the per-trigger yield. Subsequent to the background subtraction, the
near-side and away-side yields are integrated within |Ap| < 0.7 and |[Ap — 7| < 0.7,

respectively.
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The modification of the jet-particle yield is calculated by the ratio of the per-
trigger yield in Pb+Pb to pp collisions (/x4) and the yield in central to peripheral
in Pb+Pb collisions (Icp) with Ina = Yppipy/Ypp and Iep = Yo ria? /Y000
respectively. The top panel in Fig. 4.5 presents the yield modification factor I
for central and peripheral Pb-+Pb collisions using the three background subtrac-
tion schemes as discussed. The main significant difference is in the lowest p§*°°
interval that confirms the small bias due to flow anisotropies in this pr region. In
central collisions, an away-side suppression from in-medium energy loss is observed
(Ian =~ 0.6). Moreover, there is an enhancement above unity of (Iaa ~ 1.2) on
the near-side which has not been observed with any significance at lower collision
energies [285]. In peripheral collisions, both near-side and away-side are consistent

with unity. Furthermore, the bottom panel in Fig. 4.5 shows the ratio of the yield
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Figure 4.5: Ina (top panel) for central (open black symbols) and peripheral (filled red sym-
bols) collisions , and Icp (bottom panel). Different background subtraction schemes, a flat
pedestal (squares), vo subtraction (diamonds) and 7-gap subtraction (circles, only near-side) are
presented [286, 287].

in central and peripheral collisions, Icp. The result of Icp is consistent with Iaa
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in central collisions with respect to the near-side enhancement and the away-side
suppression.

A significant near-side enhancement of Ixp and Icp in the pr region observed
shows that the near-side parton is also subject to medium effects. I, is sensitive to
(i) a change of the fragmentation function, (ii) a possible change of the quark/gluon
jet ratio in the final state due to the different coupling to the medium, and (iii) a
bias on the parton p spectrum after energy loss due to the trigger particle selection.
More details about this analysis can be found in [286, 287].

4.3 Neutral pion-hadron correlations

In this section, the measurement of w°-hadron correlations at RHIC is introduced.
The similar measurement at ALICE is a main constituent of my work included in
this thesis. The 7%-hadron correlations is not only an important step to achieve the
direct photon-hadron correlation, but also a powerful tool to study the properties of
the hot and dense medium. Generally, the trigger, neutral pion, is identified in each
event through 7% — 2+ channel. Two photons are paired by satisfying a minimum
energy threshold cut and requiring the reconstructed invariant mass around the 7°
PDG mass (ideal mass, ~ 135 MeV/c?) peak.

Fig. 4.6 shows the measurements of per-trigger jet pair yields in pp and 0-20%
in Au+Au collisions at /sy = 200 GeV [288]. On the near side, the yield widths
in central Au-+Au are comparable to pp in all selected ptjfig and p§s°° ranges, and
the yields are slightly enhanced at low-pr in both collisions. On the away side, a
non-Gaussian and strong broadening distribution compared to pp was qualitatively
observed at low ptTrig and p3®°¢ in the Au+Au collisions. In contrast, the yield shows
a strong suppression at high pffrig and high p$°¢ with the shape consistent with in
pp collisions. The measured azimuthal angle distrubitons of m-hadron correlations
are similar with di-hadron correlations introduced in Sec. 2.3.3.

In addition, the modification of the per-trigger yield of associated particles,
o = ST
The measurement results are presented in Fig. 4.7 [288]. On the away side, the

modification facotor I distribution for ptTrig > 7 GeV/c tends to fall with pj>°°

was measured in two different regions on the away side.

until p§°° ~ 2 — 3 GeV/c. While a roughly constant distribution is show at above

asSsoC

Dbt
tently higher than Raa results at pr > 5 GeV/c. Two theoretical calculations,

ACHNS [290] and ZOWW [291], are presented to compare with the measurements.

= 3 GeV/c. Compared to ™ Raya, the modification factor values is consis-
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Figure 4.6: Per-trigger of 7° trigger correlations as a function of Ay in Au+Au (solid symbols) and
p+p (open symbols) collisions. The systematic uncertainties in Au+Au collisions include point-

to-point correlated background level (gray bands) and modulation (open boxes) uncertainties.
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Figure 4.7: Away side modification factor Iy in a narrow “head” region |Ay — w| < 7/6 (solid
squares) and the entire away side region |Ap — 7| < 7/2 (solid circles) in 7%hadron correlations.
Two theoretical predictions are also shown for the head region. For comparison, 70 R4 [289]

bands are presented at pr > 5 GeV/c.

108



M E2hrie s (.
DOCTORAL DISSERTATION \3

4.4. Direct photon-hadron correlations

The ZOWW calculation, which utilizes a simple spherical nuclear geometry, predicts

Ixpn > Raa in well agreement with the measurements.

4.4 Direct photon-hadron correlations

A typical two-particle correlation, direct photon-hadron correlation, offers two
major advantages as compared to di-jet measurements because of the nature of the
photon. First of all, in contrast to partons, photons do not carry color charge and
hence do not interact strongly when traversing the medium [292]. Secondly, the di-
rect photon production at leading-order (LO) in pp and A+A collisions is dominated
by the QCD Compton scattering process, ¢+g — g+~ and g+¢ — g+ annihilation
process, and the photon momentum in the center-of-mass frame is approximately
balanced by that of the recoil parton when considering the initial transverse momen-
tum, kr, of the colliding partons inside the nucleons. In nucleus-nucleus collisions,
the direct photon contributions from next-to-leading-order (NLO) processes, such
as fragmentation photons and thermal photons, are expected to be small (=~ 10%)
at high-pr [293]. For these reasons, direct photon-hadron correlations have been
considered as a “golden channel” for studying the properties of parton energy loss
including parton fragmentation function without the need of the jet reconstruc-
tion [294, 295|. Furthermore, significant measurements about parton energy loss in

the medium by isolated photon-jet correlations at CMS are presented in [296].

| p+p ¢ Inclusive y-h
0.2 g 0 Decay y-h

B e Directy-h
@ g o
= ot S -m-e-e- 08 —
P : : : : : :
Q | Au+Au, 0-20% N
2 02
= 0.1 =

ALICENE SIS I U P

0 05 55 3

1.5 2
Ao Tradl

Figure 4.8: Azimuthal angle correlation distributions with trigger inclusive (open diamond), decay
(open square) and direct photon (full circle) in pp (top) and in Au+Au at 0-20% collisions (bottom),
taken from [297].
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At RHIC, a so-called statistical subtraction method is mainly used to determine
the direct photon-hadron correlations by subtracting the decay photon-hadron corre-
lations from the inclusive photon-hadron correlations. The method can be expressed

by a formula as [298|:

R'yY;nc - }/dec
R, -1

where Y, and Yy are inclusive photon-hadron correlation yield and decay photon-

Y = (4.5)

hadron correlation yield, respectively, R, is the ratio of inclusive photons to decay
photons, which implies the direct photon signal existence if R, > 1. In order
to measure the decay photon-hadron correlations contribution, meason (main 7°
and n) trigger correlations are constructed firstly. More details about this method
can be found in [298| and Chap. 7. Typical measurements of the azimuthal angle

correlations from the three trigger particles are shown in Fig. 4.8 [298].
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Figure 4.9: Azimuthal angle correlation distributions of direct 7-hadron for (a) 2.0 < £ < 2.4, (b)
1.6 < £ <20, (c) 1.2 < &< 1.6, (d) 0.8 < &< 1.2 (e) 0.4 < €< 0.8, and (f) 0.0 < & < 0.4 in
Au+Au collisions at 0-40% (circles) and pp reference (squares), taken from [297].

=
The jet fragmentation function, D(z), is determined as a function of zp = ppr
T

where p%i and pf are the transverse momenta of associated hadrons and trigger
photons, respectively. To focus on the measurement at low 2z region, the fragmen-

tation function can be expressed as a function of the variable, & = ln(%). Fig. 4.9
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presents the azimuthal angle correlation distributions of direct photon-hadron cor-
relations in Au-+Au collisions at 0-40% centrality, as well as comparison with the
measurement in pp collisions [297]. On the near side, the associated hadron yields
considering systematic uncertainties in Au+Au collisions show an integrated yield
consistent with zero. On the away side, the yields shows some extent suppression in
Au+Au collisions comparing the correlations with pp collisions. To further quantify
the suppression, the fragmentation function as a function of £ are measured in full

away side region |A¢ — 7| < 7/2, as shown in Fig. 4.10. The measurements indicate
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Figure 4.10: Top: Per-trigger yield as a function of £ in Au+Au collisions at 0-40% (circles) and
pp collisions (squares). Bottom: Modification factor, I, the ratio of fragmentation function in
Au+Au collisions to in pp collisions, compared to two theoretical calculations from BW-MLLA [299]
(dashed line) and YaJEM-DE [300] (dot-dashed curve). The plot is taken from [297].

all away side jet fragments show a strong suppression at low & (high-pr) due to
parton energy loss in Au+Au collisions, and enhancement with the increasing of £
(low-pr). The enhancement is due to the lost low energy being redistributed and
fragmenting lower momenta final particles. More details about the direct y-hadron
correlations from RHIC can be found in [297, 298|.
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Chapter 5

Data, event, calorimeter cluster and

track selection

In this chapter, the data, event, cluster and track selections used in the data
analysis are presented. Sec. 5.1.1 describes the used data sets and simulation pro-
ductions of pp collisions at /s = 2.76 and 7 TeV, and Pb+Pb collisions at /sxn
= 2.76 TeV. The analyzed events selections including event trigger, event vertex
are briefly discussed in Sec. 5.2. The description of cluster and track selections for

correlations analysis are summarized in Sec. 5.3.

5.1 Data and Monte-Carlo production selection

5.1.1 Data production selection

In this work, the analysis is performed based on two pp collisions data sam-
ples recorded at the center-of-mass energies of /s = 2.76 and 7.0 TeV, and one
Pb+Pb collisions data at /syn = 2.76 TeV. The analyzed data is based on the col-
lision events which are recorded by the ALICE online system described in Sec: 3.3.1
firstly, and quality assurance analysis train (QA-train) in the ALICE offline analy-
sis framework. The summary of the classification of data can be found at ALICE
Run Condition Table (RTC) [301] hosted by the MonALISA framework. From the
classification information, the collected data can be selected by the physics anal-
ysis groups depending on the specific analysis requirements. All the selected runs
have global data quality flag “1” in the RCT. The analysis results from the QA-
train allows to classify the data sets in terms of the performance each sub-detector

separately. The data samples considered in the analysis are:
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e pp data

In pp collisions, two data samples at /s = 2.76 and 7.0 TeV are used in
this work. At /s = 2.76 TeV, The data has been collected in March 2011 and
belongs to the ALICE data taking period LHC11a. In LHC11a period, due to a
misbehaving LED trigger board, one quarter of the super module 3 is flashed by
LED events 0.1% of the time, for runs 146858, 146859 and 146860. To remove
such events, it is found a selection criteria based on the calorimeter activity:
if there are more than 35 (21) cells in EMCal (Min Bias) triggered events
with energy larger than 100 MeV, the event is skipped. Results from the pass
4 AOD113 reconstruction in period LHC11a are used to extract the physics
observables in the analysis. At /s = 7 TeV, The data has been collected in
2011 and belongs to the production of passl AOD106. Those analyzed data
runs had almost full EMCal and TPC acceptance and are marked with quality
flag “1”7 in the RCT as good runs.

e Pb+Pb data
The Pb-+Pb collision events at \/sxy = 2.76 TeV, which are selected in the
analysis, are collected in 2011 and belongs to the ALICE data taking period
LHC11h. Those analyzed data runs from LHC11h pass2 data AOD115 had
almost full EMCal and TPC acceptance and are marked with quality flag “17
in the RCT as good runs.

5.1.2 Monte-Carlo production selection

Monte-Carlo data including full detector simulation and reconstruction are used
to determine the detector performance. The detector performances include the trig-
ger efficiency, vertex reconstruction efficiency, tracking efficiency as well as the track
contamination from secondary particles after quality track selection cuts. These
performance factors are analyzed for corrections of data raw results. Simulations
are anchored to real data runs which define what kind of detector configuration and
beam vertex condition is used. In order to increase the statistics of the high-pr par-
ticles, simulations are produced for different intervals in the exchanged momentum
in the 2 — 2 processes, which is called phad.

The selected simulation productions in pp and Pb+Pb are summarized as fol-

lowing;:

e pp simulation
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— Production LHC12alba: Pythia6 pp collisions at /s = 2.76 TeV in 11
pr-hard bins. The production is anchored to run 146805 from period
LHC11a. About 11 millions jet-jet events per pr-hard bins weighted by

the cross section are analyzed. The weight factor is calculated as:

O.hardi
hardi __ 7 pT
Wy, - N. . (51)
trials
where a]};ffdi is the average cross section in each pi# bin where the total

number of generated events Nijas.

— Production LHC12fla: Pythia8 pp collisions at /s = 2.76 TeV. About

22 millions jet-jet events are anchored to period LHC11a.

— Production LHC12f1b: Phojet pp collisions at /s = 2.76 TeV. About 20

millions jet-jet events are anchored to period LHC11a.

— Production LHC12f2a: PYTHIA pp collisions at /s = 7 TeV in 10 pr-
hard bins. The production triggered by 7% with pr > 5 GeV/c in the
EMCal acceptance is anchored to run 159582 to LHC11d period. About
0.7 millions jet-jet events per pr-hard bins weighted by the scaled cross

section with Eq. 5.1 are analyzed.

— Production LHC12al15f: PYTHIA pp collisions at /s = 7 TeV. The pro-
duction is anchored to 159582 to LHC11d period. About 11 millions
jet-jet events per pr-hard bins weighted by the scaled cross section with

Eq. 5.1 are analyzed.
e Pb-+Pb simulation

— Production LHC12al7a_fix: HIJING Pb+Pb collisions, 0-10% centrality,
with added signals, among them high

— Production LHC12al7e_fix: HIJING Pb+Pb collisions, 10-50% central-
ity, with added signals, among them high energy 7% and n, flat pr distri-
bution from 1 to 50 GeV /c particles generated in the ALICE acceptance
(0 < p <360 °, |y| < 1.2). About 0.14 millions events are analyzed.

— Production LHC12al17f_fix: HIJING Pb+Pb collisions, 50-90% central-
ity, with added signals, among them high energy 7% and 7, flat pr distri-
bution from 1 to 50 GeV/c particles generated in the ALICE acceptance
(0 < ¢ < 360° |y| < 1.2). About 0.14 M events are analyzed.
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5.2 Event selection

The event sample used in the analysis is composed of events with at least one
track with a transverse momentum of pr > 0.15 GeV/c in the acceptance regions
of the ITS and the TPC of |n| < 0.8 and one cluster in EMCal acceptance selected
by the Minimum Bias, EMCal and central trigger. In addition, the events have to

contain exactly one reconstructed vertex of good quality.

5.2.1 Trigger selection

In pp collisions analysis, two types of triggers, Minimum Bias and EMCal trigger,
are used to select the events. While one more trigger, central trigger, is used in
Pb+Pb collisions.

The definition of each trigger is summarized in the following:

e Minimum Bias (MB) trigger: At least one charged particle needs to be de-
tected in either the SPD or in one of the two VZERO detectors VZERO-A
and VZERO-C in coincidence with signals from the two BPTX beam pick-up

counters.

e EMCal trigger: At least one cluster with energy above a threshold value at
EMCal.

e Central trigger: The selected collision of Pb+Pb should be with centrality of
at 0-10%.

5.2.2 Vertex and centrality selection

In ALICE, the reconstruction of the primary-vertex position is done by using the
information provided by the SPD, the two innermost layers of the I'TS. The quality of
the vertex is ensured by the requirement that at least one track is used to reconstruct
the vertex. Furthermore, the analyzed events are selected from longitudinal vertex
position within |zyerex| < 10 cm with respect to the nominal interaction point at z
= 0 cm along the z-axis. The reconstructed vertex positions in z-direction for the 3
different center-of-mass energies are presented in Fig. 5.1.

For the analysis of Pb+Pb collisions, it is important to determine the impact

parameter of the two colliding nuclei, usually called the reaction centrality. Two
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Figure 5.1: Longitudinal reconstructed vertex position measured in pp at /s — 2.76 (black) and
7.0 TeV (red), and Pb+PDb collisions at /syn = 2.76 TeV (green).

experimental observables related to the collision geometry are the average charged-
particle multiplicity N., and the energy carried by particles close to the beam di-
rection and deposited in ZDC, called the zero-degree energy Ezpc. The average
charged-particle multiplicity is assumed to decrease monotonically with the increas-
ing of the impact parameter. The energy deposited in the ZDC, FEyzpc, is directly
related to the number of spectator nucleons Ny, = 2A — Npui. The centrality is
usually expressed as a percentage of the total nuclear interaction cross section o.
The centrality percentile ¢ of an A-+A collision with an impact parameter b is defined
by integrating the impact parameter distribution do/db" as [263]:

. Jy do/db/db’ 1 /b do o (52)

fooo do/db/db! a4 Jo db

In ALICE, the centrality is defined as the percentile of the hadronic cross section

corresponding to a particle multiplicity above a given threshold (NZH%®) or an energy
deposited in the ZDC below a given value (ELEE) in the ZDC energy distribution
do/dE;, ¢

1 *  do 1 Eibd  do
crR —— —dN, ~ — ———dE) . 5.3
oA NE;]HR dNC/h ch oan Jo dEéDC 7ZDC ( )
The procedure can be simplified by replacing the cross section with the number of

observed events, corrected for the trigger efficiency. The total Pb+Pb cross section
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is calculated as OpPpPh = Nevt(Ncoll > 1)/Nevt(Ncoll > 0) X 7Tb2

max’

i.e. the geometrical
value corrected by the fraction of events with at least one nucleon-nucleon collision.
The measurement is opppy, = (7.7 £ 0.1(stat.) 70 (syst.))b [302].

The centrality measurement result from charged particle multiplicity method
(measured by various detectors, with different rapidity coverage, such as the VZERO,
the SPD, and the TPC) can be found in Fig. 3.11 from TPC and 3.34 from VZERO.
The second method uses the ZDC, which measures the nucleon spectators directly,
as well as the correlation to the ZEM energy in order to resolve the ambiguity due
to nuclear fragmentation. The centrality is obtained from linear functions that fit
the contours of the classes defined by the VZERO, in the ZDC-ZEM plane. The

measurement result can be saw in Fig. 5.2.

03

- ALICE Pb-Pb at {5,,=2.76 TeV
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Figure 5.2: Spectator energy deposited in the ZDC calorimeters as a function of ZEM amplitude.
The same correlation is shown for different centrality classes (5%, 10%, 20% and 30%) obtained by
selecting specific VZERO amplitudes. The lines are a fit to the boundaries of the centrality classes
with linear functions, where only the slope is fitted and the offset point is fixed [302].

In this analysis, the Pb+Pb data sample is divided into two classes of centrality
intervals at central 0-10% and peripheral 60-90%. A sample of centrality distribution
in MB, EMCal L0 gamma and central trigger events is shown in Fig. 5.3. After the
event physical selection combining the vertex cut, about 34 millions Minimum Bias
and/or 0.6 millions EMCal LO triggered pp collision events at /s = 2.76 TeV,
about 10 millions EMCal triggered pp collision events at /s = 7.0 TeV in LHC11c
(6.5 millions events) and LHC11d (3.5 millions events) are analyzed. To Pb+Pb
collisions, about 15 millions at 0-10% events, 0.5 millions EMCal L0 gamma trigger
events and 0.2 millions peripheral (60-90%) with EMCal 1.0 gamma trigger events

are used in this analysis.
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Figure 5.3: Centrality distribution for the Minimum Bias, EMCal L0 gamma and central trigger

events used in this analysis.

5.3 Calorimeter cluster and track selection

In the two-particle correlation analysis, the trigger particles are neutral particles
which are reconstructed in the EMCal detector, while the associated particles are
tracks that are reconstructed by the ITS and TPC detectors. In this section, the
reconstruction and main selection criteria of calorimeter clusters and tracks are

presented briefly.

5.3.1 Calorimeter clusters

5.3.1.1 Clusterization

In the EMCal, a calorimeter cluster is an aggregate of calorimeter towers/cells.
The clusterization method chosen defines what cells belong to a cluster. Clusters
represent ideally the energy a given particle deposited in the calorimeter, partic-
ularly for photons, electrons or 7 whose decay products produce a single cluster.
There are several clusterization methods available for EMCal, the clusterization
method selected is relevant for the identification methods described later. Detailed

information on the clusterizers used for the EMCal are given in the following:

e V1 clusterization
Start the clusters selecting a seed cell with energy above a given threshold

Eseq. Then, it aggregates to the cluster all cells with common side to the
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seed tower if their energy is above Ey;,. It continues aggregating towers with
common side to the already aggregated ones if their energy is still larger than
Erin. A cell cannot belong to more than one cluster. This cluster algorithm

is the default clusterizer in pp collisions.

e V2 clusterization
Similar to V1 clusterization but before aggregating a cell to the cluster, it
checks if the energy of the cell to be aggregated is smaller than the energy of
the cell that belongs already to the cluster and is neighbor with common side.
If the energy is larger, the cell is not added to this cluster and the clusterization
stops. This cluster algorithm is the default clusterizer in Pb+Pb and p+Pb

collisions.

e N x M clusterization
If there is a cell with energy over Fi..q, it aggregates the N or M cells in n or
¢ direction around the seed tower. This clusterizer was used in the Pb+Pb
2010 data reconstruction with 3 x 3 clusters. Like V2 and V1+unfolding it
naturally splits merged showers, but there can be clusters larger than N x M,

in such case part of the deposited energy is lost.

e V1+unfolding clusterization

Similar to V2 method, it splits the V1 clusters into several sub-clusters but it
allows the possibility that a cell is present in 2 clusters. One cell can have con-
tributions from several showers, due to the fact that close particles in space will
have their electromagnetic showers overlapping. Basically, the V1+unfolding
forms as many clusters as there are local maxima cells in the cluster, cells
more energetic with respect the surrounding cells (see below), and studies the
shower energy profile of the sub-clusters, assigning to each one a fraction of
the cell energy, according to this profile. For the same reasons as for V2, this
clusterization is also not suitable for our analysis at least up to clusters with
energy of the order of 20 GeV.

Fig. 5.4 show schematically how the different clusterization methods work.
The main parameters in all clusterization methods are Fy.q and E,;, and the

cell time window. The default cuts in the reconstruction passes are:
o [Foeq — 100 MeV.

e [.in = 50 MeV.
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Figure 5.4: Comparison of different algorithms of clusterization. Boxes represent energy in cells.
Eth is the clusteriza- tion threshold defined in the text as Emin (minimum cell energy of the cells
in the cluster). a) Energy in cells before clusterization marked by green color. b) Result of V1
clusterizer. There is one big cluster made of cells in blue color. Green cells are below threshold
and not associated to the cluster. c¢) Result of V2 clusterizer. There are two clusters made of blue
and orange cells. Green cells are below threshold and not associated to any cluster. d) Result of
NxN clusterizer (3x3). There are two clusters made of blue and orange cells. Green cells are not
associated to any cluster. e) Result of V14+unfolding clusterizer. There are two clusters made of
blue and orange cells. One cell is associated to two clusters and its energy is shared. Green cells

are below threshold and not associated to any cluster. Taken from [303].
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o 425 <t < 825 ns. Note that this is the time of the cluster before re-calibration
which was not available during the reconstruction. This large value is due to
cable lengths among other factors, note for comparison that photons arrive to

the calorimeter at about 15 ns after their production.

In Pb+Pb collisions, with the default cuts, the V1 clusterizer creates too large
clusters, specially in central collisions. In this analysis, for Pb-+b collisions, reclus-
terization is done during the analysis using the V1 clusterizer but increasing the
thresholds to Es..q = 300 MeV and E,;, = 150 MeV, in order to avoid the creation
of too large clusters with contributions from too many particles. The F,,;, cut will
bias the cluster energy and 7 peak mass position but its effect can be quantified
with the simulation.

In our analysis, all the clusters are reclusterized with new clusterization parame-
ters shown above in V1 and V2 clusterizations. Besides the three parameters, some
corrections are applied over those clusters, compared to what is produced in the re-
construction pass. In the data, some recalibration procedures are applied since the
needed correction factors are available in Offline Analysis Data Base (OADB), which
include the time calibration the temperature dependent energy calibration correc-
tions, the energy calibration, bad channels map and the non linearity correction.
The non linearity correction is different for the data and the simulation.

In the reconstructed cluster, two performances, shower shape parameters and
Number of Local Maxima (NLM), play important roles in the selection of photon-

like and merged 7°-like cluster, which are introduced in the following.

e Shower shape parameters:
The shower shape of a cluster shown in Fig. 5.5 can be described by an el-
lipsoidal parametrization by the axis of the shower surface ellipse [237, 247].
The shower surface is defined by the intersection of the cone containing the
shower with the front plane of the calorimeter. This surface can be represented
by a covariance matrix with four terms representing the average cluster po-
sition in 7 and ¢ direction in the calorimeter plane, weighted logarithmically
by the cell energy [304]. The diagonalization of the covariance matrix gives as
eigen-values the shower surface ellipse axis \g (long axis) and A;(short axis).
The calculation of such parameters is computed in the code with the following

equations:

A2 = 0.5(8pp + O + \/0.25(55¢¢ — On)? + 02, (5.4)

NE = 058 + 0gy) — 1/0.25(0, — 63)? + 02, (5.5)
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Figure 5.5: Schematic of the shower shape of a calorimeter cluster.
where 0, 9, and o, are weighted coefficients by the cell energy:
w; o B Wiy w; 5
oy = 32 O e 39
— Wiot — Wiot — Weot
(2 (2 (2
E;
w; = max(0, wy + In(—=——)) (5.7)
Ecluster
Wiot = Z w; (58)
i
In this analysis, only the V1 and V2 clusterizations are used. Fig. 5.6 shows
the A2 distribution of a cluster in V1 and V2 clusterization. According to the
special distribution of A2, this parameter is used as the main cut to distinguish
photon clusters and other source clusters.
8 F 8 i
E 25000[— pp Vs=7TeV = - pp Vs=7 TeV
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Figure 5.6: Cluster shower shape long axis A3 distribution in pp collision at /s = 7 TeV.
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e Number of Local Maxima:

A local maxima cell inside the cluster is defined as a cell with higher a certain

energy threshold AF..q than its adjacent cells, written as:
E(Local Max candidate) — E(adjacent cell) > AEgeeq (5.9)

In this analysis, AF..q = 30 MeV was used, which likes an energy threshold
AFEeq = 100 MeV for pp and 200 MeV for Pb+Pb used in the EMCal recon-
struction code for the unfolding procedure. The Number of Local Maxima,
is used in the analysis to select the clusters, since the shape of the shower
depends on this number. With the V1 clusterization, photon clusters can have
only NLM = 1 unless they suffered previously a conversion in the material in
front of EMCal or have a random contribution from other particles. While 7°
clusters have NLM = 2 at low energy and NLM = 1 at higher energy (decrease
of opening angle when increasing the energy). The reason of more than two
maxima can be that other particles are close to the two decay photons or that
at least one of the photons converted in the material in front of the calorime-
ter, producing at least two separated eTe™ particles, or some spurious noise in
the calorimeter. Fig. 5.7 is an example of the energy deposition in a cluster of
a possible photon-cluster with one local maximum and for possible 7%-clusters

with several local maxima.

5.3.1.2 Cluster cuts

Before going to correlation analysis, the clusters sample needs to be cleaned

from pile-up, bad channels, charged particles signal etc. and correct them from

decalibration or non linearity effects. The main selection cuts are listed below, but

the time cut, exotic clusters cut and track-matching veto are explained in more

detail in Appendix B:

e Energy:

Eouster > 0.3 GeV in pp and 0.5 GeV in Pb+Pb.

e Distance to border:

Cell with highest energy in cluster must be 1 cell away from border of the

calorimeter.

e Number of Cells:

Clusters must contain at least 2 cells.
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Figure 5.7: Examples of V1 clusters measured in real data, pp collisions y/s = 7 TeV, coming likely
from a photon (upper), and a 7° (bottom left and right) for different Number of Local Maxima.
The squares represent the cells energy, being the y and = axis the position in the super-module.
The thick lines (blue and red) in the 7° plots represent the sub-clusters that a V2 clusterizer
would do. The red line is the border of glued cells that would contribute to two sub-clusters in
case of using V1+unfolding method but with the proper fraction of energy in each cluster. Taken
from [305].

125



LR 2179
DOCTORAL DISSERTATION
Chapter 5. Data, event, calorimeter cluster and track selection

e Bad channel:
Removal of clusters containing a bad channel. Besides, clusters for which the

distance of the highest energy cell to the closed bad channel is smaller than 2

cells are removed.

e Clusters time cut:
The cluster time is the time of the cell with highest energy in the cluster.
It is not calibrated during the reconstruction. At the analysis level, a recal-
ibration procedure has been implemented allowing to improve the time cell
resolution and recenter the time distribution around 0 ns. The cluster time

with and without recalibration are shown in Fig. 5.8. After time calibration,

pp, LHC11ed, NOT calibrated Pb-Pb, 0-10%, LHG11h, NOT calibrated
EQDO - EQDD: . :
< s [ [This Thesis] W, .
E E L s
= 800 107 S 800
7005 107 107
800 107
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500 == 10
A0 e s 50 25 80 A5 A TI R TR BT R Ty B T
E (GeV) E {GeV)
pp. LHG11ed, Calibrated Pb-Pb, 0-10%, LHC11h, Calibrated
7 e
= 200 .
E ¥ L 10°
100 L= 100 10°
0 10° 10°
= ’ 109
100 3 107
10 10
2000
I T T PR N R 1 PRI I T I S A BT A A S A I S O A A A | 1
5 10 15 20 25 30 35 5 10 15 20 25 30 35
E (GeV) E {GeV)

Figure 5.8: Cluster time distribution with and without time recalibration in pp at /s = 7 TeV
and Pb+Pb in 0-10% at /syn = 2.76 TeV, taken from [305].

only clusters with time at —25 <t < 20 ns are selected.

e Exotic clusters:
In EMCal, there is a little fraction of clusters with large energy but small
number of towers, called exotic clusters. These clusters may be generated

by slow neutrons/anti-neutrons interactions with the calorimeter avalanches
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photo-diodes (APD), specially on EMCal triggered events. Accurate simula-
tion of this process is not possible, so such clusters need to be fully removed
in the analysis. The rejection criterion to define such clusters is based on the

value for for each cluster of the quantity

o ECI'OSS
Emax

cell

Fcross =1 (510)

where ETN* is the energy of the most energetic cell in a cluster and Eyqs 1S
the summed energies of the three or four cells in the same cluster that share
an edge with the E2%* cell. When Fioss > 97%, most of the exotic clusters
can be removed in high efficiency. Fig. 5.9 shows the number of cell per cluster
as a function of the cluster energy before (left) and after (right) applying the
rejection criterion. Exotic clusters appear as a band corresponding to a small
number of cells in a cluster, which almost disappears after applying the cut.
To improve low energetic exotic clusters rejection efficiency (less sensitive to
the F s cut), a selection on the A2 parameter, which characterize the cluster

shape, is also applied: A3 > 0.1.
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Figure 5.9: Number of towers by cluster as a function of the energy before (left) and after (right)
using the rejection criterion, taken from [306].

e Cluster-Track Matching:
Clusters originated by charged hadrons or electrons (positrons) are matched
by the tracks projected to the calorimeter surface. This matching in ¢ and 7
is not exact due to the magnetic field interactions to the tracks, especially to
the low momenta tracks. The residual distributions for matched track-cluster

pairs in Ap = Apqguster — DAQirack and An = Anguster — ANrer are shown in
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Figure 5.10: Residual distributions for matched track-cluster pairs in Ay and An as a function of
cluster energy and Ay versus An in pp collisions data at /s = 7 TeV from LHC11d period (upper)
and Pb+Pb in 0-10% at /syn = 2.76 TeV from LHC11h.
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Fig. 5.10. To remove these track matching cluster, the cuts of An < 0.025 and
Ap < 0.03 in pp, and An < 0.03 and Ap < 0.035 in Pb+Pb events are used.
One more cut, shower shape long axis A2, is used differently in the photon
clusters and 7° clusters selection. To photon clusters, the cut 0.1 < \2 < 0.27
is used. While to 7° clusters, the cut is a little complex, which is dependent

on the cluster energy, see more details in 6.2.1.

Fig. 5.11 shows the cluster distribution as ¢ vs 7 in pp with EMCal L0 trigger (left)
and Pb+PDb at Central trigger (right).
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Figure 5.11: Cluster distribution as ¢ vs 1 in pp with EMCal LO trigger (left) and Pb-+Pb with
Central trigger (right).

5.3.2 Tracks

5.3.2.1 Tracking strategy

The tracking strategy stats from the track seeds at the outer radius of TPC where
the track density is minimal. Due to the small number of clusters to a selected seed,
the precision of its parameters is not enough to safely extrapolate it outwards to
the other detectors, e.g. TRD, TOF, HMPID and PHOS. In this case, the tracking
stays within the TPC and proceeds towards the inner radius of the TPC and new
clusters are assigned to it, using the Kalman-filter procedure, thus improving the
track precision. When all of the seeds are extrapolated to the inner limit of the
TPC, the tracking in the ITS stats. In the I'TS these tracks are propagated towards

the primary vertex. On the way to the primary vertex, the tracks are collected
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additional, precisely reconstructed I'TS clusters, which which results in improving
the precision of the track parameters.

After all the seeds from the TPC are assigned their clusters in the ITS, a new
tracking procedure is stated. In this procedure, the tracks which are not found in
the TPC due to pr cut-off, dead zones between the TPC sectors, etc, are recovered.
Subsequently, the tracking is restarted from the primary vertex back to the outer
layer of the I'TS and then repeated towards the outer radius of the TPC. At this point
the precision of the track parameters is good enough to allow the extrapolation of
the tracks to the outer detectors. Finally, all the tracks are refitted with the Kalman
filter backwards to the primary vertex [256].

5.3.2.2 Track cuts

Some parts of the SPD were switched off during many run periods, inefficient
regions for common track reconstruction are apparent. In order to ensure uniform
distributions in the 7 and ¢ direction, in the analysis an approach of hybrid tracks

is used, whose selection cuts are defined as:
e global tracks with SPD hit(s) and an ITS refit

e global tracks without ITS refit, constrained to the primary vertex (only for
2010 data and LHC11a pp data)

The second and third selection are constrained to the primary vertex of the collision,
in order to improve the p resolution in spite of a missing hit in the SPD or failing
the refit in the ITS. These track selection are classified two approaches which are
global and complementary tracks, which are summarized to 2010 data and LHC11a
pp data in Tab. 5.1. To other 2011 pp and Pb+Pb data, the hybrid track selection
settings are summarized in Tab. 5.2

Fig. 5.12 shows the azimuthal distribution of the global and complementary of
hybrid tracks. In addition, the sum of the hybrid tracks, which shows a uniform
azimuthal distribution, is also be presented in the figure. Fig. 5.13 shows the track
distribution as ¢ vs 7 in pp with EMCal LO trigger (left) and Pb+Pb with kCentral
trigger (right). It shows no holes in TPC acceptance, excess of particles in EMCAL

region due to trigger.
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Track cuts

Setting value

Comments

Global tracks

SetMinNClustersTPCPtDep

70 + 30/20 pr, 20

linear rise from 70 (pr = 0)
to 100 (pr = 20 GeV/c¢),
100 for pr > 20 GeV/c

SetMaxChi2PerClusterTPC 4 Maximum x? per TPC cluster
in the first iteration
SetRequireTPCStandAlone kTRUE Enable cut on TPC clusters
in the first iteration
Set AcceptKinkDaughters kFALSE Reject tracks with kink
SetRequireTPCRefit kTRUE Require TPC refit
SetMaxFractionSharedTPCClusters 0.4 Maximum fraction of
shared TPC clusters
SetRequirel TSRefit kTRUE Require ITS refit
SetMaxDCAToVertexXY 24 Maximum Distance of Closest
Approach (DCA) to the main
vertex in transverse
SetMaxDCAToVertexZ 3.2 Maximum DCA in longitudinal
SetDCAToVertex2D kTRUE Cut on the quadratic sum of
DCA in XY- and Z-direction
SetMaxChi2PerClusterI TS 36 Maximum x? per ITS cluster
SetMaxChi2TP CConstrainedGlobal 36 Maximum x? between global
and TPC constrained tracks
SetRequireSigmaToVertex kFALSE No sigma cut to vertex
SetEtaRange -0.9,0.9 Pseudorapidity cut
SetPtRange 0.15, leld Minimum pr = 0.15 GeV/c
w/o SPD hit

SetClusterRequirementITS

AlLESDtrackCuts::kSPD,
AlLESDtrackCuts::kAny

Require at least one hit in SPD

w/o ITS refit

SetRequirel TSRefit

kTRUE

Require ITS refit

Table 5.1: Summary of the hybrid track cuts setting in 2010 data and LHC11a pp data.
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Track cuts Setting value Comments
Global tracks
SetMinNClustersTPC 50 Minimum number of clusters
in TPC
SetMaxChi2PerClusterTPC 4 Maximum x? per TPC cluster
in the first iteration
in the first iteration
Set AcceptKinkDaughters kFALSE Reject tracks with kink
SetRequireTPCRefit kTRUE Require TPC refit
shared TPC clusters
SetRequirel TSRefit kTRUE Require ITS refit
SetMaxDCAToVertexXY 2.4 Maximum Distance of Closest
Approach (DCA) to the main
vertex in transverse
SetMaxDCAToVertexZ 3.2 Maximum DCA in longitudinal
SetDCAToVertex2D kTRUE Cut on the quadratic sum of
DCA in XY- and Z-direction
SetMaxChi2PerClusterITS 36 Maximum x? per ITS cluster
SetMaxChi2TP CConstrainedGlobal 36 Maximum x? between global
and TPC constrained tracks
SetRequireSigmaToVertex kFALSE No sigma cut to vertex

w/ SPD

SetClusterRequirementITS

ALESDtrackCuts::kSPD,
AliESDtrackCuts::kAny

Require at least one hit in SPD

w/o SPD hit

SetClusterRequirementITS

AliESDtrackCuts::kSPD
AliESDtrackCuts::kNone

without hits in SPD

Table 5.2: Summary of the hybrid track cuts setting in 2011 data except LHC11a pp data.

132



5.3. Calorimeter cluster and track selection

5902__ Eﬂm-
2t 2
T [t freaetie, e T L
2 T 2 |
= ™ -
0.0151 M ol
[| ppis=276TeV:L_=05nb" pp {5=276TeV:L_=13.1nb
001H  — Hybrid tracks — Hybrid tracks
|| — Global tracks | — Global tracks
L| —— Complementary tracks 002+ — Complementary tracks
n-m—w J |
I - I
G_|||||||||||||||||||||||.|||||||||||.|| n ||||||||||||||||||||||l|.f||||||||].| |L
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
{P b

Figure 5.12: A¢ distribution of two track classes of Hybrid tracks with pr > 0.15 GeV/c in MB
(left) and EMCal LO triggered (right) in pp at /s = 2.76 TeV. The hybrid track, which is the sum
of the global (blue) and complementary (red) distributions, is seen to be uniform. The plots are
taken from [261].
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Figure 5.13: Track distribution as ¢ vs n in pp with EMCal LO trigger (left) and Pb+Pb with
kCentral trigger (right).
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Chapter 6

Neutral pion-hadron correlations

The 7%-hadron correlations analysis consists in studying the relative azimuthal

and transverse momentum distributions of charged particles associated to a high-

pr 70 selected as a trigger particle. The two main observables, azimuthal angle

trig

correlation Ap = ¢ ©?%°¢ and charged hadrons yield as a function of their pr,

are measured to study the properties of medium. Especially, the per-trigger yield

+ 0
. . 0 + yPbPb (0 o yPbPb (pr0
modification factors, Ixa(pF ,pl) = o (f(? L ) and Icp = Pﬁf{;ff‘"“(pTﬁfThi , are
(pT P ) peripheral( T »Pr )

analyzed like in [288], [286]. The mY-hadron correlations analysis is an important

step to measure direct photon-hadron correlations.

This chapter presents the measurements of 7%-hadron correlations in pp and
Pb+Pb at y/sny = 2.76 TeV. The trigger particle, 7Y, is measured with the EMCal
detector with cluster splitting method (more details about 7° reconstruction with
this method can be found in [305]) in EMCal trigger data samples. The associated
particles, charged hadrons, are measured with TPC+ITS (no PID performed on the
charged hadrons). The m%-hadron correlations analysis strategy at ALICE is intro-
duced in Sec. 6.1. Sec. 6.2 describes 7¥ identification via cluster splitting method at
EMCal. Further steps of the analysis, such as azimuthal correlations and integrated
yield of charged associated hadrons extraction, raw results correction and systematic
uncertainties estimation are presented in Sec. 6.3, Sec. 6.4 and Sec. 6.5, respectively.
The final results, including azimuthal angle distribution, integrated per-trigger yield

of associated hadrons, modification factors of Ixa and Icp, are presented in Sec. 6.6.
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6.1 m'-hadron correlation analysis strategy

In Sec. 4.1 and 4.3, the 7%hadron correlations analysis strategy was introduced
briefly. A little more description of the m°-hadron correlations analysis procedure at
ALICE is as following:

e The trigger particle, 7°, is reconstructed at EMCal. The opening angle of
decay photons from 7 becomes smaller with increasing 7° energy due to the
Lorentz boost. In the EMCal, when the energy of the ¥ is larger than 5-
6 GeV, the two photons start to be close, and their two electromagnetic showers
overlap in the calorimeter cells. Therefore, a new identification 7° technique,

cluster splitting method, is used in this analysis.

e The associated particles are charged hadrons, which are reconstructed by the
ITS and TPC without identification analysis.

e The correlations between 7° and charged particles are constructed in azimuthal

assoc

angle difference Ap = "8 — o and pseudo-rapidity difference An = n'ié —
n**5°¢ defined as Eq. 4.1. A schematic overview of the construction is shown in

Fig. 6.1.

Figure 6.1: A schematic overview of the construction of 7°-hadron correlations with the electro-
magnetic calorimeter (EMCal) and the tracking system (ITS and TPC).
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trig _  ,assoc

e Two observables, azimuthal angle correlation Ap = ¢ % and per-trigger
yield of charged hadrons as a function of their pr, are measured with uncor-

related background subtraction.

e Same measurements are operated in the simulation production corresponding

to the analyzed data in order to extract the correction factors for data.

e Finally, some main used analysis cuts of 7° and charged hadron are changed

for estimation the their systematic uncertainties.

6.2 Neutral pion identification

Generally, 7 can be reconstructed via 7° — v, 7° — ~yeTe™ and 7 —

eTe"ete” decay channels. In this analysis, the channel 7% — 7 is used to identify

the 7° according to the invariant mass of two photons calculated as:

M., = \/2E, E5(1 — cos 0;5) (6.1)

where the F; and Fs are the energy of two decay photons, and 6,5 is the relative angle
between the photons in the laboratory frame. In this section, the 7° identification at
EMCal via cluster splitting method and invariant mass of two calorimeter clusters

from splitting is presented in details.

6.2.1 7 identification via cluster splitting

The opening angle of decay photons from neutral mesons becomes smaller with
increasing neutral mesons energy due to the Lorentz boost. In the EMCal, when
the energy of the 7¥ (n) is larger than 5-6 GeV (~ 22 GeV), the two photons start
to be close, and their two electromagnetic showers overlap in the calorimeter cells.
In Fig. 6.2, the fraction of V1 clusters that are generated by one or two photons
is shown for single 7° simulated with a flat energy distribution. It indicates that
the cluster from two photons overlapping is dominant at 7° energy above 8 GeV in
EMCal; Based on the performance of clusters in EMCal as shown in Fig. 6.2, two

ways can be used to identify 7

e Invariant mass: Combine photon clusters in the event and select the pairs
with an invariant mass close to the 7° mass, within a mass window. The com-

binatorial background under the peak will be more or less strong depending
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Figure 6.2: Fraction of clusters generated by the electromagnetic shower of two 7° decay photons
(filled points) or a single 7 decay photon (open points) in a simulation of single 7° (flat energy
distribution from 1 to 50 GeV) over EMCal. The discontinuous lines are added to guide the eye to
the region where the merged and non merged clusters have similar proportion. The figure is taken
from [305].

the energy of the meson. To subtract this combinatorial background contribu-
tion, one can do a Polynomial4Gaussian fit where the Polynomial represents
the background. For the invariant mass technique, the V2 and V1-unfold

clusterization is more suitable.

e Cluster splitting: For merged photon clusters, the A3 value is generally larger
than that for single photons. Therefore, we select on clusters with large A2
defined in Eq. 6.2. and consider them for further analysis as explained below.

The V1 clusterizer is more suited for the cluster splitting method.

Further cluster selection cuts for splitting identification 7% and the splitting

technique details based on V1 clusterization are presented as follows:

e As discussed pervious, two electromagnetic showers formed by two decay pho-
tons from a high-pr 7 would overlap in the calorimeter cells, which are clus-
terized one cluster via V1 clusterization algorithm. Generally, the overlapping
becomes stronger with the increasing of 7° transverse momentum, which per-
forms clearly on the shower shape long axis A2 of the cluster as shown in

Fig. 6.3. Accroding to the cluster shower shape A2 versus its energy distri-
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Figure 6.3: Cluster shower shape long axis A2 versus cluster energy E distribution. Two clear

regions can be seen. Bbottom one is mainly formed by photon and upper one is mainly generated

by 7°.
bution, a Band Criterion on the A§, Aj,.., < A§ < A§ jae 15 used to select
7% cluster with more probability, where the Aj,;, and Aj, . are expressed
as [305]:

A?Lmin/mam(E) =eE L o4 dx E+ e/E (6.2)
The parameters of A3, and A§,,,, in the formula can be found in Tab. 6.1.
A limit value of A§,;, = 0.3 to cluster energy above 13.6 GeV at NLM=1

a b c d e

NLM =1 Min | 2.135 | -0.245 0 0 0

NLM = 2 Min | 6.021 | -0.866 | 0.733 -0.00966 0
NLM = 1, Max | 0.0662 | -0.0201 | -0.0955 | 1.86 x 1073 | 9.91
NLM = 2, Max | 0.353 |-0.0264 | -0.524 | 5.59 x 1073 | 21.9

Table 6.1: Parameters for A2 (E) of Eq. 6.2 [305].

0,min/mazx

and above 45 GeV at NLM=2. The )3 selection performances on cluster with
NLM=1 and NLM=2 in pp at /s = 7 TeV are shown in the left and righ panel
of Fig. 6.4, respectively.

e Select cluster which has one or two local maxima. Meanwhile the number of
cells in a cluster schould be larger than 6 in pp collisions and 4 in Pb+Pb

collisions.
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pp Vs =7 TeV, NLM=1

pp Vs = 7 TeV, NLM=1
" " '[This Thesis] kN
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Figure 6.4: Cluster shower shape long axis A3 versus cluster energy F distribution at NLM=1 (left)
and NLM=2 (right). Two red lines are obtained from the Eq. 6.2 with parameters at Tab. 6.1.

The clusters between the two lines are selected as the input cluster for splitting method.

e Split the cluster in two new sub-clusters with the two highest local maxima
cells and aggregate all the cells around them with 3x3 clusters clusterization.
If a cell belongs to two clusters in 3, the cell energy, E ., is split assigning to
each cluster with a fraction of the two local maxim cell energy F; X E. given
by F; = ElocatMaz /P, o, where i indicates the first or second local maxima
cell, E}OC&IM&X is the energy of the local maxima cell and E s, is the original
cluster energy. This is not a full unfolding but a good enough estimate of the

energy distribution between clusters;
e Obtain the two newly formed clusters and calculate their invariant mass.

In Fig. 6.5 for pp and Pb+Pb at different centralities, invariant mass distributions
from splitting clusters are shown. From the figure, a clear mass peak can be seen
close to the PDG mass (0.135 GeV/c?) of 7%, and the invariant mass distributions at
more energy intervals are shown in App. A.2. After analysis the mass peak position
and width in NLM=1 and NLM=2 clusters, we conclude that a good mass window to
select the clusters as a candidate of merged 7% is M(E)—30 < M,, < M(E)+30(E).
The M(FE) and o(E) are obtained from the fitting of mean and width extracted from
the invariant mass at different energy intervals via the Gaussian function as shown in
Fig. 6.6 for pp collisions and Fig. 6.7 for Pb+-Pb collisions [305], which are expressed
by formula as:

M(E),oc(E)=a+bx E (6.3)
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Figure 6.5: Performance plots for the distributions of splitting mass in pp and Pb-+Pb different
centralities in clusters energy 12.0 < E < 16.0 GeV/c.

The parameters of M (F) and o(F) in the above formula can be found in Tab. 6.2.

By the cluster splitting technique, a cluster with large A3 is identified as a 7°

candidate. However several sources can give the large A2 and may be mis-identified

as m:
e conversion photons that produce the EM shower earlier,
e several particles from a jet produced nearby,
e in heavy-ion collisions the underlying event from overlapping particles,
e decay of different meson types (7%, 7, ...).

The 7° identification purity is defined as the ratio of identified real 7° clusters to
all identified 7° clusters. The purity in pp estimated with Pythia is shown in Fig. 6.8
left. It is about 90% above 10 GeV/c. The purity in 0-10% Pb+Pb estimated with
HIJING is shown in Fig. 6.8 right. At GeV it is about 80%, slightly rising to about
90% at above 20 GeV/c. The 7° identification efficiency is defined as the ratio

of identified real 7° clusters to all input 7 where both decay photons are in the
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Figure 6.6: Mean mass (upper) and width (lower) of split sub-clusters invariant mass distribution
versus cluster energy for different values of NLM=1 (left) and NLM=2 (right) in pp data (filled
circles) and MC production (open circles) at /s = 7 TeV. As a comparison, the blue markers which
represent the analysis of the same data but with the Pb+Pb clusterization settings. The red lines
is the fitting results of single 7° simulation analysis. More details can be seen in [305].
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Figure 6.7: Mean mass (upper) and width (lower) of split sub-clusters invariant mass distribution
versus cluster energy for different values of NLM=1 (left) and NLM=2 (right) in Pb+Pb data
(filled circles) and MC production (open circles) in 0-10% at /sxn = 2.76 TeV. As a comparison,
the blue markers which represent the analysis of the same data but with the pp clusterization
settings. The red lines is the fitting results of single 7° simulation analysis. More details can be
seen in [305].
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Functions | NLM | E range(GeV) a b
M(E) 1 12-50 0.044 | 0.0049
M(E) 2 6-21 0.115 | 0.00096
M(E) 2 21-50 0.10 0.0017
o(E) 1 12-19 0.012 0
o(F) 1 19-50 0.0012 | 0.0006
o(E) 2 6-10 0.009 0
o(F) 2 10-50 0.023 | 0.00067
Table 6.2: Parameters for mass and width evolution of Eq. 6.3 for pp clusterization settings. Same
parameters are used in Pb+Pb collisions [305].
'% 0 NM=tor2 o0 % L HIJING Pb-Pb |5,,=2.76 TeV e~
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Figure 6.8: Ratio of clusters identified as 7% but in reality being produced by a 7° (2 merged 7,

black circles), a single v (red squares) or hadrons (blue triangles), over all the clusters identified as
70, The left is for production LHC12al5a Pythia jet-jet simulation in pp at /s = 2.76 TeV,
and LHC12f2a Pythia jet-jet simulation in pp at /s = 7 TeV. The right is extracted from
LHC12a17d_fix simulation with only HIJING production for Pb+Pb at 0-10% at /sy = 2.76

TeV.
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Figure 6.9: 7° reconstruction efficiency with cluster splitting method in pp at /s = 2.76 TeV and

Vs = 7 TeV (left), and Pb+Pb 0-10% at /sy = 2.76 TeV (right).

EMCal acceptance. The efficiency results are shown in Fig. 6.9 for pp (left) and
0-10% Pb-+Pb (right) estimated using PYTHIA and HIJING simulations.

6.2.2 Changed cuts for systematic uncertainty

In Sec. 5.3.2 and 5.3.1, the default analysis cuts to tracks and clusters are pre-
sented. According to the introduction of 7° identification in this section, in order to
estimate the systematic uncertainties of some main cuts, some cuts are changed in
the uncertainty analysis. Tab. 6.3 shows the main changed cuts for uncertainty anal-
ysis. The obtained raw results with changed cuts are corrected by the MC analysis

correction factors in new cuts.

cut source | cluster shower shape 70 candidate M,, Track selection
collision long axis A3 window (GeV/c?)
standard Band criterion M| < Mean + 30 Hybrid track cuts
PP changed 0.3<M <5 M| < Mean + 2.5¢ | TPC-Only track cuts
Pb-Pb standard Band criterion M.+ | < Mean + 30 Hybrid track cuts
changed 03<A3 <5 IM,,,| < Mean + 2.50 | TPC-Only track cuts

Table 6.3: Summary of some main changed cuts for systematic uncertainty estimation in pp and

Pb+Pb data analysis.
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6.3 Per-trigger correlated yields

The associated per-trigger yield as a function of the azimuthal angle difference
Ap = ¢ — ¢
Eq. 4.1. For the analysis with pp and Pb+Pb collisions data at \/syy = 2.76 TeV
with 70 triggers, the triggered pi™® range [8.0-12.0] GeV /c and [12.0-16.0] GeV /¢

are selected for azimuthal correlations measurements. The trigger particle is within

assoc

and pseudo-rapidity difference An = n™8 — 135°¢ i5 defined as

the EMCal acceptance Ay < 100° and An < 0.7. The associated particles, charged
hadrons, are grouped in the following p3®°° bins: [0.5-1.0], [1.0-2.0], [2.0-4.0], [4.0-
6.0], [6.0-10.0] GeV/c. The analysis is done by filling two kinds of histograms:

° Ntrig(ptTrig): number of trigger particles as a function of their pfrrig'

aSSOC

® Nassoc(pt%ig7 pT
trigger particles Nig.

, Ap, An): number of associated particles to a number of

The per-trigger yield is measured for different ranges of trigger ]otT]rig and associated
transverse momentum p§°¢ and in bins of centrality. Similar histograms are filled
for the mixed event, where we compare the trigger particle with charged hadrons

different events but with similar global properties, defined in the next subsection.

6.3.1 Event mixing

The event mixing may be useful to correct for detector acceptance or perfor-
mance (missing or misbehaving TPC sectors) and analysis cuts effects. When the
analysis done on EMCal triggered events, such events cannot be used to construct
the mixed event pool due to the limited EMCal acceptance and the trigger, which
make most of the time the selected associated particles close to the trigger particle
in the calorimeter. Fig. 6.10 shows the same event and mixed event correlations with
candidate 70 trigger pr at 8.0 < ptTrig < 16.0 GeV/c and associated charged hadrons
prat 1.0 < p&¥°°¢ < 5.0 GeV/c in pp at /s = 2.76 TeV. The left plot presents the
same and mixed events from EMCal triggered events. We observe the correlation on
the near side in the mixed event (and even on the away side) due to the explained
EMCal trigger bias even though we should have a flat distribution since in the used
data sample as the TPC acceptance was uniform. The right one shows the same
events from EMCal trigger, while mixed events from MB trigger showing a no bias
and flat distribution. So in this analysis, the MB trigger events are used to construct

the mixed event pool.
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Figure 6.10: Same event and mixed event correlations with photon trigger transverse momentum

trig assoc

of 8.0 < pp'® < 16.0 GeV/c, associated charged hadrons transverse momentum at 1.0 < p§¥°° <
5.0 GeV/c. Mixed event pool is constructed with EMCal LO triggered events (left), MB trigger

events (right), respectively.

The pool of events must be filled with non biased events, AliVEvent::kMB. The

created pool with MB events in different bins, which depends on the collision types:
e pp collisions:

— 100 events in the pool.

— z vertex bin 2 centimeter bin, 10 bins from -10 to 10 cm.

— Track multiplicity, 9 bins on multiplicity of hybrid tracks being :[0-5],
[5-10], [10-20], [20-30], [30-40], [40-55], [55-70], [>70].

e Pb+Pb central (peripheral) collisions:

— 50 events in pool.
— z vertex bin 2 centimeter bin, 10 bins from -10 to 10 c¢m.

— 2% wide bin with 5 bins to 0-10% centrality, 10% wide bin with 3 bins
to 60-90% centrality.

— Reaction plane (“V0” method), 3 bins between 0 and 7 radians.

For mixed events we get NJx*(Agp, An) and Nxed (= N37°). 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
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n acceptance of the detector. To get the acceptance corrected correlations for a

given pr trigger bin and pr associated bin, one can apply the following formula:

AN™Ap,An) 1 d*N*™/dApdAn
dAyp, An  Nuig d2Nmixed /A pdAn

(6.4)

where the factor a is chosen to normalize the background distribution such that it

1

is unity for pairs at Ap = An ~ 0. In our analysis, only + distribution is

dA
focused. Therefore, the factor a = dN el | Ap=0 1s used. If one Wants to subtract the

Figure 6.11: Same event (left), mixed event (middle) and the acceptance corrected correlation
distribution (right) as Ag — A7 in 7° trigger transverse momentum of 8.0 < p's® < 16.0 GeV/c,
associated charged hadrons transverse momentum of 1.0 < p§¥°° < 2.0 GeV/c in pp at /s = 2.76
TeV.

underlying event contributions to the correlations, one more step can be used as:

dNraW(AgO) - 1 dNrawl B ﬁ deixed)
dA(P N Ntrig dA(P dAgO

(6.5)

Calculating the factor § in Ay region from 1 to 1.5, where it is expected the back-

ground is dominant, as written in Eq. 6.6, is similar to do a ZYAM discussed later.

1.5 Nrawl 1.5 deixed
dA ——dA 6.6
s [ Saddel [T dae (6:)

Fig. 6.11 shows 2-D correlation distributions as A — An of the same event (left),

mixed event (middle) and the acceptance corrected correlation distribution by Eq.6.4
in 70 trigger at 8.0 < pi® < 16.0 GeV /c and associated at 1.0 < pn® < 2.0 GeV /¢ in
pp at 2.76 TeV. Fig. 6.12 shows azimuthal angle correlation distributions of the same
event (left), mixed event (middle), and the corrected acceptance and subtracted the
background from underlying events correlation distribution by Eq.6.5 in ¥ trigger
at 8.0 < p'i® < 16.0 GeV/c and associated at 1.0 < p'l'® < 2.0 GeV/c in pp at 2.76
TeV.
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Figure 6.12: Azimuthal angle correlation distribution in Same events (left, black), mixed event

(left, red) and the corrected acceptance and subtracted background correlation distribution (right)

in 70 trigger transverse momentum of 8.0 < pi® < 16.0 GeV/c, associated charged hadrons

transverse momentum of 1.0 < p§¥°¢ < 2.0 GeV/c in pp at /s = 2.76 TeV.

6.3.2 Azimuthal correlations

In EMCal, two methods can be used to identify 7°, invariant mass and the cluster
splitting, as mentioned in Sec. 6.2.1 and App. 7.3, respectively. To be sure that both
identification criteria give similar results, we compare the azimuthal correlation with
the both identification techniques at low p§7°¢ bins, where we have enough statistic
with the invariant mass technique. Fig. 6.13 shows that both methods give very

similar correlation results. Fig. 6.14 gives the comparison of the uncorrected per-
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Figure 6.13: Azimuthal correlation of 7 measured in pp collisions at /s = 2.76 TeV with trans-
verse momentum between 8.0 < pfrrig < 15.0 GeV/c and charged hadrons, in three p§**°© bins. The
70 is identified via invariant mass in red and cluster splitting in blue. The mixed event contribution
has been subtracted following Eq. 6.4 and Eq. 6.6.
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trigger yield between pp data at /s = 2.76 TeV and Pythia 6 MC in azimuthal
correlation distribution with trigger 8.0 < pi'® < 12.0 GeV/c and 12.0 < pi'¢ <
16.0 GeV/c.
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Figure 6.14: Azimuthal correlations of comparisons between pp data (red) and Pythia 6 MC (black)
at /s = 2.76 TeV for the cluster splitting method with trigger pr bins at 8.0 < ptrlg < 12.0 GeV/c,
12.0 < pmg < 16.0 GeV/c and charged hadrons, in two p3*°© bins.

6.3.3 Extraction of associated per-trigger yield

The counting pairs technique is used to extract the correlated and un-correlated
yield of charged hadrons in different Ay width. Pedestal (or ZYAM) subtraction is

used to extract correlated yield of charged hadrons.
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6.3.3.1 Yield extraction

Subsequently, the yield on the near (away) side is summed over a region of 0 ()
+ some width. In our analysis, two regions are taken into account to extract the

yield.
e Near side |Ayp| < 0.7 radians
o Away side |Ap — 7| < 0.7 radians

The regions are illustrated in Fig. 6.15. The red and green regions are the correlated

pairs, and the blue region is un-correlated (underlying event contributions).
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Figure 6.15: Red and green regions are the signal correlated pairs, and the blue is the un-correlated

(underlying event contributions), respectively.

6.3.3.2 Pedestal subtraction

In the pedestal subtraction, the uncorrelated background is considered as a flat
distribution in Ag. The pedestal uncorrelated background is determined in three
ways, which are used to estimate the systematic uncertainty of subtraction of the

uncorrelated background:

e 1. Six minimum points in 60 points are selected at Ap = Apg+0.2. The yield
(correlated-+un-correlated) Y (Agy) is minimum at 1 < [Ap| < . Generally,
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there are two minimum. Fig. 6.16 shows the possible selection of ¢y in pp
(left) and Pb+Pb (right).

5,y [TeThosi] %I L ool m i
22:%: + 40(?? <6.0 GGV/C §?0‘4 + + 4,0<p%ssoc<6.0 GeV/e
2V A N S
0.02- - +

SR L A ERAC
oo;ﬁH +++ H’H ++++ ++ 0.2£ + H ++H++++ + # ++++ ++ ++++ #

Figure 6.16: Possible selection of ¢q in pp (left) and Pb+Pb (right) according to method 1.

e 2. Constant fit in 1 < |Ap| < F. Fig. 6.17 shows the constant fit in 1 <

|Ap| < 7 in pp (left) and Pb+Pb (right).

& o, [This Thesis] pp (5=27 LTeVI & [ [This Thesis] Pb-Pb 5,,=2.76 TeV
g TE 8.0 < p'T”g 6.0 GeV/c £0.451 8.0 < p:‘g <16.0 GeV/c
:20-06;* 4.0 <p™*f1<6.0 GeVic >t + 4.0 <™ < 6.0 GeV/c
2 T U_g 0.4
20.05F z
0 0.35F

U
= W
UL T “Wﬂ %

Ag (rad) ) A (rad)

Figure 6.17: Constant fits in 1 < [Ap| < T in pp (left) and Pb-+Pb (right) according to method 2.

e 3. Average value of the eight smallest points in full |Ayp| range.

Fig. 6.18 and Fig. 6.19 show the results of the per-trigger yield of hadrons cal-
culated by the three methods in two analyzed regions in pp at /s = 2.76 TeV and
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Figure 6.18: The difference of the three pedestal subtractions on Near side |Ap| < 0.7 (left), Away
side |Ap — 7| < 0.7 (right) in pp at /s = 2.76 TeV, respectively. The ratio is calculated with
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respect to the average distribution of the three pedestal determinations.
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Figure 6.19:
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The difference of the three pedestal subtractions on Near side |Ap| < 0.7 (left),
Away side |[Ap — 7| < 0.7 (right) in Pb+Pb 0-10% at \/sxn = 2.76 TeV, respectively. The ratio is

calculated respect to the average distribution of the three pedestal determinations.

153



o) AL
5/ DOCTORAL DISSERTATION

Chapter 6. Neutral pion-hadron correlations

Pb+Pb at \/syn = 2.76 TeV, respectively. Their difference determines the system-
atic uncertainty due to the pedestal determination, which is shown in Fig. 6.20 in
pp at /s = 2.76 TeV and Fig. 6.21 in Pb+Pb at /sy = 2.76 TeV. The effect is

larger in the away side than in the near side due to the smaller signal.

o F i
> pp Vs=2.76 TeV S L pp Vs=2.76 TeV
o L E i
S = 8.0< p‘T"g <16.0 GeV/ic e pF= 8.0 < p‘Tg <16.0 GeV/ic
B [ —— Near side |Ag| < 0.7 i [ —— Away side Ag-r| < 0.7
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X [ — i E—
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- Tt
L 107F
10— e L _
L -— ——
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E —_—
\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\ T\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
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Figure 6.20: The systematic uncertainty from the three pedestal subtractions of the yield on Near
side |Ayp| < 0.7 (left), Away side |[Ap — 7| < 0.7 (right) in pp at /s = 2.76 TeV, respectively. The

blue boxed is the systematic uncertainty.

6.3.3.3 Flow subtraction

In Sec. 6.3.3.2, we present to subtract the background which is considered as a
flat distribution. This makes sense in pp collisions. While the background in Pb-
Pb collisions is not flat due to the flow contribution. To estimate the contribution
of flow (we only consider vy in this analysis) to the measured yields, we use the
extracted v, from the flow group. Since the vy of 7 has not been obtained at
ALICE, the v, of charged pions is used instead of the vy of 7°. The vy of charged
pions and charged hadrons are shown in the left and right panel of Fig. 6.22 [284].
The fluctuation of charged pions vy is a little large at pr > 6.0 GeV /c. To estimate
the flow value at 8.0 < pr < 16.0 GeV /¢, Polynomial0 function is used to fit the
distribution in the pp range. The fit error is considered to estimate the systematic
uncertainty at 8.0 < pr < 16.0 GeV/c. The fit result is 0.0347 £ 0.0043, which
gives the systematic uncertainty of ~ 12.4%. To the charged hadron flow, it has
~ 2% systematic uncertainty at pr > 6.0 GeV/c. Finally, the jet-like correlations is
obtained by

J(Ap) = C(Ap) = bo(1 + 2(vy ™ 05%) cos(2A)) (6.7)
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Figure 6.21: The systematic uncertainty from the three pedestal subtractions of the yield on Near
side |Ayp| < 0.7 (left), Away side |[Ap — w| < 0.7 (right) in Pb+Pb 0-10% at /snny = 2.76 TeV,

respectively. The blue boxed is the systematic uncertainty.
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Figure 6.22: v, flow of charged pions (left) and charged hadrons (right) in Pb-Pb 0-10% at \/snn
= 2.76 TeV. In the left, the blue line is the fit value at 8.0 < pr < 16.0 GeV/c with0.0347+0.0043.

The fit error is used to estimate the systematic uncertainty of flow.
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where J(Ag) and C(Ay) are the jet-like correlations and all correlations obtained

by Eq. 6.4, respectively; ug”g

and v$°*°¢ are the elliptic flow coefficients of trigger

particles and associated particles, respectively; by is the background scaled factor,
which is generally determined by a pedestal subtraction employing the zero-yield-
at-minimum (ZYAM) method shown in Sec. 6.3.3.2.

6.4 Correction analysis

When analyzing MC, the Ny and Ny, histograms are filled at different steps
to allow the extraction of the necessary corrections to the yields. Tab.6.4 shows the

various steps.

Step Trigger 7 Associated Tracks Detector Effect
0 reconstructed candidate m° all reconstructed tracks
1 reconstructed 7° all reconstructed tracks 70 contamination
2 reconstructed 7° (gen. pr) all reconstructed tracks 70 pr resolution
3 all input 7% MC all reconstructed tracks 70 efficiency
4 primary+secondary MC track pr resolution

tracks if reconstructed

5 primary MC tracks if reconstructed | track contamination
6 all input primary MC tracks track efficiency

Table 6.4: List of corrections.

The steps in above table can be explained as:

e step 0 — step 1: correlations are corrected by 7% contamination, details

shown in 6.4.1.

e step 1 — step 2: correlations are corrected by 7° resolution, details shown
in 6.4.3.

e step 2 — step 3: correlations are corrected by 7° efficiency, details shown
in 6.4.2.

e step 3 — step 4: correlations are corrected by track resolution, details shown
in 6.4.3.

e step 4 — step 5: correlations are corrected by track contamination, details
shown in 6.4.4.
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6.4. Correction analysis

e step 5 — step 6: correlations are corrected by track efficiency, details shown
in 6.4.4.

In step 5 and 6 the MC parameters of reconstructed tracks are used to fill the
histograms. In this way the effect of efficiency and contamination can be estimated

without being affected by tracking resolution.

6.4.1 7 contamination correction

For the cluster splitting method, the 7% contamination can be calculated, which is
shown in Sec. 6.2.1. In principle, the real 7%-hadron correlations should be extracted

as:
1 Y5

+ [ R
fsyp”  fs/B

where Ys,p, Ys and Yp are the yield of reconstructed candidate 7°-hadron cor-

Yo = Ys,p5(1 (6.8)

relations, reconstructed 7%-hadron correlations and fake (contamination) 7%-hadron
correlations, respectively, and fg/p is the ratio of reconstructed 7 (signal) to 7° con-
tamination (background). Since the fake 7° includes photons and hadrons, whose
statistics is very low, it is difficult to obtain a good fake w°-hadron correlation,
and the 7% identification purity is high, 90% in pp and 85% in Pb+Pb. So in our
analysis, a simple ratio of reconstructed candidate 7°-hadron correlations to true re-
constructed 7% hadron correlations is calculated with generated pr as the correction

factor for 7° contamination, named pair purity correction factor. Written as:

reconstructed candidate 7° — h®(Gen.pr)

P(Gen.pr, pair) = (6.9)

reconstructed true 70 — h*(Gen.pr)

Since there is no enough statistics of LHC12alba for pp at /s =2.76 TeV to
analyze correction factors, especially resolution correction factor presented later,
therefore LHC12f2a simulation for pp at /s = 7 TeV is used for correction factor
estimation analysis. To believe the correction factors for LHC12f2a can be used on
pp data at /s =2.76 TeV, the pair purity factors from LHC12al5a and LHC12f2a
are compared as shown in Fig. 6.23. The comparison shows that both simulations
give the same pair purity factors.

The factor as a function of Ay is shown in Fig. 6.24 with 70 trigger bins 8.0 <
P < 12,0 GeV/e and 12.0 < p® < 16.0 GeV/c, associated in 1.0 < p&%°° <
2.0 GeV/c and 2.0 < p§7°° < 4.0 GeV/c in LHC12f2a (Pythia6). A constant is used
to fit the distribution, and three Ay regions (JAp| < 1.0, 2.0 < |Ap| < 4.0 and

full Ap) are selected to to fit and to estimate the systematic uncertainty from the
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Figure 6.23: Comparison of pair purity correction factors from LHC12alb5a simulation for pp at
Vs = 2.76 TeV and LHC12f2a for pp at /s = 7 TeV on Near side |Ap| < 0.7 (left), and Away side
|Ap — 7| < 0.7 (right).

fitting. The results of the 3 fits are summarized in Tab. 6.5 for the pp (LHC12f2a)

simulation.

Pr® and pise (GeV/e) [ -2 < Ap <2 | —1.0< Ap < 1.0 | 2.0 < Ap < 4.0

8.0 < pi's < 12.0 1.00640.004 1.00840.006 1.00640.007
1.0 < pie < 2.0
8.0 < pif's < 12.0 1.01640.006 1.02040.007 1.01540.010
2.0 < pisoc < 4.0
12.0 < pie < 16.0 1.00840.006 1.00840.009 1.01040.011

L0 < p7#°c < 2.0
12.0 < pi'® < 16.0 1.016+0.008 1.018+0.010 1.016 +0.014
2.0 < pF¢ < 4.0

Table 6.5: Result of constant fit to pair purity in different Ay regions in trigger pr bins in
8.0 < pi'® < 12.0 GeV/c and 12.0 < p'f'® < 16.0 GeV /¢, associated in 0.5 < pas°® < 1.0 GeV /¢
and 1.0 < p§¥°° < 2.0 GeV/c in LHC12f2a simulation.

Similarly, the analysis in 8.0 < p%'® < 12.0 GeV/cand 12.0 < p*® < 16.0 GeV /c,
associated in 1.0 < p§°° < 2.0 GeV/c and 2.0 < p§¥°° < 4.0 GeV/c is done in
Pb+Pb simulation, and the results are shown in Fig. 6.25. The results of the 3 fits
are summarized in Tab. 6.6 for the Pb+Pb (LHC12d17d_fix) simulation.

Fig. 6.26 and Fig. 6.27 show the pair purity correction factors as a function of
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Figure 6.24: Pair purity correction factor as a function of Ay with 70 trigger bins 8.0 < pit'® <
12.0 GeV/c and 12.0 < pflfig < 16.0 GeV/c, associated in 1.0 < p§¥°° < 2.0 GeV/c and 2.0 <
P3¢ < 4.0 GeV/c in LHC12f2a for pp data. A constant is used to fit the distribution in three

different Ay ranges, which is used to estimated the fitting systematic uncertainty.
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Figure 6.25: Pair purity correction factor as a function of Ay with 7% trigger bins 8.0 < pt“g <

12.0 GeV/c and 12.0 < p't'® < 16.0 GeV/c, associated in 1.0 < pgs*°° < 2.0 GeV/c and 2.0 <
PP < 4.0 GeV/c in LHC12a17d_fix for Pb+Pb data. A constant is used to fit the distribution

in three different Ay ranges, which is used to estimated the fitting systematic uncertainty.
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PrE and piec (GeV/e) | -2 < Ap <2 | —1.0<Ap < 1.0 | 2.0 < Ap < 4.0
8.0 < ptjfig < 12.0 0.999+0.004 0.998+0.008 0.998+0.008
LO < p7#c < 2.0
8.0 < ptTrig < 12.0 1.004=£0.009 1.005£0.017 1.004£0.017
2.0 < pF¥° < 4.0
12.0 < prtlfig < 16.0 1.003£0.008 1.006£0.015 1.003£0.015
1.0 < p° < 2.0
12.0 < pafig < 16.0 1.003£0.017 1.016£0.031 0.995+0.031
2.0 < P < 4.0

Table 6.6: Result of constant fit to pair purity in different Ay regions in trigger pr bins in

8.0 < pit'® < 12.0 GeV/c and 12.0 < pia'® < 16.0 GeV /e, associated in 1.0 < p&°° < 2.0 GeV/c

and 2.0 < p§¥°° < 4.0 GeV/c in LHC12a17d_fix simulation.

pr on Near side |Ap| < 0.7 (left), Away side |Ap — 7| < 0.7 (right) for pp at /s
= 2.76 TeV and Pb+Pb 0-10% at /sy — 2.76 TeV, respectively. In consideration
of the correction factor statistics error from the simulation analysis, more than one
functions fitting are also used to obtain the factor value and estimate the fitting

systematic uncertainty.
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Figure 6.26: Pair purity correction factors as a function of pr on Near side |[Ayp| < 0.7 (left), Away
side |[Ap — 7| < 0.7 (right) from LHC12f2a (Pythia6) for pp data. Two functions (Exponential and

Polynomiall) are used to fit the distribution to estimate the systematic uncertainty of the fit.

Compared to Pb+Pb results, the pair purity ratio in pp goes up with a certain

slope. This result is from the cluster track matching effect. The pair purity results in
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Figure 6.27: Pair purity correction factors as a function of pr on Near side |Ap| < 0.7 (left),
Away side |Ap — 7| < 0.7 (right) from LHC12a17d_fix (HIJING) for Pb+Pb 0-10% data. Three
functions (Exponential, Polynomial0 and Polynomiall) are used to fit the distribution to estimate

the systematic uncertainty of the fit.

pp with and without the track matching (Here, match cluster with tracks selected by
TPC-Only track cuts) are compared, see Fig. 6.28. The comparison indicates that
the slope of with track matching is larger than without track matching. Therefore,
the conclusion is that the efficiency of track matching rejecting clusters produced

by charged hadrons is not high.

6.4.2 7 efficiency correction

Fig. 6.9 shows the 7° reconstruction efficiency of the cluster splitting technique
in pp at /s = 2.76 and 7 TeV (left), and centrality 0-10% Pb+Pb at /sy = 2.76
TeV (right), respectively. Since the efficiency as a function of pr is not flat , it needs
to be taken into account. For correction with the trigger 7¥ efficiency, the azimuthal

correlations are corrected by the efficiency:

corrected Raw
coiected deair = 1 ! trig Z l % (Ap:clflg) (6 1 O)
Ntrig dA(P ZAPT(i) aNtrig(i)(ApT ) Apr E; dAgO

Y efficiency to a pr bin trigger more exactly, the

In order to correct the effect of 7

minimum pr bin, Apy = 1.0 GeV /¢, is set to the trigger in the calculation. Fig. 6.30

shows the comparison of with and without 7° efficiency correction to azimuthal an-
trig

gle correlations in trigger 8.0 < pi*® < 12.0 GeV/c, 12.0 < pi*® < 16.0 GeV/c and
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Figure 6.28: Pair purity factor comparison between with track matching and without track match-
ing on Near side |Ag| < 0.7 (left), Away side |A¢ — 7| < 0.7 (right) in pp at /s = 7 TeV.

associated 1.0 < pg¥°° < 2.0 GeV/c in pp and Pb+Pb 0-10% collisions. The differ-
ence between with and without 7¥ efficiency in azimuthal correlations is less than
2% at this pr range. Fig. 6.29 shows the comparison of with and without 7° effi-
ciency correction to per-trigger yield of hadrons in trigger 8.0 < p?ig < 16.0 GeV/c
on Near side in pp and Pb+Pb 0-10% collisions. The difference between with and

without 7 efficiency in per-trigger yield of hadrons is p&°“dependent.

6.4.3 7 and track pr resolution correction

Fig. 6.31 shows the ¥ pr resolution of the cluster splitting method for LHC12al5a
(Pythia6). Fig. 6.32 shows the track pr resolution for LHC12al5a. Similar study is
shown in Fig. 6.33 for the m° and track pr resolution in 0-10% Pb-+Pb at V/SNN =
2.76 TeV (LHC12a17d_fix).

From Fig. 6.31 and Fig. 6.32, we found the 7° pr resolution is not very good,
especially at high pr, while track pr resolution is better at below pr < 10 GeV/c.
Because of statistics limit of Pb+Pb simulation, we did not give more detail analysis
to the 7° and track pr resolution. The figures indicate that it necessary to correct

Y and associated tracks. In our analysis, the

the pr resolution effects of trigger m
trigger 70 and associated track pr resolution corrections are taken into account
together as one factor, namely pair resolution, which is a ratio of reconstructed m°-

hadron correlations with reconstructed pr to reconstructed m°-hadron correlations
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Figure 6.29: Comparison of azimuthal correlations with and without 70 trigger efficiency correction
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with generated pr. Written as:

reconstructed true 7 — h*(Rec.pr)

(6.11)

R(Rec.pr, Gen.pr, pair) =
(Rec.pr pr pair) reconstructed true 70 — h*(Gen.pr)

Fig. 6.34 and 6.35 show the pair pr resolution as a function of Ay from LHC12f2a
and in LHC12al17d_fix, respectively. In each plot, constants are used to fit the
distribution in three different Ay ranges, which are used to estimate the fitting
systematic uncertainty of pair pr resolution. In pp (LHC12f2a), the pair pr reso-
lution does not appear to be flat, perhaps because of the lack of statistics in the
MC, whereas in 0-10% Pb-+Pb (LHC12al7d_fix) it is. The results of the fits to the
pair pr resolution are given in Table 6.7 and Table 6.8 for pp and 0-10% Pb+Pb,

respectively.
P and pasec (GeV/c) <A< —1.0<Ap<1.0]20<Ap <40
8.0 < pfrrig < 12.0 1.00240.004 1.0044-0.006 1.00140.007
1.0 < pissoc < 2.0
8.0 < pflfig < 12.0 1.00740.006 1.00740.007 1.00640.010
2.0 < pec < 4.0
12.0 < p%ig < 16.0 1.00940.006 1.00940.009 1.00440.011
1.0 < pioc < 2.0
12.0 < ptTrig < 16.0 1.0084-0.008 1.01340.011 1.001+0.014
2.0 < P < 4.0

Table 6.7: Result of constant fit to pair p resolution in different A regions in trigger pr bins in
8.0 < pit'® < 12.0 GeV/c and 12.0 < pi'® < 16.0 GeV /¢, associated in 1.0 < pasec < 2.0 GeV/c
and 2.0 < p§¥°° < 4.0 GeV/c in LHC12f2a simulation.

Similar consideration, the pair pr resolution results as a function of pr on Near
side |[Ag| < 0.7 (left), Away side |Ap — 7| < 0.7 (right) with trigger 8.0 < pii® <
16.0 GeV/e, in pp from LHCI12f2a, and Pb+Pb 0-10% from LHC12al17d_fix are
shown in Fig. 6.36 and Fig. 6.37, respectively. Because of limited statistical precision,
fits, Exponential and Polynomiall are used to fit the ratio in each pp and Pb+Pb

and to estimate systematic uncertainty from using the fit.

6.4.4 Track efficiency and contamination correction

The tracking efficiency and contamination for hybrid tracks reconstructed in the

ITS and TPC are evaluated with event and detector simulations. The generated
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Figure 6.35: Pair pr resolution correction factor as a function of Ap with trigger 7° 8.0 < ptT’rig <
12.0 GeV/e, 12.0 < ptTrig < 16.0 GeV/c and associated hadron 1.0 < ptTrig < 2.0 GeV/e, 2.0 <
P < 4.0 GeV/c from LHC12a17d_fix for Pb+Pb 0-10% data.
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Pr® and pis (GeV/e) | -2 < Ap <3 | —1.0 < Ap < 1.0 | 2.0 < Ap < 4.0

8.0 < pl}rig < 12.0 0.99940.004 0.996+0.008 0.996+0.008

1.0 < pi° < 2.0

8.0 < pfrﬁg < 12.0 1.015£0.010 1.004+0.017 1.024+0.018

2.0 < pisoc < 4.0

12.0 < ptTrig < 16.0 1.019£0.008 1.0144+0.014 1.026£0.015

L0 < p7#c < 2.0

12.0 < pfrrig < 16.0 1.010£0.017 1.004=£0.031 1.001£0.031

2.0 < pP™° < 4.0

Table 6.8: In pair pr resolution as a function of Ay, three constant fitting results in different A¢p

regions in trigger pr bins in 8.0 < ptTrig < 12.0 GeV/c and 12.0 < ptTrig < 16.0 GeV /¢, associated

in 1.0 < p§°° < 2.0 GeV/c and 2.0 < p§°° < 4.0 GeV/c in LHC12a17d_fix simulation.
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Figure 6.36: Pair pr resolution correction factor as a function of pr on Near side |Ap| < 0.7 (left),
Away side |Agp — 7| < 0.7 (right) with trigger 8.0 < p'® < 16.0 GeV /¢ (right) from LHC12f2a for
pp data. Two functions (Exponential and Polynomiall) are used to to fit the distribution and to

estimate the systematic uncertainty of the fit.
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Figure 6.37: Pair pr resolution correction factor as a function of pron Near side |Ap| < 0.7 (left),
Away side |[Ap—m| < 0.7 (right) with trigger 8.0 < ptTrig < 16.0 GeV/c (right) from LHC12a17d _fix
for Pb+Pb (0-10%) data. Three functions (Exponential, Polynomial0 and Polynomiall) are used

to to fit the distribution and to estimate the systematic uncertainty of the fit.

physical primary charged particles is defined as all the generated charged primary
pions, protons, kaons and electrons within |n| < 0.8. Reconstructed physical primary
tracks are tracks which pass the track selection and originate from a primary charged
pion, kaon, proton or electron. The track efficiency and contamination are defined

as:

Reconstructed physical primary tracks (Gen. pr) (6.12)

Gen.pr) =
e(Gen.pr) True physical primary charged hadrons (Gen. pr)

Reconstructed secondary tracks (Rec. pr)

C(Rec.pr) = (6.13)

Reconstructed primary + secondary tracks (Rec.pr)

For pp collisions, the track efficiency and contamination are calculated using 3 differ-
ent simulations, LHC12al5a (Pythia6), LHC12fla (Pythia8) and LHC12f1b (Pho-
jet), shown in Fig. 6.38. The average is used to correct the raw correlation yields.

The systematic uncertainty are estimated based on the spread of the 3 simulations.

For 0-10% Pb-+PDb collisions, the track efficiency and contamination are estimated
using HIJING (LHC12al17d_fix), shown in Fig. 6.39.
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Figure 6.39: Track contamination (left) and efficiency (right) with Hybrid track cuts in
LHC12a17d_fix for Pb+Pb (0-10%) data.
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6.4.5 Applying the corrections

The complete correction procedure can be summarized as:

Ycorrected(A(p’ pg’:‘ig’ p%ssoc) _ Yraw(AgD, ]937:1117 p%ssoc)

trig _assoc
flCorrelatedTrigContam (A§07 pT 3 pT )

trig _assoc
f27 4TiTgAssocResolut'ion (pT y DT )

f3TrigEff (p?jg)

assoc

f5T7'ackC(mtam (pT )

assoc)

f6TrackEff (pT
(6.14)

Notice: the correction factor for the trigger pi0 efficiency is applied to the raw yield
before the normalization by Ny, (see Eq. 6.10).

As a “MC closure check”, the correction procedure is tested on MC simulations,
shown in Fig. 6.40. It shows the comparison of azimuthal distribution in pp (top
two) and in Pb-+Pb (bottom two).

6.5 Systematic uncertainties

In this section, the systematic uncertainties of the 7%-hadron correlations in pp
and Pb+PDb analysis are discussed. As discussed in Section 6.4, functions are used
to fit the pair purity, pair resolution. The systematic uncertainty due to the fit
estimated by variation of the fit functions. In pp, the uncertainties on the track
efficiency and contamination is estimated from using Pythia6, Pythia8 and Phojet.
In Pb+Pb, the uncertainties still need to be evaluated. The systematic uncertain-
ties from shower shape cuts, invariant mass window selections and track cuts are
estimated below. To a changed cut, all the correction factors are re-calculated. The
systematic uncertainty estimation in per-trigger yield of hadrons, all pairs (corre-
lated pairs and uncorrelated pairs together) in a region are used in order to avoid

the fluctuation effects from estimating uncorrelated background.

6.5.1 Shower shape cuts

e pp analysis: As baseline, the cut on the shower shape long axis with a band

criterion as Eq. 6.2 is used. To estimate the uncertainty introduced by this cut,
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Figure 6.40: The correction procedure applied to MC simulations as a closure test for pp
LHC12al5a (top) and Pb+Pb LHC12a17d_fix (bottom).
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6.5. Systematic uncertainties
a new cut, 0.3 < A3 < 5, is used. Fig. 6.41 shows the effect on the azimuthal
Ay distribution for 8.0 < p*® < 12.0 GeV/c and 12.0 < p'i'® < 16.0 GeV/c
with 1.0 < p§¥°° < 2.0 GeV/c, and Fig. 6.42 shows the comparison of the
per-trigger yields between the two different shower shape cuts with 7° trigger
at 8.0 < pi'® < 16.0 GeV/c in three Ay regions in pp at /s — 2.76 TeV.
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Figure 6.41: Comparison of the azimuthal distributions for two different shower shape cuts

(AS

0,min

< A3 < A2,.00 a8 Eq. 6.2 and 0.3 < A3 < 5) in trigger pr at 8.0 < p'® < 12.0 GeV/c and

12.0 < ptrlg < 16.0 GeV/c in pp collisions at /s = 2.76 TeV.

Pb+Pb analysis: As baseline, the cut on the shower shape long axis with a
band criterion same as in pp is used. To estimate the uncertainty introduced
by this cut, a new cut on the shower shape, 0.3 < \2 < 5, is used. Fig. 6.43
shows the effect on the azimuthal Ay distribution for 8.0 < pi'® < 12.0 GeV/c
and 12.0 < p'I'® < 16.0 GeV/c with 1.0 < p3®° < 2.0 GeV/c, and Fig. 6.44
shows the comparison of the per-trigger yields between the two different shower
shape cuts with 7° trigger at 8.0 < pi'® < 16.0 GeV /c in three Ay regions in
Pb+Pb 0-10% at /sy — 2.76 TeV.

6.5.2 7Y invariant mass window cuts

pp analysis: As baseline, the cut on the reconstructed 7° invariant mass
window is mean — 30 < M,, < mean + 30, where mean and o are defined
in Eq. 6.3. To estimate the uncertainty introduced by this cut, we change
the cut to mean — 2.50 < M,, < mean + 2.50. The comparison of the

azimuthal correlations between the two different cuts is shown in Fig. 6.45 for
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Figure 6.42: Comparison of the per-trigger yields for two different shower shape cuts ((\2

in <
0,min
A3 < A% ,00 3 Eq. 6.2 and 0.3 < A2 < 5) in trigger pr at 8.0 < p7'® < 16.0 GeV/c in pp at /s =

2.76 TeV.
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Figure 6.43: Comparison of the azimuthal distributions for two different shower shape cuts
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Figure 6.44: Comparison of the per-trigger yields for two different shower shape cuts ((Aj ,;, <
A3 < A} nae @ Eq. 6.2 and 0.3 < A3 < 5) in trigger pr at 8.0 < pip'® < 16.0 GeV/c in Pb+Pb
0—10% at /snN = 2.76 TeV.

8.0 < pii'® < 12.0 GeV/c and 12.0 < pi'® < 16.0 GeV/c with 1.0 < pa»° <
2.0 GeV/c, and Fig. 6.46 shows the comparison of the per-trigger yields with
70 trigger at 8.0 < ptTrig < 16.0 GeV/c in three Ay regions in pp collisions at

Vs = 2.76 TeV.

e Pb--Pb analysis: As baseline, the cut on the reconstructed 7° invariant mass
window is is mean — 30 < M,, < mean + 30, where mean and o are defined
in Eq. 6.3. To estimate the uncertainty introduced by this cut, a changed 7°
invariant mass window, mean — 2.50 < M., < mean + 2.50, is used. The
comparison of the azimuthal correlations between the two different cuts is
shown in Fig. 6.47 for 8.0 < p'® < 12.0 GeV/c and 12.0 < pi'® < 16.0 GeV /¢
with 1.0 < p§¥°¢ < 2.0 GeV/¢, and Fig. 6.48 shows the comparison of per-
trigger yields in the two different 7° invariant mass window selections with 7°
trigger at 8.0 < pi® < 16.0 GeV/c in three Ay regions at 0-10% in Pb+Pb
collisions at /sy = 2.76 TeV.

6.5.3 Track cuts

e pp analysis:
As baseline, the cut on the associated tracks are selected by Hybrid cuts. To
estimate the uncertainty introduced by this cut, the TPC-Only track cuts are

used. Fig. 6.49 shows the comparison of the azimuthal correlations in the two
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Figure 6.45: Comparison of the azimuthal distributions for two different 7° invariant mass window
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Figure 6.46: Comparison of the per-trigger yields for two different 7° invariant mass window
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Figure 6.47: Comparison of the azimuthal distributions for two different 7° invariant mass window
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different track cuts for 8.0 < pi'® < 12.0 GeV/c and 12.0 < pi'® < 16.0 GeV/c
with 1.0 < p§°° < 2.0 GeV/c¢, and Fig. 6.50 shows the comparison of per-
trigger yields in the two different track cut selections with ¥ trigger at 8.0 <

P < 16.0 GeV/ec.
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Figure 6.49: Comparison of the azimuthal distributions for two different track cuts (Hybrid track
cuts and TPC-Only track cuts) in trigger pr at 8.0 < pmg < 12.0 GeV/c and 12.0 < p mg <
16.0 GeV/c in pp at /s = 2.76 TeV.

e Pb+Pb analysis:
As baseline, the cut on the associated tracks are selected by Hybrid cuts. To
estimate the uncertainty introduced by this cut, the TPC-Only track cuts are
used. Fig. 6.51 shows the comparison of the azimuthal correlations in the two
different track cuts for 8.0 < pin® < 12.0 GeV/c and 12.0 < p'l'® < 16.0 GeV /c
with 1.0 < p§¥°¢ < 2.0 GeV/¢, and Fig. 6.54 shows the comparison of per-
trigger yields in the two different different track cuts with 7% trigger at 8.0 <
piE < 16.0 GeV/ec.

6.5.4 Tracking efficiency and contamination

In the analysis, the Hybrid track cuts are used to select the tracks. To estimate
this track selection systematic uncertainty in tracking efficiency and contamination.
Some main setting in Hybrid track cuts are changed, and results from different cuts
a) Standard cuts; b) and ¢) tighter and
looser cuts w.r.t the standard cuts; and d) the ratio of the number of found over
findable clusters as well as its tighter and looser cuts in e) and f) (Only in Pb-+Pb).

are compared. Four changes are set as:
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Figure 6.50: Comparison of the per-trigger yields for two different track cuts (Hybrid track cuts
and TPC-Ouly track cuts) in trigger pr at 8.0 < pfffig < 16.0 GeV/c in pp at /s = 2.76 TeV.

LTS . . Pb-Pb |/5,=2.76 TeV T OF . . Pb-Pb \/§,=2.76 TeV
g © [ThisThesis] 5P £ - [ThisThesis]  © "
< - -10% P = -10%
g 8.0 <pr’ < 12.0 GeVic 3 12,0 <pl <16.0 GeVic
> 7oF 1.0 < p™*° < 2.0 GeV/c > oF 1.0< pj‘“ <2.0 GeVic
T — S [
Z-g C —+— TPC-Only track cuts Zé” C —4— TPC-Only track cuts
= E —=— Hybrid track cuts = E —m— Hybrid track cuts
65— 65—
% ;#;,ﬂ** “*##tﬂqt Sog it P pete gny 601 2™ resF T EpaE
:* £ 3 ?"#,,; ﬂiu*,#,im =2 2
55— 55—
e e E
F1.15 F1.155
11e 115
1.05F 1.05E
Eetanfang gialaSgniy Raenln u, o pnnl 1m._t!"“!‘l!.l,'..I;.,l.tl;..lf.—li.llﬂ -
0.95- 0.95F-
0.9 0.9E
0.85 ; | | | | | | 0.85 ; | | | | | |
1 0 1 2 3 z B 0 1 2 3 z
Ag (rad) Ag (rad)

Figure 6.51: Comparison of the azimuthal distributions for two different track cuts (TPC-Only
track cuts and Hybrid track cuts) in trigger pt at 8.0 < pfrrig < 12.0 GeV/c and 12.0 < ptTrig <

16.0 GeV/c in Pb+Pb 0-10% at /syny = 2.76 TeV.
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Figure 6.52: Comparison of the per-trigger yields for two different track cuts (Hybrid track cuts
and TPC-Only track cuts) in trigger pr at 8.0 < ptTrig < 16.0 GeV/c at 0-10% in Pb-+PDb collisions
at /snN = 2.76 TeV.

Since the Hybrid track cuts in LHC11a pp data and LHC11h Pb+Pb data are a

little different, therefore, the changed details are summarized in the following.

e pp analysis
Tab. 6.9 summarizes the selection in pp data, only mentioned the cuts which

are different w.r.t. the standard selection: Fig. 6.53 shows the difference from

cut a) | b) | ¢) | d

Number of clusters 70 | 80 | 60 | —
Chi2/cluster 4 1 3|5 | ~

d,, (cm) 241192924

d. (cm) 32 (273732

Crossed rows - =] =] 70

Crossed rows/findable clusters | — | — | — | 0.8

Table 6.9: Summary of changed settings in Hybrid track cuts for tracking efficiency and contami-

nation systematic uncertainties calculation in pp at /s =2.76 TeV.

different setting used in tracking efficiency and contamination.

e Pb+Pb analysis
Tab. 6.10 summarizes the selection in Pb+Pb data, only mentioned the cuts

which are different w.r.t. the standard selection:
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Figure 6.53: Comparison of tracking efficiency (left) and contamination (right) among different
changed settings in Hybrid track cuts in LHC12a15a simulation for pp at /s = 2.76 TeV.

cut a) | b) | ¢) | d)|e) |1
Number of clusters 50 | 60 | 40 | — | — | —
dyy (cm) 24(1.9[29|24(29]1.7

d. (cm) 322737323727
Chi2perClusterTPC 4 3 ) 4 ) 3
Chi2perClusterITS 36 | 25 | 49 | 36 | 49 | 25

Chi2TPCConstrainedGlobal | 36 | 25 | 49 | 36 | 49 | 25
FractionSharedTPCClusters | 0.4 {02 | 1 |04 | 1 |0.2
Crossed rows - | — | - 170 1] 60| 80

Crossed rows/findable clusters | — | — | — | 0.8 0.7 ]0.9

Table 6.10: Summary of changed settings in Hybrid track cuts for tracking efficiency and contam-
ination systematic uncertainties calculation in Pb+Pb at /syn = 2.76 TeV.
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Fig. 6.54 shows the difference from different setting used in tracking efficiency

and contamination.
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Figure 6.54: Comparison of tracking efficiency (left) and contamination (right) among different
changed settings in Hybrid track cuts in LHC12a17d_fix simulation for Pb+Pb 0-10% at \/snn =
2.76 TeV.
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Figure 6.55: Left: TPC+ITS matching efficiency in data as well as corresponding to simulation in
pp. Right: TPC+ITS matching efficiency ratio in data to simulation in pp. The plots are taken
from [307]

Besides the systematic uncertainty from track selections, another part of the total
systematic uncertainty is from the tracking efficiency by comparing the difference
in the matching efficiency between data and MC. The matching efficiency is defined
as a ratio of the number of tracks reconstructed in the TPC and ITS detectors to
the number of tracks reconstructed using TPC stand-alone (TPC+ITS/TPC stand-

alone) determined as a function of pr in MC and data. This method is based on
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assumption that the TPC is fully efficient for the tracks selected in this analysis. In
fact, the method checks the overall efficiency (tracking efficiency and acceptance)
of the ITS, the quality of space point calibration in the TPC, and the quality of
alignment of the TPC and the I'TS detectors. The systematic uncertainty on tracking
efficiency is 3% in pp and 5% in Pb+Pb. The results are shown in Fig. 6.55 in pp
and Fig. 6.56 in Pb+Pb. More analysis details and results can be found in [307].
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Figure 6.56: Left: TPC+ITS matching efficiency in data as well as corresponding to simulation in
Pb+Pb. Right: TPC+ITS matching efficiency ratio in data to simulation in Pb+Pb. The plots
are taken from [307]

6.5.5 Summary of systematic uncertainties

The relative systematic uncertainty to a given source is estimated as:

€= o _ | maX(Y;‘(Agp’ pt';ig’ p%ssoc> _ YStandard<Ag0,p¥i97p%ssoc))|
Ystandard(A('()? pff‘"iQ? p%ssoc) Ystandard (Ag&, ptTrig7 paTSSOC)

(6.15)
To calculate the total systematic uncertainty, we use standard error propagation.
The total systematic uncertainty includes correction factor systematic uncertainties
and changed cut systematic uncertainties. Firstly, calculate the total correction fac-
tor systematic uncertainty which includes pedestal subtraction in per-trigger yields
. For simplicity, correction procedure Eq. 6.14 is rewritten as:
Yk Pogir % (1 — Chz)

€70 * €px * Rpgir

Ycorrected —

(6.16)

where y"™ is the raw distribution extracted from data, P, is the pair purity
correction factor, R,q, is the pair resolution correction factor, Cj= is the track

contamination correction factor, e, o is the 70 efficiency correction factor and €+ is
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the tracking efficiency. The relative systematic uncertainty of them therefore can be

written as:
gy corrected Syraw 6 Piy SR pir 5Ch+ €0 Sept
COT‘T‘GCt@d = raw )2 < . )2 + ( £ )2 )2 )2 + ( )2
Y Yy Ppair Rpair Ohi €x0 €pt

(6.17)

Except for 0y, the other ¢; is the correction factor systematic uncertainty. The

oy

raw

is only formed in per-trigger yield by pedestal subtraction.
Secondly, calculate the total systematic uncertainty from three main changed
cuts, cluster shower shape cut, 7% invariant mass window cut and track selection

cut, in the analysis. It can be calculated as:

5ycut — \/(5YSScut)2 + (5YMasscut>2 + ((SYTrackcut)Q (618)

At last, the full total systematic uncertainty is obtained by combining the to-
tal correction factor systematic uncertainty and the total changed cut systematic

uncertainty as:

5yt0tal — \/(5Ycorrect6d>2 + (6YCU15)2 (619)

The systematic uncertainty of each source for the per-trigger yield on near side,

away side in pp and 0-10% Pb+PDb are shown in Fig. 6.57 and Fig. 6.58, respectively.
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Figure 6.57: Systematic uncertainties for the per-trigger yield on the near side (left), away side
(right) for trigger pr at 8.0 < pffrig < 16.0 GeV/c in pp at /s = 2.76 TeV.

The systematic uncertainties in azimuthal correlations and per-trigger yields in
pp and Pb+Pb at 0-10% at /syy = 2.76 TeV are summarized in Tab. 6.11. In
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Figure 6.58: Systematic uncertainties for the per-trigger yield on the near side (left), away side
(right) for trigger pr at 8.0 < p&fig < 16.0 GeV/c in Pb+Pb 0-10%at /syx = 2.76 TeV.

pp Pb-+Pb 0-10%

source Y(Ap) | Y(pr) | Y(Ap) | Y(pr)
Pair purity fit <03% | <0.03% | <1.1% | <0.5%
Pair resolution fit <1.0% | <02% | <11% | <2.0%

7V efficiency - - - -

Tracking efficiency (generator) | < 1.0% | < 1.0% - -
Tracking efficiency (cut) <55% | <5.5% | <6.5% | <6.5%

Track contamination (generator) | < 0.5% | < 0.5% - -
Track contamination (cut) <0.5% | <0.5% | <0.9% | <0.9%

Shower shape cut <12% | <25% | <0.7% | <2.0%
Invariant mass window <13% | <2.0% | <1.0% | <2.5%
Track cut <1.0% | <25% | <3.5% | <4.0%
Pedestal subtraction - < 3.0% - < 17.0%
Total <6.5% | <7.0% | <7.5% | <21.0%

Table 6.11: Summary of systematic uncertainties for the azimuthal correlations and per-trigger
yields in pp and 0-10% Pb+Pb.
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Tab. 6.11, the total systematic uncertainty of per-trigger yields of charged hadrons is
only the results of flat background subtraction. If subtracting the flow contribution,
another systematic uncertainty of 8% from the flow of charged poins and charged

hadrons needs to be considered.

6.6 Results

In this section, the corrected results for the azimuthal correlations and per-trigger

yields are shown.

6.6.1 Azimuthal correlations

6.6.1.1 pp collisions results

Fig. 6.59 and Fig. 6.60 show the azimuthal correlations for 7° trigger pr bins
at 8.0 < p'l'® < 12.0 GeV/c and 12.0 < p'I' < 16.0 GeV/c with four associated
hadrons pr bins (0.5 < p§*°° < 1.0 GeV /¢, 1.0 < p§¥°° < 2.0 GeV /¢, 2.0 < pf°° <
4.0 GeV/e, 4.0 < pa°¢ < 6.0 GeV/c) in pp collisions at /s = 2.76 TeV, respectively.

The shown results are obtained without subtraction underly event contributions.

6.6.1.2 Pb--Pb collisions results

Fig. 6.61 shows the azimuthal correlations for 7° trigger pr bins at 8.0 < ptTrig <
12.0 GeV/c and 12.0 < ptTrig < 16.0 GeV/c with two associated hadrons pr bins
1.0 < p§°° < 2.0 GeV/e, 2.0 < p§5°° < 4.0 GeV/c) at 0-10% centrality in Pb+Pb
collisions at /sy — 2.76 TeV. The results are obtained without subtraction under-

lying event contributions, and flow has not been subtracted either.

6.6.2 Integrated per-trigger yield

6.6.2.1 pp collisions results

Fig. 6.62 shows the per-trigger yield of charged hadrons on near side, away side
in pp at /s = 2.76 TeV.

Fig. 6.63 shows the same results of the per-trigger yield of charged hadrons on
near side, away side in pp at /s = 2.76 TeV as Fig. 6.62, but in one figure.
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Figure 6.59: Azimuthal correlations for trigger pr at 8.0 < ptrlg < 12.0 GeV/c and associated
hadrons pr at 0.5 < p§¥°° < 1.0 GeV/c, 1.0 < p§°°¢ < 2.0 GeV/e, 2.0 < p§¥°c < 4.0 GeV/c,
4.0 < pa°¢ < 6.0 GeV/c in pp at /s = 2.76 TeV. The blue boxes are the total systematic

uncertainty.
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Figure 6.60: Azimuthal correlations for trigger pr at 12.0 < pffrig < 16.0 GeV/c and associated
hadrons pr at 0.5 < p§¥°° < 1.0 GeV/c, 1.0 < p§°° < 2.0 GeV/e, 2.0 < p§¥°° < 4.0 GeV/c,
4.0 < p&°¢ < 6.0 GeV/c in pp at /s = 2.76 TeV. The blue boxes are the total systematic

uncertainty.
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Figure 6.61: Corrected results of azimuthal distributions in trigger pr at 8.0 < pifrrig < 12.0 GeV/c
and 12.0 < pffrig < 16.0 GeV/e, and associated hadrons pr at 1.0 < p§¥°° < 2.0 GeV/c and
2.0 < p§°° < 4.0 GeV/c in Pb+Pb 0-10% at /sy =2.76 TeV. The blue boxes are the total

systematic uncertainty.
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Figure 6.62: Per-trigger yield of charged hadrons on near side |Ap| < 0.7 (left), away side |[Ap—7| <
0.7 (right) in trigger pr at 8.0 < pfrrig < 16.0 GeV/c in pp at /s = 2.76 TeV. The blue boxes are

the total systematic uncertainty.
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Figure 6.63: Per-trigger yield of charged hadrons on near side |Ap| < 0.7 (black), away side
|Ap — 7| < 0.7 (red) in trigger pr at 8.0 < ptTrig < 16.0 GeV/cin pp at /s = 2.76 TeV. The boxes

are the total systematic uncertainty.
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6.6.2.2 Pb-LPDb collisions results

Flat background:
Taking into account the flat background, the per-trigger yield of charged hadrons

on near side, away side in in Pb+Pb collisions 0-10% centrality at sNN = 2.76 TeV

are obtained, shown in Fig. 6.64.
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Figure 6.64: Per-trigger yield of charged hadrons distributions subtracted flat background on near

side |Ap| < 0.7 (left), away side |Ap — 7| < 0.7 (right) in trigger pr at 8.0 < pffrig < 16.0 GeV/c

in Pb+Pb 0-10% at /sy = 2.76 TeV. The blue boxes are the total systematic uncertainty.

Flow background:
Taking into account the background of flow, the per-trigger yield of charged hadrons

on near side, away side in in Pb+PDb collisions 0-10% centrality at \/syxy = 2.76 TeV

are obtained, shown in Fig. 6.65.
Fig. 6.66 shows the same results of the per-trigger yield of charged hadrons on

near side, away side in in Pb+Pb collisions 0-10% centrality at /sy = 2.76 TeV as
Fig. 6.64 and Fig. 6.65, but in one figure.

6.6.3 Yield modification factor

In this section, the yield modification factors, Iaa and Icp, are calculated. The

factors can be written as

N YPbe( 0 phi>
Laa(p ) = et (6.20)
YPe(pi, pht)
N YPItl)Prb 71'0’ ht
Iep(p7 ) = ;Spi)al<pT P ) (6.21)

0 pE
Y;)eripheral (pT y P )
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Figure 6.65: Per-trigger yield of charged hadrons distributions subtracted flow background on near
side |Ag| < 0.7 (left), away side |Ap — 7| < 0.7 (right) in trigger pr at 8.0 < pi& < 16.0 GeV/c
in Pb+Pb 0-10% at /sny = 2.76 TeV. The blue boxes are the total systematic uncertainty.
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Figure 6.66: Per-trigger yield of charged hadrons on near side |Ap| < 0.7 (full circle and full
diamond), away side [Ap — 7| < 0.7 (full square and full cross) in trigger pp at 8.0 < pi'¢ <

16.0 GeV/c in Pb+Pb 0-10% at /snn = 2.76 TeV. The boxes are the total systematic uncertainty.
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Flat background:
Fig. 6.67 shows the modification factor, I, as a function of pt on near side, away
side in 0-10% Pb-+Pb collisions. The results subtracted flat background from the
m9-hadron correlations are compared to the published similar results from hadron-
hadron correlations [286]. The measurements of m%-hadron correlations are good

agreement with di-hadron correlations in all shown pr range within the errors.
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Figure 6.67: Considering the flat background in Pb+Pb, I yield modification factors on near
side |Ap| < 0.7 (left), away side |Agp — 7| < 0.7 (right) in 7%-hadron correlations at 8.0 < p'p'® <
16.0 GeV/c (red). The blue boxes are the total systematic uncertainty. The black points and boxes

are the Ia s results in hadron-hadron correlations.

Flow background:
Fig. 6.68 shows the modification factor, Iaa, as a function of pr on near side, away
side in 0-10% Pb+Pb collisions. The results subtracted flow background from the
m9-hadron correlations are compared to the published similar results from hadron-
hadron correlations [286]. The measurements of 7’-hadron correlations are good

agreement, with di-hadron correlations in all shown pt range within the errors.

Fig. 6.69 shows the same modification factor, Iy, as a function of pr on near
side, away side in 0-10% Pb+Pb collisions as in Fig. 6.67 and Fig. 6.68. The reulsts
subtracted flat and flow backgrounds from the 7°-hadron correlations are compared

to the published similar results from hadron-hadron correlations [286].
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Figure 6.68: Considering the flow background in Pb+Pb, Iaa yield modification factors on near
side |Ap| < 0.7 (left), away side |A¢ — 7| < 0.7 (right) in 7%-hadron correlations at 8.0 < pfffig <
16.0 GeV/c (red). The blue boxes are the total systematic uncertainty. The black points and boxes

are the Iaa results in hadron-hadron correlations.
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Figure 6.69: Considering the flat and flow backgrounds in Pb+Pb, x4 yield modification factors
on near side |Ayp| < 0.7 (left), away side |Ap — m| < 0.7 (right) in 7%-hadron correlations at
8.0 < pffrig < 16.0 GeV/c (red). The blue boxes are the total systematic uncertainty. The black

points and gray boxes are the Ix results in hadron-hadron correlations.
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6.7 Summary

In this chapter, the 7°-hadron correlations are measured in pp and Pb+Pb

collisions at a center-of-mass energy of /syy — 2.76 TeV. The two main observ-

trig _ , assoc

ables, azimuthal correlations Ay = ¢ © and charged hadrons yields as a
function of their pr, are measured to study the properties of the medium. Espe-
YPbPb(pr? phy

cially, the per-trigger yield modification factors, I AA(]ﬁo,p%i) = and

Yo (pr’ ph*)
are analyzed at 8.0 < ptTrig < 16.0 GeV/c and 3.0 < p§¥°° <

PbPb (0 pE
[ — Ycentral (pT P )
CP YPOPb 0 nEy
peripheral Pt P

10.0 GeV/c. While the Icp is not measured due to no enough statistics in Pb+Pb

peripheral simulation for extracting the correction factors. But the measurements

will be updated soon when the enough simulations are produced.

The opening angle of two decay photons from a neutral meson becomes smaller
with increasing of the neutral meson energy due to the Lorentz boost. In the EMCal
of ALICE, when the energy of the 7° (n) is larger than 5-6 GeV (~ 22 GeV), the
two photons start to be close, and their two electromagnetic showers overlap in the
calorimeter cells. Based on this performance of clusters, a new identification 7°
method, cluster splitting method, is used to identify 7° for measuring the 7%-hadron
correlations. This method can achieve to high-pr and improve the statistics of the
triggers of 7%, which be shortly summarized as following several steps. First of
all, clusters with large shower shape long axis A2 and one or two local maxima are
selected as the inputs for using the cluster splitting method. Secondly, the filtered
clusters are split two new sub-clusters with the two highest local maxima cells and
aggregate all the cells around them with 3x3 clusters clusterization. At last, the
two new sub-clusters are paired to calculate their invariant mass for obtaining the
trigger 70 of the correlations. The associated charged hadrons is reconstructed in

the Central tracking System, ITS and TPC.

The per-trigger yield of charged hadrons at central Pb-+Pb collisions is obtained
by subtracting the flat and flow backgrounds. In the flat background estimation,
three methods are used to estimate the minimum value of the background. The
charged pion flow is used instead of 7 flow in the flow background estimation.
The yield modification factors of Ixs at central Pb+Pb collisions on the near side
and away side are estimated by comparing to the measurements in pp collisions.
An away-side suppression from in-medium energy loss is observed (Ixa ~ 0.6),
which is from the effects of partons energy loss. Moreover, there is an enhancement

above unity of (Ixa ~ 1.2) on the near side which has not been observed with any
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significance at lower collision energies. The significant near-side enhancement of 7
in the pr region observed shows that the near-side parton is also subject to medium
effects. Ixa is sensitive to (i) a change of the fragmentation function, (ii) a possible
change of the quark/gluon jet ratio in the final state due to the different coupling
to the medium, and (iii) a bias on the parton pr spectrum after energy loss due to
the trigger particle selection. It needs to point out that the 7%-hadron correlations

analysis is an important step to measure direct photon-hadron correlations.
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Direct photon-hadron correlations

Direct photon-hadron correlation, offers two major advantages as compared to
di-jet measurements because of the nature of the photon. First of all, in contrast to
partons, photons do not carry color charge and hence do not interact strongly when
traversing the medium|292]. Secondly, the direct photon production at leading-order
(LO) in pp and A+A collisions is dominated by the QCD Compton scattering pro-
cess, ¢+9g — g+ and g+q — g+ annihilation process, and the photon momentum
in the center-of-mass frame is approximately balanced by that of the recoil parton
when considering the initial transverse momentum, kr, of the colliding partons in-
side the nucleons. In nucleus-nucleus collisions, the direct photon contributions from
next-to-leading-order (NLO) processes, such as fragmentation photons and thermal
photons, are expected to be small (~ 10%) at high-pr [293]. For these reasons, direct
photon-hadron correlations have been considered as a “golden channel” for study-
ing the properties of parton energy loss including parton fragmentation function
without the need of the jet reconstruction [294, 295|. At RHIC, the measurements
of correlations between direct photons and charged hadrons extracted by isolation
method and Statistical Subtraction method were introduced briefly in Sec. 4.4. In
ALICE, both methods are also used together to extract the direct photon-hadron

correlations, which will presented in this chapter.

In this chapter, it begins with the introduction of measurement observables from
the direct photon-hadron correlations in Sec. 7.1, which is followed by the analysis
of the direct photon-hadron correlations with the isolation method in Sec. 7.2. In
Sec. 7.3, another extraction method, Statistical Subtraction method, is used to

measured the direct photon-hadron correlations.
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7.1 Measurement observables

Direct photon production at leading-order is dominated by the QCD Compton
scattering process, ¢ + g — ¢+ v and ¢ + ¢ — g + ~y annihilation process shown in
panel a and b of Fig. 7.1. It generally is called prompt photon. The production from
next-to-leading-order, such as fragmentation photons and other additional medium
induced contributions (thermal, jet conversion), contributes with about 10% (cor-

responding Feynman graphs shown in panel ¢ and d of Fig. 7.1). Experimentally,

q Y g Y ‘iT
a) b) q q =
C) ' d) ---_l‘--—-
a q q

q

Figure 7.1: Feynman graphs of the main production processes for direct photons in initial hard
scatterings, quark-gluon plasma phase thermalization and parton fragmentation: (a) quark-gluon
Compton scattering, (b) quark-antiquark annihilation, (c) Bremsstrahlung and (d) parton frag-

mentation.

it is accessible using the momentum of prompt photon to balance the momentum
of the opposite jet, p;. ~ pfft. This balance is only approximate due to the trans-
verse momentum, kr, of the colliding partons inside nucleons. In this analysis, the
azimuthal angle distribution and jet fragmentation function are measured by the di-
rect photon-hadron correlations. At LO direct photon-hadron correlations, hadrons
are ideally produced from the away side parton fragmentation, see a schematic view
in the left panel of Fig. 7.2. This would result in the azimuthal angle difference

track

of Ap = ¢ — ¢ with non-zero distribution on the away side. The away side

distribution provides a measurement of the jet fragmentation function defined as
D(z) = 1/(Njet)(dN(2)/dz), where z = P /pPt. In leading order pQCD, the frag-
mentation function of the recoil jet from the away side parton should be given to a

good approximation by the imbalance parameter xg distribution defined as:
+ +
CProPt Pt [cosAg
|Pr|? P

where Ay is the azimuthal angle between isolated photons and hadrons. As it was

(7.1)

ITg —

mentioned, the transverse and longitudinal momenta of away side parton does not
exactly balance with the prompt photon. Hence, the parameter xg is an approxima-

tion rather than an exact measurement to the fragmentation function of the away
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side jet [298]. This analysis is only performed with pp collisions at /s = 7 TeV.
The right panel of Fig. 7.2 shows the xg distribution computed from Diphox v-jet
production [308| and comparison with DSS quark and gluon fragmentation func-
tion [309, 310|. It indicates that the zgy distribution mainly follows the quark frag-
mentation behaviour in a large range (0.2 to 0.8) because of the dominant contribu-

tion of Compton scattering process.

pp,\5=7TeV
DSSNLO, 1= p,

% Diphox {y-jet)
pr= 20 Gevie, p > 3 Gevie

D(z,6f) gluon

D(z2,) quark

c\Hl
=
ha
o
O
=)
-
=g
B
Le=]
Re7]
o
9
=]
[=-}
o
w

Figure 7.2: Left: Schematic view of v-jet in A+A collisions; Right: xg distribution from ~v-jet
production produced by Diphox, and compared to DSS quark and gluon fragmentation [311].

7.2 Isolation method

Experimentally, isolation method is a good technique to select the prompt pho-
ton. In this section, the jet fragmentation function measured by isolated photon-

hadron correlations is presented briefly. The main analysis procedures are:
e Obtain photon candidates by filtering all clusters measured at EMCal with
the photon identification cuts defined in Sec. 5.3.1.

e Study a isolation criterion with the y+jet simulation production.

e Use the isolation criterion to obtain isolated photon candidates, and make az-
imuthal angle correlations between the isolated photon candidates with highest

pr (leading photon candidates) and charged hadrons.

e The isolated leading photon candidates are not pure photons, which include

a fraction of contamination, such as charged hadron clusters and 7° clusters.
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Therefore, the isolation photon purity is calculated by a so-called binned like-
lihood method based on the distribution of cluster shower shape long axis
A2 [312].

e [ixtract isolated photon-hadron correlations by subtracting the contamination

and underlying events contributions.

e Correction factors, such as track contamination and efficiency, are calculated

and used in the analysis.

7.2.1 Isolation criterion

Clusters filtered by EMCal photon identification cuts, photon candidates, are
dominated by a large fraction of decay photons of neutral mesons (mostly 7°). The
fraction is reduced about 80% by applying isolation criteria. In this analysis, the
isolation criterion requires no particles including charged and neutral particles with
pr > 0.5 GeV/c in a cone of radius R = \/m = (0.4 around a photon
candidate with highest pr in one event. In Fig. 7.3, the left panel shows the schema
of this isolation criterion, and the right panel presents the isolation efficiencies of
direct photons calculated from the y-jet simulation at /s = 7 TeV and 7° obtained
from pp collisions at /s — 7 TeV. The efficiency results indicate that ~80% direct

photons are isolated by this isolation criterion, while ~10% 7° are isolated.

hadrons ® L I L DU DL D L PR A I

[y £, 12| Isolation R=0.4, py*"<0.5 GeVic % ]

I o [ 7

22 I m v Pythia (y-jet) (s=7 TeV 4

= PERFORMANCE -

i o 1° pp data Vs=7 TeV 26/07/2012 ]

(U ]

Py ) proton r ]
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Figure 7.3: Left: Schema of isolation method with a cone radius of R = \/Ap? + An? around
the leading photon candidate. Right: Isolation efficiencies of direct photons (blue) from the ~-jet
simulation at /s = 7 TeV and 7° (red) from pp collisions at /s = 7 TeV [311].
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7.2.2 Isolated cluster-hadron correlations

The isolated cluster (photon candidate) with highest pr in one event is used
as the trigger to correlate with charged hadrons. The imbalance parameter xg is
calculated by Eq. 7.1 at a region of [A¢p—m| < 7 on the away side in the correlations.
Fig. 7.4 presents the xp distribution from isolated cluster-hadron correlations with
the isolated leading clusters pr at 8 < p*® < 12 GeV/c (black), 12 < pi'® <
16 GeV/c (red), and 16 < pi'® < 25 GeV/c (blue). To the isolated cluster-hadron
correlations, the underlying events xg contributions which are estimated at two

different regions of § < Ap < %’r and %” < Ap < %’r are subtracted.

z| 5
©Ie 10 pp, Vs =7 TeV
'_|ZE o Isolated clusters
| /—=— trig
L —4— 8GeVic<p “<12GeVic
1 — —}— 12GeVic < p;° < 16 GeVic (x107)
E = . —+— 16 GeVic < pfr"g <25 GeV/c (x10?)
: —=
- —a—
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F —a—
C  ——
B — Ce ]
[m— —
102 —— (¢ T3

\ H
d
E

o == 1]

PERFORMANCE
25/07/2012
| I B P P P

o
o
N
o
~
o
o
o
(o]
-

Xg

Figure 7.4: zg distributions of isolated cluster-hadron correlations in three ptTrig bins and p§*°¢ >

0.2 GeV/c [311].

7.2.3 Isolated 7'-hadron correlations

As it is presented in the right panel of Fig. 7.3, ~10% 7 at high-pr are isolated
with the defined isolation criterion. This is because two decay photons from high-
pr 7 are generally close and their two electromagnetic showers overlapping in the
calorimeter cells are clustered. A fraction of these clusters rejected unsuccessfully
by the photon identification cuts are the dominant contamination of isolated pho-

tons. In order to estimate and subtract the contamination, the zy distribution of
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isolated 7°-hadron correlations is measured, where the 7¥ is identified by Cluster
Splitting method introduced in Sec. 6.2.1. The underlying event contribution to
xg is also subtracted with similar analysis in isolated cluster-hadron correlations.
The final results of z distribution of isolated 7%-hadron correlations at three pf®
are presented in the left panel of Fig. 7.5. Compared to inclusive 7°, the isolated
70 equally carries the fraction of its parent parton energy from 0.5 to 0.8. An ex-
ponential slope is extracted from fitting the xy distribution of isolated 7%-hadron
correlations with a function of Ae=® and compared to DSS fragmentation functions
shown in the right panel of Fig. 7.5. The comparison indicates that the isolated 7"

is a parton fragmentation product and p%o < p%arton,

Zl N3 o 14
OIS 10 pp, Is =7 TeV s | pp, Vs = 7TeV
2 E ke
“|z- E Isolated w [ Isolated 7 (R=0.4, p!™* = 0.5 GeV/c)
F —4— 8GeVic<p!<12GeVic s F LICE, = T
1k —— —}— 12.GeVic < p!" < 16 GeVic (x10™) '% 2= e m* DSS NLO quark
E = PR —4— 16 GeVic < < 25 GeV/c (x107) § L e n* DSS NLO gluon
[ L Xg range [0.2-0.8]
r = TEEEEEEEE e
1071 = —s 10— eeeeeemmtmtnyT T <z>=1
: . = E—
C [ I [ (RS I
e T R T N o ! e e
" [ — — ==
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Figure 7.5: Left: xp distributions of isolated 7°-hadron correlations in three ptTrig bins. Right:
Slopes extracted from exponential fit of isolated 7%-hadron correlations and compared to DSS

quark-gluons fragmentation functions [311].

7.2.4 Isolated photon-hadron correlations

To subtract the contamination contribution to the xg distribution, the isolated
photon purity is estimated firstly by two-component binned likelihood method: a
mix of scaled signal and contamination distribution is used to fit all clusters in pp
collision data at the distribution of the shower shape long axis 3. An example fitting
with this method at 16 < pr < 25 GeV/c is shown in the left panel of Fig. 7.6. Here,
the signal component is obtained from ~-jet events generated with PYTHIA and
propagated through the detectors with GEANTS3, and the contamination component

is extracted from data by selecting events which are failed in the isolation criteria.
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The typical purity values obtained from this method in 8 < pr < 25 GeV /¢ increase
from about 5% to 70%.

scaled with respect to the isolated photon purity estimated previous is subtracted

The zg distribution of isolated 7°-hadron correlations

from isolated cluster-hadron correlations. The subtraction analysis is to sum up at

8 < p'i'® < 25 GeV/c with the trigger pr interval of App =1 GeV/c:
25 GeV/c
7,880 1 cluster,iso bi — 1 w0 iso
D(zg™) = Z fDi($E )+ A D;(zg ™) (7.2)
pr=8 pi bi

where the D(z"*%), D;(z5"**"*), and Di(:)sgo’iso) are the imbalance parameter g
distributions of isolated photon-hadron correlations, isolated cluster-hadron correla-
tions and isolated m°-hadron correlations; p; is the isolated photon purity calculated
by binned likelihood fitting in each trigger interval. The zg distribution of isolated
photon-hadron correlations at 8 < ptTrig < 25 GeV/c is shown in the right panel
of Fig. 7.6, and a slope 7.8 + 0.9 is obtained from the fitting of zg distribution at
0.2 < g < 0.8 with the function of Ae~". More details about this analysis can be

found in [311].

= =| W
g - 16<E <25GeVic Ul'ém pp, Vs =7TeV
=1400 - Isolation : R = 0.4, p!"** < 0.5 GeVic ‘—lzg 10 = Isolated photons
u=_| + pps=7TeV =
L ALICE C )
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L sackground 25/07/2012 L —
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: + 1= Inverse slope : 7.8 +/- 0.9
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Figure 7.6: Left: Isolated cluster shower shape long axis A3 distribution fitted by a two-component
binned likelihood. Right: zg distributions of isolated photon-hadron correlations at 8 < pi° 7 <
25 GeV/c [311].

7.3 Statistical Subtraction method

In this section, a detail description about the measurement of the direct-hadron

correlations with Statistical Subtraction method is presented. The inclusive photon
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(Vinclusive) Sample that we measure in the data, can be distinguished into two types of
photons: decay photons and direct photons. Decay photons (Vgecay) are from meson

decays such as 7° — 2+, and direct photons (Vgirect) are the rest. In summary,
Ndirect = Ninclusive - Ndecay (73)

Ideally, the direct photon component can be extracted from the inclusive photon
sample in an event-by-event basis and then correlated with charged hadrons. Since
the contribution of photons from hadron decays is dominant by a couple of orders
of magnitude compared to the direct photons, this measurement is challenging.

In the Statistical Subtraction method, the 7gi.eci-hadron correlations are ob-
tained by subtracting the 7gecay-hadron correlations from the Yincusive-hadron cor-
relations. The ~iycusive-hadron correlations require a high-pt photon trigger (i.e.
pr > 8.0 GeV/c) constructed Ay and An distributions with associated charged
hadrons in the events. The 7gecay-hadron correlations are estimated from measured
7%-hadron and n-hadron correlations with a weighting factor from Monte-Carlo study
that a 7°/n with a given pr produces a decay photon within a certain pr bin. Based
on Eq. 7.3, the relationship between the per-trigger yield, Y, for 7girect-hadron,

Vinclusive-hadron and Ygecay-hadron correlations can be expressed as:

NdirectYdirect = NinclusiveY;nclusive - Ndecadeecay (74)

According to Eq. 7.4, the statistical subtraction equation used to determine the

direct photon-hadron correlation is written as:

R'y}/inclusive - Ydecay

Y. irect — 7.5

s = S (7.5

where R, is the ratio of inclusive to decay photons, called Double Ratio, which is
written as: N N

R, — inclusive -1 direct 76

K Ndecay Ndecay ( )

R, > 1 indicates the signal of direct photons exists. More details about the statis-
tical subtraction method are summarized in Tab. 7.1.

In the imbalance parameter analysis, the detector effects, such as track contam-
ination and tracking efficiency, are taken into account directly during filling the raw

histograms with a weighting factor. The weighting factor w is calculated as:

contam
1

w = 6f]rcack (7 7)
€track
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Step Input measurement Correction source Output (Like generated-level)
1 . . ~ purity, efficiency, .
Inclusive candidate v-h . ; Inclusive ~-h
correlation resolution
2 79 /n identification efficienc
Raw 7%/n-h /n ) ) Y 70 /n-h
correlation resolution
3 7% /n-h from Step 2 7%/n MC truth map 7%/n decay v-h
7%/n decay v-h from Step 3 Ratio = % All decay ~-h
Inclusive v-h X )
5 K R, = inclusive y Direct 7-h

All decay ~-h all decay v

Table 7.1: Summary of analysis steps of direct photon-hadron correlations with the Statistical

Subtraction method.

contam eff 3 3 3 3
where the Ciou®™ and €., are the track contamination and tracking efficiency,

respectively. Their calculation are defined in Sec. 6.4.4. Both of the results are

obtained from the simulation production for pp at /s = 7 TeV, as shown in Fig. 7.7.
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s | g
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Figure 7.7: Track contamination (left) and tracking efficiency (right) obtained from the PYTHIA
simulation production of pp at v/s = 7 TeV. In the efficinecy calculation, results from two simulation

productions are used to make comparison, and similar results are found.

In the following sections, more details about each step analysis, including the

calculation of the R, factor, are introduced.
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7.3.1 Inclusive y-hadron correlations

In the inclusive y-hadron correlations analysis, the V1 clusterzation is used to

reconstruct the cluster at EMCal.

7.3.1.1 Photon purity

The photons are identified from the reconstructed clusters by some cluster cuts
(photon identification) as presented in Sec. 5.3.1. Not all the clusters obtained after
using of the cluster cuts are photon clusters. Because some fraction of clusters
are created by charged hadrons, merged 7° and electrons, etc. Fig. 7.8 shows the

fraction of different composition in the clusters. The result shows that the fraction

1
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o r 1
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Figure 7.8: Fraction of the composition in the clusters with V1 clusterzation at EMCal in PYTHIA
jet-jet simulation for the pp collisions at /s = 7 TeV. ¥ clusters (blue filled circles) generated by
the two decay photons; n clusters (pink filled circles) generated by the two decay photons; decay
photon clusters (filled square) generated by only one of the meson decay photons, hadron clusters
(red triangle)generated by a hadron; prompt photon clusters (open black squares); Remaining
contributions (inverse green triangle) are electrons, muons, or cases that could not be classified.
The plot was taken from [305].

of merged 7° clusters becomes larger with the cluster pp increasing. This can be
explained when the energy of the 7% (n) is larger than 5-6 GeV (~ 22 GeV), the

two photons start to be close, and their two electromagnetic showers overlap in the
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calorimeter cells, as discussed in Sec.6.2.1.

It is impossible to extract the pure photon cluster with any photon PID cuts
at EMCal. The purity of photon needs to be calculated for extracting inclusive
~v-hadron correlations. Since the used jet-jet simulation does not include the process
of prompt photon production, and the shower shape parameter of the cluster in the
simulation does not well re-produce the data, the purity calculation is estimated
from the data or from the data together with simulations. As the isolated photon
purity, the binned likelihood method is used in this purity calculation with the
shower shape A2 distribution. Three main components are used as the inputs for
the binned likelihood fitting, which are signal part of photon clusters from the data
or the simulation, and background parts of charged hadron clusters and merged 7°

clusters from the data. Each component is analyzed as follows:

e photon cluster:
The shower shape A2 distribution of photon clusters is respectively extracted
from the data and simulation for comparison. In the simulation, the photon
cluster can be labeled by the tagged particle index in the event generation.
Looping all clusters filtered by the photon identification cuts to get the label of
each cluster, the label is used to determine the cluster is produced by a photon
or other particles. Finally, all the clusters produced by photons are selected
to analyze their shower shape A2 distribution. The distribution is presented in
Fig. 7.9 with the blue line. Since the simulation does not well re-produce the
data, the A2 of photon clusters is also estimated from data by reconstruction
of 7% and n. All clusters from data are paired to calculate their invariant mass.
Each two clusters with invariant mass around the mass peaks of ¥ and 7 are
considered as the photon clusters. Fig 7.16 shows the Gaussian-+Polynomial2
fit to the invariant mass peaks of 7° and 1 at 8.0 < pr < 12 GeV/c in the
left and right, respectively. The shower shape A2 of the clusters with the
invariant mass at different widths (different times of Gaussian o) in the mass
peaks of 7 and 7 are shown in the Fig. 7.9. The )y probability distributions
are similar at different widths in the 7° and 1 peaks from data, which means
most of selected clusters under the peak are photon clusters. The distribution
extracted from 7° peak is very different from 1 peak due to a little fraction
of clusters formed by decay photons from high-pr 7° are merged. Hence the
distributions extracted from the 7% peak can not be considered as the full

photon clusters shower shape A2 probability distributions. The figure also
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7.9: Shower shape A3 probability distributions of the clusters from different widths in the

invariant mass peaks of 7 (left) and 7 (right), and comparison with photon clusters from the

simulation (blue line) of pp at /s = 7 TeV are shown.

indicates that the \y probability distributions of photon clusters between the
data and the simulation are very different, which reveals the simulation can
not re-produce the data. In order to have high probability to select photon
clusters, it would be better to select the clusters at narrower widths in the
invariant mass peak. But taking into account the statistics, the estimation
from the width of 1.2¢ is used as the input of the photon cluster shower shape
distribution for binned likelihood fitting.

charged hadron cluster:

At EMCal, a fraction of clusters are produced by charged hadrons, e.g. 7+,
K¥*. The track matching cuts discussed in Sec. 5.3.1 are able to reject a large
fraction of charged hadron clusters. According to this performance, the shower
shape parameter of charged hadron clusters can be obtained from the clusters
rejected by the track matching cuts. In Fig. 5.10, the residual distributions of
matched track-cluster pairs are shown with An versus energy and Ay versus
energy. The projection distributions are presented as function of Anp and Ay
in Fig. 7.10. A clear peak is shown in each residual distribution. The A3
probability of matched clusters in different An and Ay widths are shown in
left and right panel of Fig. 7.11. From the figure, we find tighter cuts give
higher probability. Because of the limited statistics, the fluctuation of the
result is a little large at the tightest cut. In this case, the A3 probability
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Figure 7.10: An (left) and Ay (right) distributions of the clusters matched by tracks at 8.0 <
pr < 12.0 GeV/c from pp at /s = 7 TeV.
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Figure 7.11: Shower shape A3 probability distribution of the cluster matched by tracks in different
An and Ap widths at 8.0 < pr < 12.0 GeV/c from pp at /s = 7 TeV.
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distribution at width of An < 0.002 and Ap < 0.004 is considered from the

charged hadron clusters.

0 cluster:

e merged 7
As it was mentioned previous, when the energy of the 7° (1) is larger than
5-6 GeV (~ 22 GeV), both of its decay photons start to be close, and their
two electromagnetic showers overlap in the calorimeter cells. Therefore, a large
fraction of clusters are formed by 7°, so-called merged 7° clusters. The fraction
is larger with the increasing of 7% energy. The merged 7° clusters mainly
exist in the V1 clusterzation, and a little fraction in V2 clusterzation only
when clusters with very large energy. Fig. 7.8 shows the fraction of merged
70 clusters in V1 clusterzation. The shower shape parameter A2 of merged
70 clusters is obtained from the merged 7° clusters identified by the cluster
splitting method discussed in Sec. 6.2.1. In Sec. 6.2.1, a cluster is considered
as the merged 7° cluster in 30 width of the split sub-clusters invariant mass.
Fig 7.12 shows the \? probability distributions in different widths of the split

sub-clusters invariant mass. The results show that the probability distribution

>
8§ [ [This Thesis] pp Vs =7 TeV
80.012- 8.0 <p_ <12.0 GeV
o : ——20
r =150
0.01— s
0.008]
0.0061
0.0041
0.0021
.

05 1 15 2 25 3 35 4 45 25
Ay

Figure 7.12: Shower shape A2 probability distributions of the considered merged 7° clusters in
different widths of the sub-cluster invariant mass by splitting method at 8.0 < pt < 12.0 GeV/c
from pp collisions at /s = 7 TeV.

is highly larger with decreasing the widths of invariant mass. This indicates

that narrower width has higher probability to select the merged 7° clusters.
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When taking into account the statistical errors of the distribution, the width
of 1.50 is better to be used for the A2 probability estimation of the merged 7°

clusters.

The A2 probabilities of three sources discussed above are used as the inputs to
fit the A2 distribution of inclusive clusters with the binned likelihood method. Two
different fitting results are obtained with the signal distribution from the simulation
and the data, respectively. In Fig. 7.13, the first fit result with the A3 of photon

clusters estimated from the simulation is shown. We find that the fit is not good at

1%} [%2]
8 f g8 f
LI © [This Thesis] pp Vs =7 TeV U © [This Thesis] pp Vs =7 TeV
25000 —e— cluster 25000— —e— cluster
= — T[O = — TEO
B — - —
L oo = hadron = e —— hadron
20000 N n%+y+hadron 20000? n%+y+hadron
15000( 15000
10000[ "‘ 10000
[ L
5000 5000

oR

OO

Figure 7.13: Zoom in (left) and zoom out (right) binned likelihood fitting results to the A3 of
inclusive clusters with signal of photon clusters from simulation and background of charged hadrons
and merged 7Y clusters from data at 8.0 < pr < 12.0 GeV/c from pp at /s = 7 TeV.

0.1 < A3 < 0.4. The reason is that the A2 of photon clusters from the simulation does
not well re-produce the data. The second fit with the A\Z of photon clusters estimated
in n peak from the data is shown in Fig. 7.14. The second fitting performs well in
the full \? range. The photon purity value is about 0.94, which is calculated by a
ratio of the blue line distribution to the inclusive cluster distribution by integrating
at a range of 0.10 < A3 < 0.27.

7.3.1.2 Inclusive y-hadron correlations

The clusters filtered by some cuts are used as the trigger particles to construct
correlations with charged hadrons in the azimuthal angle difference Ap = p%ie —

2
are not inclusive y-hadron correlations due to the trigger clusters including not only

assoc

and pseudo-rapidity difference An = n™8 —n3s5°¢ 35 Eq. 4.1. These correlations
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Figure 7.14: Zoom in (left) and zoom out (right) binned likelihood fitting results to the A3 of
inclusive clusters with both signal of photon clusters under n peak and background of charged
hadrons and merged 7° clusters from data at 8.0 < pt < 12.0 GeV/c from pp at /s = 7 TeV.

photon clusters but also other source clusters. Therefore, the correlations are called
inclusive candidate photon-hadron correlations as shown in Fig. 7.15 with black
points, which need to be subtracted the background contributions of non-photon
trigger correlations. Since most of the non-photon clusters are formed by merged 7°
and charged hadrons, therefore the non-photon trigger correlations are characterized
by n%-hadron correlations as shown with red square in Fig. 7.15. The details analysis
of m-hadron correlations will be discussed in Sec. 7.3.2. The inclusive y-hadron
correlations can be obtained by subtracting merged 7%-hadron correlations from

inclusive candidate y-hadron correlations according to:

1 1—
Y, = Y, 4 — — V0 (7.8)
p p
where Y., Y,., o and Yo are the per-trigger yield of correlations with the triggers

of inclusive v, inclusive candidate v and 7°, respectively; p is the photon purity
calculated in Sec. 7.3.1.1.

7.3.2 7°/p-hadron correlations

In Chap. 6, the identification of 7° via the cluster splitting method with V1
clusterization and the measurement of 7°-hadron correlations in pp and Pb+Pb at
/3NN = 2.76 TeV are discussed in details. In this section, 7° and 1 are reconstructed

with V2 clusterization by selecting two-cluster invariant mass around the PDG mass
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Figure 7.15: Azimuthal angle distribution of correlations with trigger as inclusive candidate ~y

(black circle), 7 (red square) and inclusive v (blue cross) at 8.0 < pi'® < 12.0 GeV/c and

1.0 < p§¥°° < 2.0 GeV/c in pp at /s = 7 TeV.

of ™ and 1, respectively. A Side Band Subtraction method is used to subtract the

fake 7°/n-hadron correlations for extracting 7°/n-hadron correlations.

7.3.2.1 7° and 7 reconstruction

No matter which method, cluster splitting or two-cluster invariant mass, is used
to identified 7 and 7 mesons, the invariant mass needs to be calculated according to
Eq. 6.1. The difference is that cluster splitting method is based on one cluster which
is split two sub-cluster for invariant mass calculation, and two-cluster invariant mass
method starts from two independent clusters for the invariant mass calculation.

In the method of two clusters invariant mass, the selected clusters are recon-
structed with V2 clusterization which can unfold most of merged 7° clusters at a
certain high energy range (below 25 GeV). The merged ¥ clusters above 25 GeV
can not be unfolded. Fig. 7.16 shows two clusters invariant mass fit by a Guas-
sian-+Polynomial2 function at around 7° PDG mass 0.135 GeV/c? and n PDG mass
0.58 GeV/c* at 8.0 < pr < 12.0 GeV/c. The reconstruction efficiency of 7°(n) is
calculated by embedding single 7°(n) with a flat distribution into real pp collisions
at /s = 7 TeV events. The final pairs were weighted according to the published

7%(n) spectrum in [68]. The efficiencies are shown in the left and right panel of
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Figure 7.16: Invariant mass distribution of two clusters fit by the function of Gaus-
sian-+Polynomial2 for 7° (left) and n (right) at 8.0 < pr < 12.0 GeV/c in pp collisions at /s
= 7 TeV. The green line and red Gaussian estimate the background and signal contributions, re-
spectively. The blue like Gaussian is the sum of red and green, while the two vertical lines are 20

width around the peak mean. S/B is the ratio of signal to background in 20 width.
Fig 7.17 for 7° and ), respectively.

7.3.2.2 7°/n-hadron correlations

In the measurement of 7°/n-hadron correlations, a Side Band Subtraction is used
to subtract the fake 7°/n-hadron correlations. This method is expressed by three

steps as following:

1. A pair of two-clusters with their invariant mass in 20 width around the peak
mean is considered as the 7°/n candidate. The candidate is used as the trigger
to make correlations with charged hadrons as a function of Ay and An. The
ratio of signal (7°/n) to background (fake 7°/n) can be calculated via the fit

results.

2. Inside the peak, a fraction of pairs, fake 7% and 7, whose trigger correlations
need to be subtracted from the candidate 7°/n-hadron correlations obtained in
the step 1. The fake 7°/n trigger correlations are estimated via the correlations
with the triggers selected from cluster pairs whose invariant mass ranges are
within 40 < |M,,, — mean| < 60 around the mass peak. While fake 7°-hadron
correlations are only estimated with the triggers of fake 7° with the invariant

mass at right side due to the invariant mass distribution at left side going down
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Figure 7.17: Reconstruction efficiency of 7° (left) and 7 (right) calculated by embedding single
7%(n) with a flat distribution into real pp collisions at /s = 7 TeéV events. The final pairs were
weighted according to the published 7°(n) spectrum in [68].

sharply. A schematic view of the candidate 7¥/n and fake 7°/n selection is shown
in Fig. 7.18.

3. According to the candidate 7°/n-hadron correlations from step 1 and fake 7°/n-
hadron correlations from step2, the 7°/n-hadron correlations can be obtained by
a calculation:

1
Yo = Ysip(1+—)—Ys/forg
fbk’g

(7.9)

where Ys, Ys. 5 and Yp are the per-trigger yield of correlations with the triggers
of 7°/n, candidate 7°/n and fake 7"/n, respectively; fu, is a ratio of signal
to background calculated from the fit of the invariant mass distributions. More
details about the equation can be found in App. A.3. As an example of 7¥ trigger
correlations, the three per-trigger distributions as a function of azimuthal angle
Ay are presented at the left panel of Fig. 7.19. As shown in the left panel of
Fig. 7.19, the relation of Yz > Ys,.p > Ys is found. In order to explain this
relation, a new schema of the regions of signal+background and background of
70 is presented in the right panel of Fig. 7.19. As one can see, the region “A” goes
down sharply. Hence the pairs with the variant mass in this region are not used
to construct correlations with charged hadrons for fake m°-hadron correlations.
The per-trigger yield of correlations with the triggers from the right side band

region (region “C”) is same as the triggers from the background pairs under the
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Figure 7.18: Schematic view of the candidate 7°/n and fake 7°/n selection according to the invari-
ant mass of two cluster. The higher blue region and lower blue region are considered as the regions
of candidate 7° and 7, respectively. The left red region at mean + 40 < M,, < mean + 6o is
considered as the full fake 7 region, and the two right red reions at mean—60 < M, < mean—4o

and mean + 40 < My, < mean + 60 are considered as the regions of the full fake 1 region.
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Figure 7.19: Left: Three per-trigger yields with triggers of 7 (fill triangle), candidate 7% (fill
circle) and fake 70 (open circle) at 6.0 < ptTrig < 8.0 GeV/c and 1.0 < p§¥°°® < 5.0 GeV/c in pp
at /s = 7 TeV. Right: A schema of two types regions, signal+background (tagged by “B”) and
background (tagged by “A” and “C”).
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peak (region “B”). The per-trigger yields with the triggers in the region “B” and

0

“C” are noted by Ys,p and Yp, respectively. The fake 7° and n may be a pair

with two clusters from the following cases:

e One cluster is formed by a photon of 7° decays and the other one is from 7.

e One cluster is formed by a photon and the other one is created by the

charged hadron.

e Two clusters are created by two photons which are decays from two different
m(n).

e Two clusters are produced by charged hadrons.

In each case, the parton which result in Yz has higher energy than the parton
giving Ys,p and Ys, so Ygip > Ys. Because Ys,p includes a fraction of Yj,
hence Ys, 5 > Ys make sense.

In this analysis, the correlations are measured with the triggers of 7° and 7 at
8.0 < ptT]rig < 12.0 GeV/c. Their per-trigger yields of Ys, 5, Yz and Yg are shown in
Fig. 7.20. Each distribution is corrected by the track contamination and tracking
efficiency. Here, the per-trigger yields of correlations with triggers of 7° and 7 are

not corrected by the reconstruction efficiencies of 7° and 7. In ¥ trigger correlations,

g [ g f
I L . . _ o = f f =
= [ [This Thesis] pp s =7 TeV < [ [This Thesis]  Ppls=7TeV
S L 8.0< p‘T”g <12.0 GeV/c § L 8.0 <p*<12.0 GeV/c
% 2 1.0 < pi*** < 2.0 GeVle z 2- 1.0 <p™* < 2.0 GeVic
2 r —+— 1°(signal+bkg) - h* 2 - —+— 1|(signal+bkg) - ht
z B e 0( g 0 9) z L - X
= L —=— 1%(bkg) - h = [ —=—n(bkg) - h
1.5 —— %(signal) - h* 1.5~ —e—n(signal) - h*
L L +
L L +
b s
s -0 |
1— 1—
B I +
|- |- -+
L * . L '#
[ +* - L -+ -+
0.5? . 0.5? + o+ o
r + ¥ ¥ r * ++F
L + * ;t;* *:9 71 Fars i# - gi +++i$¥4§ N
[ +* A& +4 -+ -
O -+~ 'rrT‘\{W#\*\*T'r'\'r'\'r'\'r'\'r'\g\":\t? Ot -7~ 'r'm"\wT'r'\'rﬂ'r'\'r'rr'r*r
- 0 1 2 3 4 -1 0 1 2 3 4
Ao (rad) Ao (rad)

Figure 7.20: Three per-trigger yields, Ysip (blue cross), Yp (red square) and Ys (black circle), of
70 (left) and 7 (right) at 8.0 < pr < 12.0 GeV/c and 1.0 < pr < 2.0 GeV/c.

the ratio of signal to background is large, so we observe that the Ys is very close
to Ys, 5. While for n trigger correlations, the ratio is small which results in Y5, p

much higher than Y.
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7.3.3 Decay y-hadron correlations

The correlations with the triggers of decay photons from 7° (V.

x0) and from 7

(Y, ;) can to be determined by weighting the measurements of 7°-hadron correlations
(Yr0) and n-hadron correlations (Y;)) in pair-by-pair procedure. The weighting factor
called decay map probability factor is obtained from a Monte-Carlo study discussed
later. All decay ~-hadron correlations are estimated from the correlations with
triggers of decay photons from 7° and 7 via a ratio of all decay photons to decay
photons from 7°. In this analysis, only decay photons from 7° and 7 are taken into
account, and other meson contributions ( e.g. w, 1/, ¢ ...) are not measured and

are considered to be equivalent to Y.

7.3.3.1 Pair-by-pair weighting

Taking the analysis of decay photon-hadron correlations with the decay photons

from 7°

as an example, the weighting determination includes two independent pro-
cedures which are weight analysis of number of triggers and correlation pairs. In a
real detector however, the reconstructed 7° differs in both momentum and position
from the true distribution due to the 7% identification cuts and detector effects. The
70 identification efficiency is taken into account in the pair-by-pair weighting proce-
dure for obtaining the true 7¥ triggers and true m°-hadron correlations. For a given
70 distribution, the number of its decay photons in a pr bin (e.g. a < pr < b GeV /c)

can be obtained by a calculation as:

v() o = v 0 N™ (p%o) 0
N a < pl <b) = ©ro (pr, p1 ) - ———dpT (7.10)

Eq0

where ©.0(p, p’TTO) is the decay map probability obtained from a given 7° with
p%o to decay into a photon of p}, and e,0 is the 7° identification efficiency. In
principle, the calculation of decay map probability function needs to implement the
EMCal acceptance, smearing effects, resolutions of energy and position. While as
summarized in Tab. 7.1, the obtained 7% reconstruction reach “generator level” by
using some of correction factors (In this analysis, only the reconstruction efficiencies
of 7 and 7 are considered for the correction). Therefore, the probability function
can be determined analytically and/or from the PYTHIA simulation and will be

discussed later. Similarly, the correlation pairs are obtained by following calculation:

N”Mﬂ’%a<p%<@:i/ Oro (Pl p ) - N™ P (pi ) dp (7.11)
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Theoretically, the N7 (a < pl < b) and N*""""M(q < pl < b) need to be
estimated by weighting 7° contributions at pr > a GeV/c. However, the momentum
range of the measured 7° and its trigger correlations is limit. For example, the
measured momentum range can only go up to 20.0 GeV/c to 7 and 25.0 GeV/c to
7 in this analysis. To estimate the contributions above this momentum, a Cut-Off
method is used by fitting the 7%-hadron correlations as a function of 7° pp with the

Power law function. More details about this method will be discussed in Sec. 7.3.3.3.

7.3.3.2 Decay map probability

As it is discussed, the detector effects need to be considered when calculating
the decay map probability. While the 7%(n)-hadron correlations are measured with
all correction factors to go to the “generation level”. In this case, the decay map
probability function can be estimated analytically and/or from the PYTHIA simu-
lation.

The analytical calculation shows that this probability distribution should be flat
for a given ¥ with p%o to its decay photons at any pr. In this case, the likelihood
of yielding a photon at any pL can be written in terms of the decay phase space as
dN, /dp} = 2/])%0 where 2 reflects the number of decay photons. The probability
value should be zero at pT < pTdeC because the decay photon can not have higher
energy than its parent 7. Generally, the decay map probability function, @, o (pT ),

for a decay photon pr interval of a < pl. < b, can be expressed as:

/

:0, pT <a

0 p%cw?—z 1- 4 7 < b
ouset) =4 | Wiz =2(1- -5 ) a<pi< (712)

T

b b—a
/adep ( ) p%>b

An example of the weight probability function determined analytically and estimated

from simulation MC truth for decay photon pr interval of 8.0 < pr < 12.0 GeV/c
is shown in Fig. 7.21.

7.3.3.3 Cut-Off correction

As presented in Eq. 7.11, the number of decay photons N7 at a < pr < b should
theoretically come from 7°/n at pp > b up to infinite py. In fact, the mesons can not

reach a certain pr due to the limit of system collision energy +/s. In this analysis,
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Figure 7.21: Decay map probability (normalized to one photon) for the photon at 8.0 < p. <
12.0 GeV/c as a function of p%o and p. from simulation truth and analytically.

the pr of 7° and 7 can only go up to 20 GeV/c and 25 GeV/c in V2 clusterization,
respectively. A correction is included to decay yields to account for the contribution
from mesons at higher pr. The correction factor can be estimated from a fitting to
the meson-hadron correlations yield as a function of trigger pr with a function of

power law, which is calculated as:

meson—nh meson— h dNmeson—h meson—nh meson—h\ dN™eson—h
f<p&‘na7‘ dp p(pT d meson T meson—h / f dp (pT )W
Pt

Nmeson deeso'n.
f<p%ﬂ1 dpmesonp(p%mescm dpmeson /f dpmeson meson) dp%wson

CYcutoff =

(7.13)
where p®® is 20 GeV /c to 7° and 25 GeV/c to n. Because of the limited simulation
and data statistics, the cut-off correction factor can not be analyzed above 20 GeV /¢
to ¥ and 25 GeV/c to n. But according to the results at PHINEX, the contribution
is less than 1% above 20 GeV/c to correlations at 8.0 < p*® < 12.0 GeV/c and
1.0 < pa°c < 2.0 GeV/c [313].

7.3.3.4 Decay v-hadron correlations

Based on the 7" /n-hadron correlations, the corresponding decay photon trigger
correlations can be obtained by using the pair-by-pair weighting and cut-off cor-

rection for high-pr contributions. The per-trigger yields of correlations with the
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trigger of decay photon from 7° and 7 are shown in Fig. 7.22. Here, the per-trigger
yields of correlations with triggers of 7° and 1 are corrected by the reconstruction

efficiencies of 7° and 7 presented in Fig. 7.17. Total decay y-hadron correlations

g 5 |
e L . . s L
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Figure 7.22: Per-trigger yields of correlations with trigger as decay photon from 7° (left, red) and
n (right, red) at 8.0 < ptTrig < 12.0 GeV/c and 1.0 < pa¥°¢ < 2.0 GeV/c in pp collisions at /s = 7
TeV.

are estimated from the correlations with the triggers of decay photon from 7° and
n via a ratio of all decay photons to decay photons from 7%. In this analysis, only
decay photons from 7 and 7 are analyzed, and other meson contributions ( e.g. w,
n', ¢ ...) are not measured and considered to be equivalent to Y,. Finally, the total

decay per-trigger yield can be calculated according to:

1 1
Ydecay = g * Yvdecay(ﬂ-o) + (1 - 5) * Ydecay(n) (714)

where 0 is the ratio of the total number of decay photons to the number of decay
photons from 7°. The ratio is calculated by analyzing a Cocktail Generator sim-
ulation with 7% and 7 from ALICE measurements [68] and other sources from mr
scaling [315, 316] as discussed in Sec. 7.3.4. The left panel of Fig. 7.23 shows this
ratio as a function of pr. The value at 8.0 < pr < 12.0 GeV/c is estimated about
1.21 £ 0.01. According to Eq. 7.14 and the ratio of all decay photon to 7° decay
photon, the per-trigger yield of inclusive y-hadron correlations can be obtained and

shown in the right panel of Fig. 7.23.
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Figure 7.23: Left: Ratio of all decay photon to 7% decay photon as a function of pp calculated by
Cocktail simulation at /s = 7 TeV, taken from [314]; Right: Per-trigger yield of correlations as
trigger of all decay photon estimated from decay photon of 7°/n-hadron correlations in pp at /s
=7 TeV.

7.3.4 R, calculation

In the statistical subtraction method, the last important variable is the Double
Ratio, R, as defined in Eq. 7.6 to achieve the direct v-hadron correlations according

Eq. 7.5. Experimentally, 12, is calculated generally as:

N'Yinc /Nﬂ'o |data ~ N'Yinc‘data
~
N’Ydecay /Nﬂ'o ’COthail N'Ydecay

R, = (7.15)

cocktail

After the approximate canceling of the 7¥ contributions in the two input ratios, this
ratio describes the ratio of the measured inclusive primary photon to the simulated
decay photon spectrum. If this ratio rises above unity, it means more inclusive
photons are measured than expected from meson decays and indicates the direct
photon signal exists. Using this calculation, many effects are canceled in the data

measurements, which include:
e The energy scale error which completely cancels if it is an overall scale factor.

e The uncertainty in the efficiency calculation which partially cancels as the
single photon efficiency has a direct impact on the two-photon efficiency needed

for the invariant mass analysis of the 7°.

e The systematic error due to the conversion correction, which partially cancels

for the same reason.
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e The overall normalization uncertainty of the trigger if using EMCal triggered

events for the analysis.

In this analysis, the used R, is calculated from photon conversion method. The
numerator in Eq. 7.15 includes two measurements which are inclusive photon and
70. The inclusive 7° measurement in pp at /s = 7 TeV is taken from [68], and the
corrected inclusive v is measured by photon conversion method as shown in the left
panel of Fig. 7.24. The ratio of inclusive photon to 7% is calculated by combining

with the measurement of 7°, as shown in the right panel of Fig. 7.24.
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Figure 7.24: Left: Fully corrected ~ invariant cross section as a function of pt in pp collisions
at /s = 7 TeV; Right: Ratio of inclusive photon to 7° measured in pp at /s = 7 TeV. Taken
from [314].

In the denominator of Eq. 7.15, the distributions of all decay photon and 7
are estimated from a Cocktail simulation by mr scaling. Two most contributions
to decay photons are from 7° and 7 by the two-photon decay channel. The decay
photon from 7% and 7 provides about 80% and 15% of all decay photons, respectively.
The remaining about 5% is distributed between the decay products of ¢, 7', w and
p® meson, the X° baryon and other decays. The largest contribution from theses
additional sources is from the decay of the w with the order of 2%. The cocktail
generator is used to fit the meson spectra as inputs. In the pp collisions, the 7% and
71 spectra are measured and the corresponding fits are used as the inputs to simulate
the decay photon spectra. To simulate the decay photon spectra from other mesons,

their spectra have to be estimated by mt scaling. The mr is defined as:

mr = \/p} + m2, (7.16)
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The mr scaling phenomenology was found by the WA80 collaboration [315] and was
extended to a broader set of different mesons [316]. Taking n as an example, its mr

spectrum can be estimated according to:

dN /
Ed_pg‘zom‘Pﬂ—o p%+mn

where (), represents the relative normalization of the n-mr spectrum to the neu-

(7.17)

tral 7%-mp spectrum and must be obtained from experimental results. Po is a
parametrization of the 7° spectrum and m,, is the mass of the n meson. The con-

sidered hadron contributions and their my scaling factors are listed in Tab. 7.2. In

Meson | Mass (MeV/c?) | mr factor (C,,) | Decay Branches | Branching ratio
98.789%
70 134.98 - 7 ’
ete ™y 11.1198%
0% 39.21%
i 047.3 0.46 TrrTy 4.77%
ete 4.9 x 1073
Ty 9.9 x 1073
p° 770.0 1.0 A
7Oy 7.9 x 10~
7Oy 8.5%
w 781.9 0.9 B
0y 6.5 x 10
0%y 30/2%
i 057.8 0.25 Wy 3.01%
vy 2.11%
0y 1.3%
& 1019.5 0.35 70y 1.25 x 103
wy <5%
A~y 100%
»0 1192.6 0.49
A~y < 3%

Table 7.2: Dominant sources of decay photons from hadronic decays and the employed mr factor
scaling relative to the 7° measurement. The masses, decay branches, and branching ratios of
different hadrons are listed, taken from [314].

the Cocktail simulation, all the hadrons listed in Tab. 7.2 are as the inputs. From
the simulation, the decay photon spectra from different hadrons obtained for pp
collisions at /s = 7 TeV are shown in the left panel of Fig. 7.25, and the ratios of
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corresponding decay v to 7 as well as the ratio of all decay ~ to 7° are presented
in the right panel of Fig. 7.25.
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Figure 7.25: Left: Decay photon spectra from different hadrons obtained for in pp collisions at /s
= 7 TeV; Right: Ratios of corresponding decay v to m° as well as the ratio of all decay 7 to =°.
Taken from [314].

When the ratio of inclusive v to 7 measured from pp data together the ratio of
all decay v to 7 obtained from Cocktail generator is calculated, the Double Ratio,
R, defined in Eq. 7.6, can be calculated according to formula Eq. 7.15. The final
result including NLO pQCD predictions is shown in Fig. 7.26. The NLO pQCD

prediction is calculated as:

N,
%NLO — 1 + (NCO” X Ydirect, NLO ) (718)

Ydecay | cocktail

Three predictions with different momentum scales (u = 0.5, 1.0, 2.0 pt) are calcu-
lated and shown in the figure. The width of the band is given by the differences in
the scales with central value obtained from g = 1. In pp collisions, the N, is set
to one. The prediction from the pQCD calculation is consistent with the measure-
ment result. Both of the measurement and predication indicate the signal of direct
photon is not strong at pr below 12.0 GeV/c. Higher pr results are expected to be

measured in the future soon.

7.3.5 Direct y-hadron correlations

The direct photon-hadron correlations can be extracted by subtracting all decay

photon-hadron correlations from the inclusive photon-hadron correlations according
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Figure 7.26: Direct photon signal presented via the double ratio + Nine for pp collisions

Ydecay

at /s — 7 TeV. Different NLO calculations for three momentum scales are plotted as a blue band.
Taken from [314].

to Eq. 7.5. The per-trigger yield of direct photon at 8.0 < ptTrig < 12.0 GeV/c and
1.0 < p§*°¢ < 2.0 GeV/c is shown in Fig. 7.27. The R, at 8.0 < pp < 12.0 GeV/c is
estimated from the average of two values at 8.0 < pr < 10.0 GeV /c and 10.0 < pr <
12.0 GeV/c. This result indicates it is impossible to extract a enough significant
measurement of the direct photon trigger correlations from current statistics of pp
collisions at /s = 7 TeV. But the yield is zero consistent with systematic errors on
the near side and a significant peak above zero on the away side are observed from

the preliminary measurement.

7.4 Summary

Direct photons mainly consist of prompt photons produced at the leading-order
from Compton and annihilation QCD processes and fragmentation photons at next-
to-leading-order processes. In addition, one more contributions to direct photons
at nucleus-nucleus collisions are thermal photons and jet conversion from the inter-
actions of the hot and dense QCD medium. Generally, the parton fragmentatioil

=1 h
function is considered to be characterized by the imbalance parameter xg = —=

Experimentally, the processes producing the leading-order direct photons can
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Figure 7.27: Per-trigger yield of direct photon-hadron correlations (red) is estimated by subtracting
decay photon-hadron correlation (blue) from inclusive photon-hadron correlations (black) according
to Eq. 7.5 at 8.0 < pmg < 12.0 GeV/c and 1.0 < pg°°¢ < 2.0 GeV/c in pp collisions at /s = 7
TeV.

be tagged by identifying leading isolated photons and their correlated associated
hadrons in opposite azimuth direction. In this analysis, the used isolation tech-
nique requires no particles including both charged and neutral particles with pr >
0.5 GeV/c in a cone of radius R = \/m = 0.4 around a photon candidate
with highest pr in one event. The purity of isolated photons is estimated by a two-
component binned likelihood method by fitting the cluster shower shape long axis A2
distribution with a mix of scaled signal (MC ~-jet) and contamination (non-isolated
cluster) distributions. Isolated 7y-hadron correlations are obtained by subtracting
Isolated 7%-hadron correlations considered as the main contamination from isolated
cluster-hadron correlations with the isolated photon purity. The slope of imbalance
parameter zy from isolated 7°-hadron correlations is compared to DSS fragmenta-
tion functions. Similarly, in the isolated v-hadron correlations the slope of imbalance
parameter rg is calculated by fitting the imbalance parameter distribution with the
function Ae~? at 8.0 < p2” < 25.0 GeV/c.

Another method, statistical subtraction, is used to extract the signal of direct
photons for their trigger correlations with charged hadrons. The analysis method is
based on a relation that total photons consist of direct photons and decay photons

from hadrons. In this analysis, the direct photon-hadron correlations are obtained
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by subtracting decay photon-hadron correlations from inclusive photon-hadron cor-
relations. Firstly, the inclusive photon-hadron correlations are measured with the
triggers of clusters filtered by photon identification and corrected with the pho-
ton purity and photon identification efficiency. The photon purity is calculated
by binned likelihood fit to the cluster shaper shape long axis A3 distribution. In
the binned likelihood fit, three A3 distributions of photon clusters, charged hadron
clusters and merged 7° clusters are used as inputs. The photon cluster A3 distribu-
tion is estimated from the clusters which are under 7° and 7 peak in 1.20 width.
The charged hadron cluster A2 distribution is estimated from the clusters which are
matched by cluster-matching algorithm where the Ay = puuster — Gtrack < 0.004
and An = Yauster — Mirack < 0.002. The third contribution, merged 7° cluster A3
distribution, is estimated from the clusters which are identified as 7° by cluster
splitting method. Secondly, the contamination, decay photon-hadron correlations,
is obtained from 7 /n-hadron correlations by pair-by-pair weighting with the photon
decay map probability function. The 7°/n-hadron correlations are measured by a
Side Band subtraction method. The weight factor of photon decay map probability
function is calculated by a Monte-Calo study. Thirdly, an important factor, Double
Ratio R, defined as a ratio of inclusive photons to decay photons, is calculated by
a Cocktail simulation. At last, a limit esitmation of the direct photon-hadron cor-
relations is measured by subtracting all decay photon-hadron correlations from the
inclusive photon-hadron correlations by a so-called statistical subtraction method.
This result indicates it is impossible to extract a enough significant measurement of
the direct photon trigger correlations from current statistics of pp collisions at /s
= T TeV. But the yield is zero consistent with systematic errors on the near side and
a significant peak above zero on the away side are observed from the preliminary

measurement.
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Chapter 8
Summary and outlook

The main goals of the ALICE experiment at CERN is to search for and study
a new phase of strongly interacting matter called quark-gluon plasma (QGP) in
nucleus-nucleus collisions at the LHC. In this new state, the quarks and gluons
are no longer confined in the hadrons, but more freely over longer distances. It
is well known that such a phase probably exists in a microsecond after the Big
Bang, and is expected to be recreated in the laboratory via heavy-ion collisions
at a sufficiently large energy density. It is a large experimental challenge to prove
the fleeting existence of the QGP based on its characteristic signatures extracted
from the final products of the heavy-ion collisions. The main work presented in this
thesis is to study the medium effects by two-particle correlations with the triggers of
neutral pions in pp and Pb+Pb collisions at a center-of-mass energy of \/syy = 2.76
TeV in the ALICE experiment at CERN/LHC. In addition, the correlations between
direct photons and charged hadrons in pp collisions at /s = 7 TeV are measured by
both isolation technique and statistical subtraction methods to study the azimuthal
angle distribution and the parton fragmentation function. The ultimate objective of

all the measurements is to study the properties of the hot and dense QCD matter.

8.1 Summary

The initial energetic partons are produced by short-distance hard-scatterings at
the early stage during the collisions. The partons have to go through the hot and
dense QGP medium and are expected to lose their energy due to the interactions
between partons inside the medium via gluon bremsstrahlung and multiple colli-

sionss with other partons in the medium. This parton energy loss, which is often
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referred to as “jet quenching”, depends on the color density of the medium and on
the distance traversed inside the medium. The fragmentation of the reduced-energy
parton will yield fewer particles at high pr in the final state. That is to say the
energy lost by a parton provides fundamental information on the thermodynamical
and transport properties of the medium. A comparison of the final-state high-pr
particle yields in pp and A-+A collisions will thus reveal the effect of jet-quenching.

At low jet transverse momenta (prj < 50 GeV/c), background fluctuations
due to the underlying event dominate and event-by-event jet reconstruction be-
comes difficult. Two-particle correlations allow the study of medium effects on the
jet fragmentation without the need for jet reconstruction. In such an analysis, a
particle is chosen from a pr region and called the trigger particle. The so called
associated particles from another pr region are correlated to the trigger particle
where pi°¢ < ptfig. The associated per-trigger yield is measured as a function
of the azimuthal angle difference Ay = Qg — Passoc and pseudo-rapidity differ-
ence A7 = Nyig — Nassoc- Lhe medium effects are observed from the suppression

of the correlation yield on the away side at high-p57°°, enhancement and double-

peak structure on the away side, and “ridge” on the near side at low both ptTrig and

aSSOC

Pr
to di-jet measurements because of the nature of the photon. First of all, in contrast

. Direct photon-hadron correlations, offer two major advantages as compared

to partons, photons do not carry color charge and hence do not interact strongly
when traversing the medium. Secondly, the direct photon production at leading-
order (LO) in pp and A+A collisions is dominated by the QCD Compton scattering
process, ¢ + g — q+ v and ¢ + § — g + ~ annihilation process, and the photon
momentum in the center-of-mass frame is approximately balanced by that of the
recoil parton when considering the initial transverse momentum, kr, of the colliding
partons inside the nucleons. In nucleus-nucleus collisions, the direct photon contri-
butions from next-to-leading-order (NLO) processes, such as fragmentation photons
and thermal photons, are expected to be small (=~ 10%) at high pr. For these rea-
sons, direct photon-hadron correlations have been considered as a “golden channel”
for studying the properties of parton energy loss including parton fragmentation

function without the need of the jet reconstruction.

8.1.1 Neutral pion-hadron correlations

The opening angle of decay photons from neutral mesons becomes smaller with

increasing neutral mesons energy due to the Lorentz boost. In the EMCal at ALICE,
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when the energy of the 7° (n) is larger than 5-6 GeV (~ 22 GeV), the two photons
start to be close, and their two electromagnetic showers overlap in the calorimeter
cells. A new identification 7° method, cluster splitting method, is used to iden-
tify 7% for measuring the m%-hadron correlations. This method can achieve to high
pr and improve statistics of the trigger number of 7°, which be shortly summa-
rized as following several steps. First of all, clusters with large shower shape long
axis A2 and one or two local maxima are selected to as the inputs for using split-
ting method. Secondly, the filtered clusters are split two new sub-clusters with the
two highest local maxima cells and aggregate all the cells around them with 3x3
clusters clusterization. At last, the two new sub-clusters are paired to calculate
their invariant mass for obtaining the trigger 7% of the correlations. The associ-
ated charged hadrons are reconstructed in the central tracking System, I'TS and
TPC. The 7% hadron correlations consist in studying the relative azimuthal and
transverse momentum distributions of charged particles associated to a high-pp 7°
selected as a trigger particle. The two main observables, azimuthal angle corre-
lations Ay = Qirig — Passoc and charged hadrons yields as a function of their pr,

are measured to study the properties of medium. Especially, the per-trigger yield

0 + +
. . 0 hi ]/Pbe(pw ph ) yPbPb (pﬂ' ph )
modification factors, Ixa(pF ,p = —F>T 2 and Jep = —gentral e T 2T+ are
’ ( T T ) )pp(p§ vp}%‘ ) ppell?il?alﬁeral(p$ 7p’}TL‘ )7

analyzed. While the I¢p is not measured because of the limited statistics of Pb+Pb
peripheral simulations for extracting the correction factors. But the measurements

will be updated soon when the enough simulations are produced.

The per-trigger yield of charged hadrons at central Pb+Pb collisions is obtained
by subtracting the flat and flow backgrounds. In the flat background estimation,
three methods are used to estimate the minimum value of the background. The
charged pion flow is used instead of 7% flow in the flow background estimation.
The yield modification factors of Ixs at central Pb+Pb collisions on the near side
and away side are estimated by comparing to the measurements in pp collisions.
An away-side suppression from in-medium energy loss is observed (Ixa ~ 0.6),
which is from the effects of partons energy loss. Moreover, there is an enhancement
above unity of (Iaa ~ 1.2) on the near side which has not been observed with any
significance at lower collision energies. The significant near-side enhancement of I
in the pr region observed shows that the near-side parton is also subject to medium
effects. Ian is sensitive to (i) a change of the fragmentation function, (ii) a possible
change of the quark/gluon jet ratio in the final state due to the different coupling
to the medium, and (iii) a bias on the parton pr spectrum after energy loss due to

the trigger particle selection. It needs to point out that the 7-hadron correlations
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analysis is an important step to measure the direct photon-hadron correlations.

8.1.2 Direct photon-hadron correlations

Direct photons mainly consist of prompt photons produced at the leading-order
from Compton and annihilation QCD processes and fragmentation photons at next-
to-leading-order processes. In addition, one more contributions to direct photons
at nucleus-nucleus collisions are thermal photons and jet conversion from the inter-
actions of the hot and dense QCD medium. Generally, the parton fragmentatioil

Y =h
function is considered to be characterized by the imbalance parameter rp = — =%

where the pJ and p%i are the momenta of prompt photons and charged hadrons.

Experimentally, the processes producing the leading-order direct photons can
be tagged by identifying leading isolated photons and their correlated associated
hadrons in opposite azimuth direction. In this analysis, the used isolation tech-
nique requires no particles including both charged and neutral particles with pp >
0.5 GeV/c in a cone of radius R = \/m = 0.4 around a photon candidate
with highest pr in one event. The purity of isolated photons is estimated by a two-
component binned likelihood method by fitting the cluster shower shape long axis A3
distribution with a mix of scaled signal (MC ~-jet) and contamination (non-isolated
cluster) distributions. Isolated 7y-hadron correlations are obtained by subtracting
Isolated 7%-hadron correlations considered as the main contamination from isolated
cluster-hadron correlations with the isolated photon purity. The slope of imbalance
parameter zy from isolated 7°-hadron correlations is compared to DSS fragmenta-
tion functions. Similarly, in the isolated v-hadron correlations the slope of imbalance
parameter g is calculated by fitting the imbalance parameter distribution with the
function Ae~? at 8.0 < pi” < 25.0 GeV/c.

Another method, statistical subtraction, is used to extract the signal of direct
photons for their trigger correlations with charged hadrons. The analysis method is
based on a relation that total photons consist of direct photons and decay photons
from hadrons. In this analysis, the direct photon-hadron correlations are obtained
by subtracting decay photon-hadron correlations from inclusive photon-hadron cor-
relations. Firstly, the inclusive photon-hadron correlations are measured with the
triggers of clusters filtered by photon identification and corrected with the pho-
ton purity and photon identification efficiency. The photon purity is calculated
by binned likelihood fit to the cluster shaper shape long axis A2 distribution. In
the binned likelihood fit, three A2 distributions of photon clusters, charged hadron
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clusters and merged 7° clusters are used as inputs. The photon cluster A3 distribu-

tion is estimated from the clusters which are under 7°

and 7 peak in 1.20 width.
The charged hadron cluster A2 distribution is estimated from the clusters which are
matched by cluster-matching algorithm where the Ay = puusier — Grack < 0.004
and AN = Neuster — Nirack < 0.002. The third contribution, merged 7° cluster A2
distribution, is estimated from the clusters which are identified as 7° by cluster
splitting method. Secondly, the contamination, decay photon-hadron correlations,
is obtained from 7 /n-hadron correlations by pair-by-pair weighting with the photon
decay map probability function. The 7°/n-hadron correlations are measured by a
Side Band subtraction method. The weight factor of photon decay map probability
function is calculated by a Monte-Calo study. Thirdly, an important factor, Double
Ratio R, defined as a ratio of inclusive photons to decay photons, is calculated by
a Cocktail simulation. At last, a limit estimation of the direct photon-hadron cor-
relations is measured by subtracting all decay photon-hadron correlations from the
inclusive photon-hadron correlations by a so-called statistical subtraction method.
This result indicates it is impossible to extract a enough significant measurement of
the direct photon trigger correlations from current statistics of pp collisions at /s
= 7 TeV. But the yield is zero consistent with systematic errors on the near side and
a significant peak above zero on the away side are observed from the preliminary

measurement.

8.2 Outlook

In the work of this thesis, the flow background contribution to the neutral pion-
hadron correlations was estimated by utilizing charged pions flow instead of ¥ flow.
Meanwhile, the per-trigger yield modification factors of Icp and Ipa at periph-
eral collisions are not calculated because of the limited statistics of simulations for
extracting the correction factors. The measurements of neutral pion-hadron corre-
lations need to be updated when the 7° flow is measured at high-pr and enough
simulations at peripheral are produced.

In the direct photon-hadron correlation analysis, the final results of the azimuthal
angle distribution and per-trigger yields are not extracted with the statistical sub-
traction method due to limited statistics of pp collisions at /s = 7 TeV. But the
analysis method at ALICE is developed and will be used to extract the direct photon-
hadron correlations in the future pp and Pb+PDb collisions with enough statistics for

studying the medium effects by measuring the parton fragmentation function.
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Appendix A

Appendix

A.1 Glauber Model

The Glauber Model [30, 31] is used to calculate “geometric” quantities, which
are typically expressed as impact parameter (b), number of participating nucleons
(Npart) and number of binary nucleon-nucleon collisions (Ny;). In the model, all
calculations of geometric parameters need to start from two most important inputs,
nuclear charge density measured from low-energy electron scattering experiments

and the energy dependence of the inelastic nucleon-nucleon cross section.

A.1.1 Glauber calculations inputs

Nuclear charge density
The nucleon density is usually parameterized by a Fermi distribution with three
parameters:

o) = 1+w(r/R)

- Al
Po 1+ exp(%) (A1)

where rhoy corresponds to the nucleon density in the center of the nucleus, R cor-
responds to the nuclear radius, a to the “skin depth” and w characterizes deviations

from a spherical shape.

Inelastic nucleon-nucleon cross section:
The cross section involves many processes with low momentum transfer, and it

is impossible to calculate it by using perturbative QCD. Therefore the inelastic

NN

nucleon-nucleon cross section (o;,) need to be measured and is used as an input.

273



e % Ffr—
AR
. / DOCTORAL DISSERTATION

Appendix A. Appendix

A.1.2 Glauber calculations

Thickness function

The nuclear thickness function of nucleus A is defined as:

Ta(3) = / dpa(z.3) (A2)

which is the number of nucleons per unit area along the direction z at a point from
the center of the nucleus represented by a two-dimensional vector §, where z is
perpendicular to S.

Overlap function

For a collision between nucleus A and nucleus B, the nuclear overlap function Ty z(b)
at impact parameter b is defined as:

Tap(B) = / PSTA(R)Ty(b - 5) (A.3)

Number of participating nucleons

Noprs(B) — A/ﬁ(s)ﬂ—[1—fB(b—s)a§§g]B}d23

+B / Ty(b— s){1 — [L = Tu(s)oNN]*}d?s (A.4)

inel
Number of binary nucleon-nucleon collisions

Neou(b) = ABT45(b)o XN (A.5)

inel

A.2 Sub-clusters invariant mass in Cluster Splitting

method

Fig. A.1 shows the split sub-cluster invariant mass distributions at different en-

0

ergy intervals in 7" reconstruction via cluster splitting method in pp collisions at

/s = 2.76 TeV. Fig. A.2 shows the split sub-cluster invariant mass distributions at

0

different energy intervals in 7° reconstruction via cluster splitting method in Ph+Pb

collisions at /sy = 2.76 TeV.

A.3 Meson trigger correlations in Side Band method

We assume that Ys, Ys, 5 and Yp are the per-trigger yield of 7° /7, candidater® /n
(signal+background), and fake 7°/n, respectively; The ratio of signal to background,
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Figure A.1: Mass of split sub-clusters in data of pp collisions at /s = 2.76 TeV with EMCal
triggered events in 6 cluster energy intervals at NLM = 1,2, > 2, taken from [305].
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Figure A.2: Mass of split sub-clusters in data of Pb+Pb collisions at /syy = 2.76 TeV with EMCal
triggered events in 6 cluster energy intervals at NLM = 1,2, > 2, taken from [305].
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Appendix A. Appendix

fokg = Ns/Np, can be obtained from the two clusters invariant mass fitting; Nab
and N are the number of correlation pairs and triggers, respectively. The relation

of the three per-trigger yields is written as

Ng  Ng,—- Ny
YS = a = a a
N, S N S+B N B

ab ab ab ab
NS+B_NB NS+B_NB

fokg * N&+ N& — N& — fup, x N&

Ng, g
e —_ Y
fbngg B/fbkg
Yo * N§,p
e _— Y
fbkg * ]\[g B/fbkg
Yoip * (Ng + N§)
= - Y
fbk;g " Ng B/fbkg
fbkg +1

bkg

= Yoyn — Y5/ fokg

1

Yo = Ysup(1+——) = Y5/ ong
fbkg
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