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Introduction

ALICE (A Large Ion Collider Experiment) is one of the four main exper-
iments at the Large Hadron Collider (LHC) optimized for the study of
heavy-ion collisions. The prime aim of the experiment is to study in de-
tail the behaviour of nuclear matter at high densities and temperatures.
In ALICE also proton-proton collisions are studied both as a reference for
lead-lead collisions and in physics areas where ALICE is competitive, like
the low pr region, with other LHC experiments.

In order to characterise the system produced in heavy-ion collisions,
it is necessary to use a wide variety of experimentally accessible observ-
ables, which can help to disentangle the different physical mechanisms that
characterise the various collision stages. Among the different experimen-
tal observables, the focus of this thesis will be on anisotropic flow, one of
the most important experimental observables used in heavy-ion collisions
to study the properties of the QGP.

For this purpose, a comprehensive study of the elliptic flow of hadrons,
electrons from heavy-flavour hadron decays, and direct photons, all which
are assumed to interact differently with medium, has been carried out. The
ve coefficient of low pp hadrons, mainly coming from the hadronization
of soft partons within the bulk, carries information on the hydrodynamic
properties of the partonic medium created in heavy-ion collisions. Among



Introduction

the different hadron species, the ¢-meson is of great interest because it is
predicted to have a small hadronic cross section, and is therefore less af-
fected by the interactions between hadrons during the hadronization phase
of the collision. Furthermore the vo coefficient allows to study the interac-
tion strength of heavy-quarks with the expanding medium and their possible
thermalisation in the medium itself. Due to their large masses, heavy quarks
are produced at the initial stage of the collision, almost exclusively in hard
partonic scattering processes. Therefore, they experience the full evolution
of the system, propagating through the hot and dense medium and loosing
energy via radiative and collisional scattering processes. Thus heavy-flavour
hadrons and their decay products are effective probes to study the prop-
erties of the medium created in the heavy-ion collisions. Direct photons
on the other hand, since they do not interact with the strongly-coupling
medium created in these collisions, carry undistorted information about the
system at their production time. The elliptic flow of direct photons strongly
depends on the production mechanism. Small flow would be associated with
early production while a large, hadron-like flow, would point towards late
production in the medium.




Chapter 1

Heavy lon physics

1.1 Quantum ChromoDynamics

The strong interaction, the force that binds the nucleons in the nucleus,
is a residual force of another fundamental interaction (Quantum Chromo-
Dynamics) that acts on the quarks and gluons, the constituents of the
nucleons.

One of the fundamental properties of QCD is the dependence of the
coupling constant of the interaction on the energy scale involved in the
process (running coupling). Calculations in perturbative QCD give us the
evolution of the coupling with the momentum transferred Q2 [1], which is
shown in the Eq. 1.1:

as(Q%) = 5 (1.1)

with the QCD scale parameter Agcp ~ 200 MeV and the number of
flavours Ny.



1. Heavy Ion physics

It clearly exhibits asymptotic freedom from the fact that the coupling
decreases for high Q2. On the other hand, a; increases for smaller Q? and
diverges when @Q? approaches Ageb.

Unfortunately, the largeness of ay calls into question the usage of per-
turbation theory, and by this makes the equation above unreliable for small
Q2. Thus it is not possible to directly predict the quantitative behaviour
this way apart from the fact that the coupling does increase, which is likely
related to the experimentally observed confinement of colour charges.

In this case QCD can not be calculated using perturbative methods.
Lattice-QCD (LQCD) [2]| is a non perturbative treatment of QCD, for-
mulated on a discrete space-time lattice. LQCD provides a quantitative
understanding of the new phase of matter at high temperature and allows
to study quark and gluon interactions over a large distance scale.

1.2 The QCD phase diagram

LQCD predicts a phase transition between hadronic matter an the Quark
Gluon Plasma (QGP), where the confinement of partons is resolved.

Depending upon the temperature 7' and on the chemical potential pp,
the strongly interacting matter is expected to be in different phases. This
is shown in a sketch of the QCD phase diagram in Fig. 1.1.

At low temperatures and for up ~ 1 GeV (corresponding to the nuclear
density) there is the ordinary hadronic matter. For sufficiently high values
of the baryo-chemical potential, the system exhibits a first order transition
between hadronic matter and the QGP [3]. LQCD calculations at non-zero
chemical potential 2| suggest the existence of a critical point (ppc,T¢),
such that the transition is no longer first-order for ug < up.. Recent cal-
culations [4], suggest that the transition at low values of the baryo-chemical
potential is not a phase transition, but rather a rapid crossover that occurs
in a small, well defined, temperature interval.

In the early universe, the transition from a QGP to hadrons occurred at
vanishing baryo-chemical potential and high temperatures during a rapid
expansion and cooling. In the neutron stars the QGP state is expected to be

4



1.2 The QCD phase diagram
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Figure 1.1: Sketch of the phase diagram of nuclear matter. Different phases
of nuclear matter, beside the QGP, are presented and the regions explored
with heavy ion collisions at RHIC and LHC are indicated.

formed for high values of the baryo-chemical potential and at a temperature
close to zero, due to the gravitational collapse. In both cases the deconfined
phase of hadronic matter appears to play an important role. Nowadays
the region of high T" and low pp is investigated with relativistic heavy-ion
collisions at accelerators like the Relativistic Heavy Ion Collider (RHIC)
and the Large Hadron Collider (LHC). The high up and T' ~ 0 regime is
indirectly investigated in the context of astrophysical studies [5].

5



1. Heavy Ion physics

1.3 Evolution of the collision

Concepts like a phase transition and temperature are properly defined for
systems composed of many particles. Those extended system can be de-
scribed by thermodynamical and hydrodynamical laws. The experimental
tools for creating deconfined matter are heavy-ion collisions, which satisfy
the following requirements:

e the number of constituents of the system is large (thousands of par-
ticles), therefore the system might be described by macroscopic vari-
ables;

e the system is long-lived compared to the typical time-scales of the
strong interactions (~ 1 fm/c |6]) and thus might reach equilibrium.

With the increase of center-of-mass energy of the colliding system, the
initial conditions in the collision region change gradually from ’baryon rich’
to ’baryon free’. At center-of-mass energies of around /syny = 10 GeV,
incoming nucleons lose a substantial part of their initial energy in multiple
collisions and are likely to be stopped in the collision region. This leads to a
high baryonic content and therefore to a large up of the system. However,
when the center-of-mass energy is high enough ( \/syn > 100 GeV), the
stopping power is not sufficient to stop incoming nucleons and they escape
from the interaction region after releasing a fraction of their energy. In this
situation, the mid-rapidity region is 'baryon free’ and the system is closer
to the conditions of the early universe.

1.3.1 Different collision stages

A good understanding of the evolution of the system created in heavy-ion
collision is necessary to study the properties of the QGP, and can be reached
using various experimental observables. The evolution of the system created
in the collision of two nuclei can be divided into different phases shown in
Fig. 1.2.




1.3 Evolution of the collision

Pre-equilibrium

space

Pb Pb

Figure 1.2: space-time evolution according to Bjorken’s hydrodynamic
model |7].

e Pre-equilibrium(7 < 74,) — hard processes occur during the par-
ton scattering, leading to the creation of high-pt probes, like jets,
heavy quarks, direct photons.

e Thermalization and QGP phase(ry, ~ 1 fm/c) — multiple scat-
terings among the constituents of the system created in the collision
lead to thermal equilibrium after a certain time 7y,. If the energy
density is high enough (. ~ 1 GeV/fm?), the mean free path in the
interacting system is expected to be small compared to the system
size and the resulting thermalized QGP expands hydrodynamically
and cools down due to the expansion of the system.

7



1. Heavy Ion physics

e Hadronization — temperature of the expanding medium decreases
and, when it goes below the critical temperature T, a transition takes
place and the quarks and gluons are again confined into ordinary
hadrons. The system can still be in local thermal equilibrium because
inelastic interactions take place.

e Chemical freeze-out — further expansion and dropping tempera-
ture leads to the inelastic processes among hadrons to cease. At this
instant, the relative abundances of hadron species are fixed.

e Kinetic freeze-out — At this stage the momentum spectra of the
produced particles are fixed because the elastic collisions cease.

In order to characterize the system produced in heavy-ion collisions as a
state of matter, it is necessary to determine its parameters, such as tempera-
ture, chemical potential, flow velocity and equation of state. The parameters
can be inferred from a wide variety of experimentally accessible observables,
which can help to disentangle the different physical mechanisms that char-
acterize the various collision stages. This is nicely depicted in Fig. 1.2 where
the different particle names are shown in different colours also used to dis-
play the stage of the collision from which they carry information. Among
the several experimental observables, the focus of this thesis will be on the
anisotropic flow, one of the most important experimental observables used
in heavy ion collision to study the properties of the QGP.

1.4 Anisotropic flow as experimental observable

Measurements of the collective expansion of the matter created in heavy-
ion collisions, nowadays spanning collision energies from a few MeV up to
several TeV per nucleon pair, have proven to be one of the best ways to
study in detail the properties of the QGP. Heavy ions are extended objects
and the system created in a head-on collision is different from that in a
peripheral collisions’. The geometry of the collision between two nuclei is

Lconcept as collision centrality will be explained in detail in chapter 4

8



1.4 Anisotropic flow as experimental observable

schematically represented in Fig. 1.3, seen in the plane transverse to the
beam direction (z axis). One of the most relevant quantities, that defines
the overall geometry of the collision is the impact parameter vector b, that is
the vector defined by the centres of the two colliding nuclei in the transverse
plane.

Figure 1.3: Schematic view of the collision geometry as seen in the plane
transverse to the beam direction (z axis). See text for details.

In the most central collisions (small impact parameter b) the spatial
distribution of the created system is approximately azimuthal symmetric,
resulting in a symmetric expansion called radial flow. However, in non-
central heavy-ion collisions, an initially asymmetric overlap region is cre-
ated, which gives rise to anisotropic flow. Due to the pressure gradients,
the almond shaped region tends to assume a more symmetric shape as the
system expands and cools down. If the particles produced in the collision
are subject to a large number of rescatterings in the overlap region, the spa-
tial anisotropy is converted into a momentum anisotropy of the produced
particles with respect to the reaction plane (¥g), which is the plane defined
by the beam axis and the impact parameter. This particle anisotropy is ob-
served experimentally with anisotropic flow measurements, which provide
information on the properties of the QGP and on the energy loss mecha-

9



1. Heavy Ion physics

nisms for high-pt partons when traversing the medium.

1.4.1 Radial Flow

At chemical freeze-out, hadronic abundances are fixed, but spectral shapes
can be modified in the subsequent hadronic phase due to elastic scatterings,
which are expected to occur until the kinetic freeze-out.

The shape of the low pr spectrum of each particle shows an almost
exponential shape, typical of a thermal spectrum:

mTr

2 —
ﬂ —=e Tslope (12)
modmrdy

where mt = 4/ pgr + mf is the transverse mass, m; is the particle mass,
y = In((E+pr)/(E—pr)) is the particle rapidity and Tyope is the parameter
that represent the slope of the pr distribution. For an expanding system
Tsiope depends on the temperature at kinetic freeze-out (7y;,) and on the
expansion velocity of the system ({v])). In nuclear collisions this expansion
is called radial flow [8] and Tsope, in a non-relativistic case, has the form:

1
Tslope = Tgin + imi<vi>2 (13)

In Fig. 1.4 the spectra for 7%, K%, p, and p for pp and for several cen-
trality classes in Au—Au collisions within |y| < 0.1 are reported as measured
by the STAR Collaboration at \/syn = 200 GeV [9]. While the pion spectra
shapes are similar for pp and Au—Au, the kaon and proton spectra show a
progressive flattening from pp to the most central Au—Au events. A two pa-
rameter fit from RHIC data gives a thermal freeze-out temperature T, ~
90 MeV and a value of 5, = v, /c~ 0.55 for the most central events. In
minimum bias pp collisions, the Tjj,,. parameter assumes the same value
for each specie indicating the absence of transverse collective flow.

Radial flow is a collective phenomenon which affects all hadrons pro-
duced in a heavy-ion collision depending on their mass. It is observed as

10
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Figure 1.4: Invariant yield as functions of transverse mass for 7%, K*, p,
and p at mid-rapidity for pp (bottom) and Au-Au events from the most
peripheral (second from bottom) to the central centrality classes (top).

a collective motion pattern superimposed on the chaotic thermal motion.
It is defined as an azimuthally symmetric radial motion of the final state
particles due to the collective velocity originating from the expansion of the
fireball. At LHC energies a stronger radial flow is observed [10], and this
can be explained by the presence of a higher energy density which leads to
stronger pressure gradients.

1.4.2 Elliptic Flow

In the presence of strongly interacting matter, the spatial anisotropy in the
initial shape of the fireball in non central collisions is converted into an
azimuthal dependence of the momentum distribution of final state parti-
cles. In general, anisotropies in the particle distribution as a function of
the azimuthal angle can be parameterized by a Fourier expansion usually
written as [11]:

dN No
m = 27r(1+22n:vncos[n(<p—‘1’R)]) (1.4)

11



1. Heavy Ion physics

where Ny is the mean number of selected particles per event and ¢ the
azimuthal angle of the detected particles.

The Fourier coefficients are in general pr and rapidity (y) dependent
and are given by:

un(pr,y) = ({cosn(y — Wr)l)) (1.5)

where the ((...)) denotes an average over events and particles. The first
coefficients of the series, v; and v, are called directed flow and elliptic
flow, respectively. Non-zero directed flow implies a preferred direction for
particle emission, either parallel (v; > 0) or anti-parallel (v; < 0) to the
impact parameter. The elliptic flow separates two other directions, in-plane
flow, when v2 > 0 indicates a preferred direction for particle emission around
Ap =0 and Ay = 7, and for out-of-plane flow, when vo < 0, the preferred
direction is around Ay = 7/2 and Ap = 37/2. Some of the experimental
methods used to measure vy are reported in detail in chapter 3.

The elliptic flow is a very powerful observable because it is sensitive to
several properties of the matter depending on the particle under investi-
gation and on its transverse momentum. In this thesis the elliptic flow of
various particle species created in different collision stages, that are assumed
to interact differently with medium, have been measured.

The vy coefficient of low pt hadrons, mainly coming from the hadroniza-
tion of soft partons within the bulk, carries information on the hydrody-
namic properties of the partonic medium created in heavy ion collisions.
Among the different hadron species, the ¢-meson is of great interest because
it is predicted to have a small hadronic cross section [12], and is therefore
less affected by the interactions between hadrons during the hadronic phase
of the collision. The vy of the ¢-meson, reported in chapter 5, has been
measured and compared with the vy values of other hadron species. Fur-
thermore, the vy coefficient allows to study the interaction strength of hard
and electromagnetic probes with the expanding medium. Hard probes are
produced almost exclusively via hard partonic scattering processes in the
earliest stage of the collision, therefore they are expected to experience the
full collision history while propagating through the QCD medium. On the

12



1.5 Soft Probes

other hand, the electromagnetic probes are produced over the whole time
evolution of heavy-ion collisions, but since photons do not strongly interact
with the medium constituents, they are not affected by the presence of the
medium. In chapter 6 and 7 it is described how v2 measurements help to
study the different energy loss mechanism in the QGP of the heavy quarks
and also to constrain the production time of direct photons respectively.

In the next three sections of this chapter the elliptic flow of soft, hard
and electromagnetic probes are described together with theoretical models
that aim to predict those measurements.

1.5 Soft Probes

Elliptic flow measurements of particles created within the bulk can con-
strain properties, such as the ratio of shear viscosity to entropy density
(n/s), of the system created in heavy-ion collision. For relativistic fluids
the shear viscosity over entropy ratio 7/s, which is predicted to be equal to
1/4m (natural units) in case of an almost perfect liquid [13], is one of the
most relevant variables. The elliptic flow is specifically studied in order to
test hydrodynamical models which aim at describing the evolution of the
medium created in the collision as the evolution of a fluid. At RHIC ener-
gies the comparison of ve(p) measurements to hydrodynamic calculations
in the low transverse momentum region provided evidence for strongly inter-
acting matter which appears to behave almost like a perfect liquid [14, 15].
A measurement of elliptic flow at the LHC is therefore crucial to test the
validity of a hydrodynamic description of the medium and to measure its
thermodynamic properties in a new energy domain.

Elliptic flow measurements for charged particles at the LHC [16-18]
at \/syy = 2.76 TeV are reported in the left panel of Fig. 1.5 for the
20-30% centrality interval. In comparison to the elliptic flow measurements
in Au-Au collisions at /syny = 200 GeV, an increase is observed of about
30% in the magnitude of vy at the LHC energy.

The evolution of the vy coefficient moving from RHIC to LHC energies
is further investigated comparing elliptic flow measurements as a function

13



1. Heavy Ion physics
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Figure 1.5: Left panel: Integrated elliptic flow as a function of the centre
of mass energy of the collision for the 20-30% centrality interval. Right
panel: comparison of va{4}(pr) for various centralities measured by the
ALICE (markers) and the STAR (dashed areas) experiments, figure taken
from [16].

of transverse momentum. The right panel of Fig. 1.5 shows the charged
particle pp-differential v2{4} measured by ALICE in three different central-
ity intervals [16]. STAR measurements are reported for comparison (dashed
areas) in the same centrality classes. Despite the difference observed before
at the integrated vs level, the pp-differential measurements are in remark-
able agreement within uncertainties in the low transverse momentum region.
The observed 30% increase in the integrated flow is therefore understood
to be caused by an increase of the average transverse momentum. In the
hydrodynamical picture this effect is explained by an increase of the radial
flow. Finally, a comparison among the elliptic flow measurements of iden-
tified hadron species further constrains the hydrodynamical model and will
help to understand the effect of the radial flow in elliptic flow measurements.
The interplay of radial and elliptic flow is expected to lead to a dependence
of the prp-differential flow on the mass of the particle species. A clear mass
ordering is observed at the RHIC energy [19] when comparing vy among
different particle species, as shown in the left panel of Fig. 1.6. Hydrody-

14



1.5 Soft Probes

namic calculations [20] are also reported and it is observed that in the hydro
picture the mass ordering is naturally generated, where flow decreases with
increasing particle mass. The stronger push to higher pt values for heavier
particles is introduced by the mass dependence of the radial flow, which is
the reason that at a fixed value of pp heavier particle have a smaller vs.

VS = 200GeV "Au + '¥"Au at RHIC
e
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Figure 1.6: Left panel: Elliptic flow for different particle species mea-
sured by STAR and PHENIX compared to hydrodynamic model predic-
tions. Right panel: pp-differential vy for identified hadrons for the 20-30%
centrality using a pure hydrodynamic calculation for \/syy = 200 GeV
(dashed lines) and 2.76 TeV (solid line).

The expectation of an increase of the radial flow, when moving to LHC
energies, argued from the observed charged particle v2 measurements at the
LHC, is once more naturally reproduced by pure hydrodynamic calculation
shown in the right panel of Fig. 1.6, where the predictions at both RHIC
and LHC energies are reported together for the 20-30% centrality class [21].
This comparison shows how the vy of lighter particles increases while for
heavier particle species it decreases from RHIC to LHC, leading to the sim-
ilar observed charged particle v at the two energies. The extrapolation from
RHIC to LHC is based on the assumption that the QGP’s shear viscosity
over entropy ratio 7/s does not change much, staying close to the value
n/s = 0.2. In the model the initial geometry (eccentricity of the system

15



1. Heavy Ion physics

and its event-by-event fluctuations) is calculated by using the KLN Monte
Carlo [22], in which the density profiles of the colliding nuclei are obtained
from a parameterization of the Colour Glass Condensate (CGC) [23], a the-
oretical model of gluon saturation. Also the initial geometry according to a
Monte Carlo implementation of the Glauber model (MC-Glauber) has been
tested [24]. It has been observed [21] that with MC-Glauber initial condi-
tions a lower viscosity (/s = 0.08) has to be used in the model because of
the smaller eccentricity from the MC-Glauber with respect to the MC-KLN
model. The shear viscosity degrades the ability of the fluid to convert the
pressure anisotropies in flow anisotropies.

It is seen that pure hydrodynamic calculation only roughly describe the
vo measurements at RHIC, especially for heavier particles, like p and A, in
which case the elliptic flow is clearly over predicted.

VISH2+1 and VISHNU at the LHC The VISH2+1 model [25], just in-
troduced for the comparison with the RHIC data and for the prediction for
the LHC, is a model based on pure (2 + 1)-dimensional viscous relativistic
hydrodynamics, which uses a chemical freeze-out at T pe, = 165 MeV and
a decoupling temperature (kinetic freeze-out) Tge. = 120 MeV. The initial
geometry in the simulation is from MC-KLN because of the more sophis-
ticated fluctuations of the initial condition implemented in the model with
respect to the MC-Glauber approach. The interactions among particles dur-
ing the full evolution of the system are described in a pure hydrodynamical
picture. The difference between the data and the model for the proton ellip-
tic flow at RHIC can be due to the incorrect description, in this pure viscous
hydrodynamic model, of the late hadronic collision stage, in which interac-
tion among hadrons may further develop the radial flow. The increase of
the radial low component would be observed in the vy measurements as a
wider mass difference among the hadrons. To isolate the 7/s of the par-
tonic QGP matter indeed it requires knowledge of the relative contributions
from both the partonic and hadronic phase. An improved viscous hydrody-
namic calculation VISHNU [26], coupled with an hadronic cascade model
UrQMD [27], takes into account the interactions among particles during
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1.5 Soft Probes

the hadronic phase differently, reducing the discrepancy observed for the
heavier particles vo. The switching temperature between the two phases is
fixed at T4, = 165 MeV. The hadron cascade model UrQMD propagates

particles until kinetic freeze-out, where all the interactions cease.

In Fig. 1.7 the viscous hydrodynamical models (prediction for the LHC
energy) calculated with and without a contribution of the hadronic cascade
afterburner are compared. In the top panels the VISH2+1 calculation is
shown for the 10-20% and 40-50% centrality intervals, while in the two
lower panels the VISHNU model calculation is shown for the same centrality

classes.
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Figure 1.7: Top panels: VISH2+1 prediction in the 10-20% and 40-50%
centrality intervals for several hadron species.

Bottom panels: VISHNU

prediction in the same centrality intervals and hadron species.

17
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The increased mass splitting between pions and protons for VISHNU,
with respect to the pure hydro model, illustrates the larger radial flow in
the hybrid calculation due to the contribution of the hadronic cascade. In
the model the splitting becomes less for strange and multi-strange particles.
This is understood because in the hadronic cascade model a small hadronic
cross section is assigned to strange hadrons. In the UrQMD model the mag-
nitude of the hadronic re-interaction is related to the number of strange
quarks contained in the hadron. Hence the amount of radial flow that the
hadrons pick up in the hadronic phase depends on their strange quark con-
tent. This also explains why the strongest variation is observed for the
protons because they do not contain strange quarks, resulting in a stronger
coupling to the medium. On the other hand the prediction for the ¢-meson
(containing an s and 5 quarks) do not drastically change. Due to its small
hadronic cross section in UrQMD the ¢-meson is rather weakly coupled to
the hadronic medium and it decouples from the system almost immediately
after hadronization. As a consequence of the hadronic re-interactions im-
plemented in VISHNU, the clear and well-defined mass ordering observed
in the VISH2+1 model is not preserved anymore. In chapter 5 detailed
comparisons of identified particle elliptic flow measurements at the LHC
energy, including rarer particles which have small hadronic cross sections
like the ¢-meson, are reported and compared with the models.

1.6 Hard Probes

Hard probes are the particles originating from parton collisions with high
momentum transfer. Such processes mostly occur at the initial stage of the
collision between partons of incoming nuclei. These partons travel through
the QGP and are penetrating probes of the matter. Due to their large mass,
heavy quarks (charm and beauty) are also mostly produced in hard partonic
scattering processes with large momentum transfer (Q? > 4m207b). While
traversing the hot and dense matter, the initially produced hard partons lose
energy, mainly due to multiple scatterings (elastic collisions) and medium-
induced gluon radiation (inelastic processes). In addition to the mechanisms
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1.6 Hard Probes

of energy loss also hadronization can influence the vs measurements.

e Radiative energy loss: the emission of gluons by high-pr partons
due to QCD interactions with the medium constituents, are expected
to lead to a substantial energy loss. In the BDMPS model [28] this
phenomena depends on the properties of the medium, such as the
in-medium path length of the parton, the mean free path, the trans-
port coefficient, defined as the squared transverse momentum trans-
ferred to the emitted gluon over the mean free path of the traversing
particle [29], and the colour factor, which is equal to 4/3 for quark-
gluon coupling and which is 3 for gluon-gluon coupling?. The dif-
ference among gluons and quarks is due to the their different colour
factors and it leads to a larger suppression of particles coming from
gluon fragmentation with respect to those originating from quarks.
A large fraction of the light-flavoured hadrons are produced in the
late stages of the collision evolution from the fragmentation of glu-
ons, while charmed and bottom mesons mainly originate from the
fragmentation of heavy quarks directly produced in the early stages
of the collision. Consequently, this effect should be seen as a bigger
suppression for light mesons with respect to the charmed and beauty
ones. The quark mass is believed to further discriminate in the ra-
diative energy loss process. Due to the so-called dead-cone effect [30],
which predicts a suppression of the gluon radiation at forward angles
¥ smaller than ¥y = m/FE: and since ¥y is larger for heavy quarks
than for light quarks, the cone where gluon radiation is forbidden is
larger for heavy quarks.

Collisional energy loss: partons also lose energy via elastic colli-
sions with the constituents of the hot and dense plasma. This mecha-
nism was expected to play a non-negligible role for heavy quarks at the
LHC mainly in the low transverse momentum region. Recent stud-
ies |31] showed that, radiative and collisional energy losses for heavy

2The colour factor are calculated through the Casimir operators of the gauge group
SU(N¢)
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1. Heavy Ion physics

quarks are comparable, and therefore collisional energy loss cannot be
neglected.

e Hadronization: it is usually considered that a parton, which tra-
versed the medium, hadronizes in the vacuum. However, if the parton
density is large it could happen that partons undergo hadronization
via coalescence inside the medium [32, 33|. In this scenario a heavy
quark picks up other quarks from the medium. Also the elliptic flow
can be affected by the relative contribution of different hadroniza-
tion mechanisms. For fragmentation, charmed hadron elliptic flow
is essentially identical to the charm quark vy. On the other hand,
if hadronization happens via coalescence, the hadron elliptic flow is
approximately the sum of the constituent quark flows [32].

The vg coefficient of charmed and beauty mesons (and of their semi-
leptonic decay products) can be used to investigate the interaction strength
of heavy quarks with the expanding medium. At low transverse momenta, it
is sensitive to the degree of thermalization of heavy quarks in the deconfined
medium, while at high p it carries information on the fragmentation and on
the energy loss mechanisms of high energy partons in the medium. The lost
energy of a high pp parton strongly depends on the path length traversed
in the medium by the parton itself. The path length, because of the spatial
anisotropy of the created system, depends on the azimuthal emission angle
of the parton, hence a parton that will travel in the out-of-plane direction
will travel through less matter losing less energy with respect to parton
traveling in the in-plane direction. This difference in the traversed matter
is reflected in an azimuthal distribution of the emitted particles with respect
to the reaction plane [34, 35].

The ALICE collaboration has measured the elliptic flow vy of open
heavy-flavour hadrons at mid-rapidity (|y| < 0.5) via their hadronic de-
cays in Pb-Pb collisions at /snn = 2.76 TeV. The measured averaged v
of prompt D°, D and D**, shown in left panel of Fig. 1.8, indicates a
positive vy in semi-central (30-50%) Pb-Pb collisions with a significance
of about 5.7 for 2 < py < 6 GeV/c [36]. The anisotropy of prompt D°
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mesons was measured in the three centrality classes 0-10%, 10-30% and
30-50% [37). The results show a hint of increasing vy from central to semi-
peripheral collisions and are comparable in magnitude to that of inclusive
charged particles, suggesting that charm quarks participate in the collective
flow of the expanding medium.
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Figure 1.8: Left Panel: Average D meson v as a function of pr in the 30-
50% centrality class. Right panel: pp-differential elliptic flow of muons from
heavy-flavour decays in 2.5 < y < 4 for the centrality class 20-40%. Both
the measurements are compared to various transport model predictions.

The elliptic flow of muons from heavy-flavour hadron decays at forward
rapidity (2.5 < y < 4) was also measured with the ALICE detector at the
LHC in Pb-Pb collisions at /syn = 2.76 TeV in the three centrality classes
0-10%, 10-20% and 20-40% [38]. The pr-differential v is reported in the
right panel of Fig. 1.8 in the interval 3 < pr < 10 GeV/c for the 20-40%
centrality class. A positive v is observed in the range 3 < pp < 5.5 GeV/c
for semi-central collisions with a significance larger than 3o when combining
statistical and systematic uncertainties.

Heavy-flavour hadrons can be also studied by measuring electrons pro-
duced via semi-leptonic decay channels. STAR and PHENIX have mea-
sured the elliptic flow coefficient of electrons from heavy-flavour hadron
decays [39, 40] in the 0-60% centrality class, finding positive values of vy at
the top RHIC energy. The results, at both RHIC and LHC energy, reported
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1. Heavy Ion physics

in Fig. 1.9 are compared to model calculations describing the interactions of
heavy quarks and open heavy-flavour hadrons with the high-density medium
formed in high-energy heavy-ion collisions.
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Figure 1.9: Left panel: v coefficient for heavy-flavour decay electron mea-
sured by STAR and PHENIX at /syny = 200 GeV. Right panel: heavy-
flavour decay electron azimuthal anisotropy compared to model calculations.

The anisotropy is qualitatively described by the models that include
both heavy quark energy loss in a geometrically anisotropic medium and
mechanisms that transfer to charm quarks the elliptic flow induced during
the system expansion. The same agreement among models and data is in-
dependently observed when looking at the fully reconstructed D-meson or
at their semi-leptonic decay products. Models that do not include a collec-
tive expansion of the medium or lack a contribution to the hadronization
of charm quarks from recombination with light quarks from the medium
predict in general a smaller anisotropy than observed in the data.

A complementary elliptic flow measurement of the heavy-flavour decay
electrons at central rapidity with the ALICE detector at the LHC, reported
in chapter 6, is of great interest by itself and it provides new and addi-
tional constraints on theoretical calculations which aim at describing heavy
quark production and its interactions with the medium. In the following the
models aiming to describe the measured anisotropy of the heavy-flavour are
briefly described. The reported models will later be used for the comparison
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with the heavy-flavour decay electron vy in this thesis.

BAMPS |41, 42]. This partonic transport model is based on the Boltz-
mann approach to multi-parton scattering. Heavy quarks interact with the
medium via collisional processes computed with a running strong coupling.
Hadronization is performed using vacuum fragmentation functions. In [41]
the lack of radiative processes is accounted for by scaling the binary cross
section with a correction factor (K = 3.5), which is tuned to describe the
heavy-flavour decay electron measurements at RHIC. More recent BAMPS
calculation [42] including both collisional and radiative processes for light
and heavy quarks in a static thermal medium are also available.

TAMU elastic [43]. This is a heavy-flavour transport model based on
the Langevin equation which includes collisional elastic processes only. The
heavy-quark transport coefficient is calculated within a non-perturbative ap-
proach, where the interactions proceed via resonance formation that trans-
fers momentum from the heavy quarks to the medium constituents. The
model includes the hydrodynamic medium evolution and a component of
recombination of heavy quarks with light-flavour quarks from the QGP.

MC@sHQ+EPQOS, Coll+Rad(LPM) [44]. This pQCD model includes
collisional and radiative (with a Landau-Pomeranchuk-Migdal correction
[45]) energy loss mechanisms for heavy quarks with a running strong cou-
pling. The medium fluid dynamical expansion is based on the EPOS model
[46]. A component of recombination of heavy quarks with light-flavour
quarks from the QGP is also incorporated in the model.

POWLANG [47|. This transport model is based on collisional processes
treated within the framework of Langevin dynamics, within an expand-
ing deconfined medium described by relativistic viscous hydrodynamics.
Hadronization is implemented in the model via vacuum fragmentation.
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1.7 Electromagnetic Probes

Photons are produced in all the stages of heavy-ion collisions in processes
involving different momentum transfer Q2. Since photons do not interact
with the medium once they are created, they carry undistorted information
about the system from the time of their production.

1. In the first stage of the collision, 'prompt’ photons originate mainly

from hard parton-parton scatterings. For large enough values of the
photon transverse momentum pr , this process can be calculated using
perturbative QCD [48]. The photon production decreases as an inverse
power of pr and increases with the center-of-mass energy and they are
expected to be produced isotropically.

. During the quark-gluon plasma phase, 'thermal’ photons are emitted
from quarks that undergo collisions with other quarks and gluons in
the medium. These photons have an exponentially suppressed spec-
trum, extending up to several GeV. The shape of this spectrum is de-
termined by the plasma temperature. Therefore, these photons could
serve as a thermometer of the QGP.

. Then the system expands and cools down. At hadronization, "hadron-
gas’ photons are produced either in the scatterings of 7, p,w and oth-
ers, or from resonance decays. This mechanism survives until the res-
onances cease to interact. The energy of these photons ranges from a
few hundred MeV to several GeV. The usual considered contributions
in models to the production rate of the photons from this stage are
7 (p) — vp(m) as well as the meson - meson(baryon) bremsstrahlung
radiation m + m(B) — m + m(B) + ~.

. Finally, after freeze-out, additional photons can be produced by 7° —
vy and 7 — 7y decays and higher resonances. Their energy lies in
the range of up to a few GeV.

Direct (thermal and hadron-gas) photons produced in phase 2 and 3

give information on the extent of thermalization of the created system.
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1.7 Electromagnetic Probes

Experimentally they have to be extracted from the huge background of
photons produced by the decays of 7%, 7 and from the prompt photons.

Since the azimuthal anisotropy of direct photons strongly depends on
their production mechanism, a measurements of vg AT allows to put further
constraints on their production time.

Prompt photons from the initial hard scatterings processes are expected
to be produced isotropically, if they do not interact with the medium the
vy @D _ (0. On the other hand, thermal photon production is affected by
the hydrodynamic flow, so that photons emitted along Wy get a stronger
boost. This results in a positive vy for thermal photon, while the magnitude
depends on the properties of the system at the photon production time.

Consequently, the thermal radiation emitted from the QGP phase is
expected to have a small and positive v9, while photons from the hadron-
gas are produced in a later stage, where the elliptic flow is fully developed,
with a wvo similar to hadrons. The strength of the vy signal depends then
on the different fraction of photons coming from the different stages, for
instance prompt photons can washout half of the vy signal coming from the
thermal component.

Recently the ALICE experiment measured the direct photon pt spectra
in the 0-40% centrality interval at \/syny = 2.76 TeV [49]. The measurement
is reported in Fig. 1.10 where the direct photon spectrum shows at low pr a
significant excess above the pQCD predictions which is described also in this
case by an exponential function with an inverse slope parameter of T, sy —
(304 4= 515tat+systy MeV. At higher pr the signal is well described by binary
scaled NLO (pQCD) calculations for pp.

PHENIX presented new preliminary results [50] of direct photon spectra
measurements in Au—Au collisions at /syny — 200 GeV as a function of the
transverse momentum. This measurements, reported in Fig. 1.11, allows
for an estimate of the QGP initial temperature which is about T,y = 240
MeV in the most central collisions, and no significant centrality dependence
was observed. The temperature is extracted with an exponential fit of the
low pr part of the spectra, while the higher pr region is found to be in
agreement with pQCD calculation scaled by the number of binary collision.

In addition to the direct photon yield in several centrality classes, the
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Figure 1.10:  Direct photon pr spectra in Pb-Pb collisions at
VSNN = 2.76 TeV for 0-40% centrality class with NLO pQCD predictions
(blue line) and low pr exponential fit (red line).

PHENIX collaboration measured the direct photon azimuthal anisotropy [51].
In Fig. 1.12 the elliptic and triangular flow are reported as a function of the
transverse momentum in three centrality classes. At high transverse mo-
mentum the measured vy is consistent with zero within uncertainties, which
is expected from the dominance of the prompt photons. At lower momenta
the measured azimuthal anisotropy shows an unexpected large photon ellip-
tic flow, comparable in magnitude to that of hadrons. Since the anisotropic
flow builds up in time, the thermal photon anisotropy is expected to be
smaller than the radiation emitted in the hadronic phase of the collision. A
large direct photon w9 can indicate a large contribution to the direct photon
yield from the late stage of the collision evolution.

Nowadays several models are aiming to describe the strong excess over
the known pQCD sources that have been attributed to thermal radiation
and its relative azimuthal anisotropy.

Hydrodynamic calculations [52, 53|, using the dynamic evolution of the
radiating system modelled with the VISH2+-1 model and including event-by-
event density fluctuations, are studied also for the photon case. Momentum

26



1.7 Electromagnetic Probes

(a) 1 1 1 1 (b) 1 1 1 1 E

- +25(stat) R +33(stat) 1

& 10! -‘1239 7sys) MeV /e d G261 (0 Me\//c15

< 100F I ]

= {3'3 ’II 3

> 10! ] ]

(8 - [ - - E E

_ x ]

= 1072} - 1 L8 |

=2 103} 1 * ]

%|5 (] - ]

|5 1074 | e 4

S 10-5

107 £0-20% ] $20-40% T 3

o+t gt——t——

+28(stat) +50(stat) 3

10 226, MeV /e £ 24275 (0 MeV /e

100f* ] ]

E % E Au+Au E

0L X ] V/SNN = 200GeV ]

E 5 s 1

1072 | 1;iI I 3

1073 E I F 3;

104 ] I ]

1075 fag. I Lo I T ]

40 I6O%I II 60 192%1 II ?:

01 2 3 1 2 3 4 5
pr(GeV/c]

Figure 1.11: Direct photon pt spectra in different centrality classes as mea-
sured by PHENIX in Au—Au collisions at /syny = 200 GeV. Dashed lines
are the exponential fits at low transverse momentum.

spectra and anisotropic flow are computed, both with and without account-
ing for the viscous correction to the standard thermal emission rate. The
hadronic phase is modelled as an interacting meson gas, where the chemical
freeze-out temperature is fixed again at T pep, = 165 MeV. In the model
only the prompt and the thermal component radiated by the plasma are
included, while the hadronic emission processes, which involve meson and
baryon interactions, as well as the bremsstrahlung processes are neglected.
It is found that in order to describe the recently measured total thermal
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Figure 1.12: Direct photon v9 and wvs as a function of pr in three centrality
bins as measured by the PHENIX in Au—Au collisions at /syy = 200 GeV.

photon yield, an additional contribution of photons from late emission has
to be incorporated in the model. The large observed effective tempera-
ture of thermal photons emitted from the collision is then interpreted to be
generated mostly from the strong radial flow in these collisions.

In Fig. 1.13 the v, coefficients are reported for central and semi-central
Au-Au and Pb—Pb collisions at RHIC and LHC respectively for two dif-
ferent assumption for the initial condition, the MC-KLN and MC-Glauber,
including viscous contributions to the evolution of the hydrodynamic flow
in the medium. The difference between the solid and dashed line represents
the effect of including viscous corrections to the photon emission rate. It has
been observed that viscous corrections to the emission rate have a larger ef-
fect on the v,, coeflicients than the viscous suppression due to hydrodynamic
flow in the medium.

The direct photon flow is calculated using the weighted sum of the differ-
ent sources. An increase of the thermal photon v,, at the LHC is predicted
due the longer lifetime of the QGP, which allows to develop larger flow
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Figure 1.13: Direct photon v, from hydrodynamic model including initial
state fluctuation and shear viscosity corrections for different initial condi-
tions. Figure taken from [52]

anisotropies. The hydrodynamic predictions are systematically lower than
the measured v9 and v3 coefficient by the PHENIX experiment, indicating
also for this observables the possible lack of photon emission during the
hadronic phase of the collision, when the anisotropic flow is fully developed.
Other theoretical models [54, 55| including slightly different assumption on
the photon production rate and on the hydrodynamic evolution of the sys-
tem also predict a smaller vs for the direct photon with respect to the one
measured at RHIC.

Collisions among hadrons as well as meson-meson and meson-baryon
bremsstrahlung are included in the Parton-Hadron-String Dynamics (PHSD)
transport approach [56, 57]. Within this approach, the partonic channels
are found to contribute up to 50% of the direct photon spectrum at pho-
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ton momenta pp > 1 GeV/c¢, while the low transverse momentum region
(pr < 1 GeV/c) is dominated by photon bremsstrahlung in meson+meson
and meson+baryon collisions. The model reproduces the transverse mo-
mentum spectrum and remarkably also the effective temperature measured
at the top RHIC energy [57]|. This observation indicates that the high slope
parameter mainly reflect the boost of the photon spectra due to the collec-
tive flow of hadrons. In PHSD the vs coefficient is calculated, as well as for
the hydro models, using the weighted sum of the different channels. The
results obtained with this model give slightly higher vs values than pure
hydrodynamic calculations, an effect that is attributed to the additional
hadronic channels included. The large uncertainty band is coming from the
modelling of the cross section for the individual channels. The prediction at
the RHIC energy is compared in the left panel of Fig. 1.14 with the PHENIX
measurements [58, 59] in Au—Au collisions in the 0-40% centrality class, and
a rough agreement is observed within the large systematic uncertainties of
both the measurement and the prediction.
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Figure 1.14: Elliptic flow v2 as a function of the transverse momentum for
the direct photon calculated within the PHSD model, in the left panel the
model is compared with PHENIX measurements [58, 59], while in the right
panel the prediction for the LHC energy is shown.

30



1.7 Electromagnetic Probes

In the right panel of Fig. 1.14 the prediction for Pb—Pb collisions at the
LHC is shown for the same centrality interval. These results might also
indicate the importance of the photons produced in the hadronic phase of
the heavy-ion collision.

In chapter 7 of this thesis the measurement of the direct photon elliptic
flow measured in Pb—Pb collisions with the ALICE detector is reported and
a comparison with theoretical predictions is shown.
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Chapter 2

The ALICE experiment

The data analyzed in the presented work were collected with ALICE (A
Large Ion Collider Experiment) [60-62|, which is a detector setup built
mainly to the study Pb-Pb collisions at the Large-Hadron-Collider (LHC).
The main goal of the experiment is to study in detail the properties of
Quantum Chromodynamics (QCD) at high densities and temperatures. In
the first part of this chapter a general overview of the ALICE detector
is given. In the second part the sub-detectors used for the measurements
reported in this thesis are described in more detail.

2.1 Detector design

The ALICE detector consists of a central barrel embedded in a solenoidal
magnet (devoted to the study of hadronic and electromagnetic signals)
and a muon arm with a separate dipole magnet (devoted to study the
behaviour of quarkonia in dense matter). The acceptance of the central
detector system ranges from -0.9 < n < 0.9 over the full azimuth and the
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muon arm covers -4 < n < -2.4.

Figure 2.1: A sketch of the ALICE detector

ALICE has a cylindrical geometry with the symmetry axis coinciding
with the nominal position of the LHC beam, as illustrated in Fig. 2.1.
The global reference frame is as follows: the z axis is parallel to the beam
and pointing to the opposite direction of the muon arm, z and y are in
the transverse plane to the beam direction. The spacial coordinates of a
particle are given in terms of their azimuthal angle ¢ and pseudo-rapidity
1. The latter is defined in Equation: 2.1, as a function of the polar angle 6,
the angle with respect to the beam axis.

- )

34



2.1 Detector design

The beam pipe, that is made out of beryllium, an element with a low
atomic number, to minimize multiple scattering in the material, has an outer
radius of 3 cm and a thickness of 0.8 mm. The ALICE magnet (constructed
for the L3 experiment at LEP) provides a magnetic field of 0.5 T, parallel
to the beam axis. The field strength has been chosen to have both a good
acceptance for low momentum tracks and a good momentum resolution for
high-pr.

The ALICE central barrel includes many sub-detectors. Going outwards
from the beam pipe, the central barrel detector systems are:

e Inner Tracking System (ITS) [63], a silicon detector system for track-
ing, vertexing and particle identification.

e Time-Projection-Chamber (TPC) [64], a cylindrical chamber filled
with gas, which acts as the main ALICE tracking and particle identi-
fication detector.

e Transition-Radiation-Detector (TRD) [65], excellent for high energy
electron identification exploiting transition radiation emission.

e Time-of-Flight (TOF) [66], dedicated to particle identification, capa-
ble of 7 /K separation up to 2.2 GeV/c and of K/p separation up to 4
GeV/c.

e High-Momentum-Particle-IDentification (HMPID) [67], which is a Ring
Imaging Cherenkov detector used for identification of w, K, p in the
1 < pr < 5 GeV/c range.

e Two electromagnetic calorimeters, PHOS [68] and EMCal [69]; PHOS
has an higher granularity than EMCal, but has a smaller acceptance.

e ACORDE, a scintillator array placed outside the magnet for cosmic
ray measurements.
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2. The ALICE experiment

In addition a number of small and specialized detector systems, that are
used for triggering or to measure global event characteristics, are located at
forward rapidity.

e The TO detector [70] which is mounted around the beam pipe and
which is the fast timing and trigger detector (< 25 ps).

e The VZERO scintillator detectors |71] are used as a minimum bias
trigger, for rejection of beam gas background and for the centrality
class measurements in Pb—Pb collisions.

e The Forward-Multiplicity-Detector [72] (FMD) provides charged mul-
tiplicity information over a large fraction of the solid angle.

e The Photon-Multiplicity-Detector [73] (PMD) measures the multiplic-
ity and spatial distribution of photons even-by-event in the region
23 <n<3.7.

e The Zero-Degree Calorimeters [74] (ZDC) provide information on the
centrality of the collision as well as on the reaction plane by measuring
the energy of the nucleons not involved in the collision (spectators).

e The muon spectrometer [75] is primarily designed to measure the pro-
duction of heavy-quark resonances (J/1,¢ , 7,7 ,T") through their
decay into ptp~ pairs, with a mass resolution sufficient to separate
all states.

In the next sections the detectors used for the measurements reported in
this thesis, ITS, TOF, TPC ,EMCal and VO, are described in more detail.

2.2 Inner Tracking System

The Inner Tracking System [63] consists of six cylindrical layers of coordinate-
sensitive detectors, covering the central rapidity region (|n| < 0.9) for ver-
tices located within the interaction diamond (+l¢ = 5.3 ¢cm ) along the
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2.2 Inner Tracking System

SPD

87.2cm

Figure 2.2: The ALICE Inner Tracking System. Figure taken from [63]

beam direction (z), and it provides a full coverage in azimuthal angle. The
layout of the ITS is shown in Fig. 2.2.

The basic functions of the ITS are:

e primary and secondary vertex reconstruction with the high resolu-
tion required for the detection of particles with open charm and open
beauty.

e Measurement with a resolution better than 100 pm of the impact
parameter of the tracks. The impact parameter is defined as the
distance of closest approach of the track to the primary vertex.

e Improvement of the momentum resolution for high momentum parti-
cles.
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2. The ALICE experiment

e Reconstruction and identification of low momentum tracks with pp <
200 MeV /c, which are bent too strongly by the magnetic field to be
reconstructed by the TPC.

e Particle-identification with dE/dz measurements.

The first two layers are positioned at 3.9 and 7.6 cm from the interaction
point. The high particle density in this region requires an excellent position
resolution, which is achieved with a silicon pixel detector (SPD) with a cell
size of 50(rp) x 425(z)um?. At r = 15 and 23.9 cm there are two layers
of silicon drift detectors (SDD) and at r = 38.5 and 43.6 cm two layers of
silicon strip detectors (SSD). The SDD gives a good 2-dimensional space-
point resolution together with excellent two-tracks separation capability and
energy loss measurements. At larger distances from the interaction point
(where the particle density can be lower than one track per cm?) the double-
sided micro-strip detectors also allow for dF/dz measurements and deliver
important information for the connection of tracks from the TPC and ITS.
The main parameters for each of the three detector types are summarized
in Table 2.1

Detector r(cm) |7 | Resolution main
Orp X O (pm)? purposes
SPD 3.9 2.0 12 x 100 tracking, vertexing
SPD 7.6 14 tracking, vertexing
SDD 15.0 0.9 38 x 28 tracking, vertexing, dF/dx
SDD 239 0.9 tracking, vertexing, dF /dx
SSD 385 1.0 20 x 830 tracking, vertexing, dF /dx
SSD 43.6 1.0 tracking, vertexing, dF/dx

Table 2.1: Summary of the I'TS main characteristics

The performance of the dE/dx capabilities as a function of track mo-
mentum for the ITS is shown in Fig. 2.3 for Pb-Pb collisions. The estimated
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2.2 Inner Tracking System

overall resolution of the ITS dE/dx measurement is about 11%, which al-
lows for a good e/K separation up to 500 MeV /c and a e/p separation up to
about ~1.5 GeV/c. The lines are parameterizations of the detector response
based on the Bethe-Bloch formula. 1
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Figure 2.3: dF/dz of charged particles as a function their momentum, both
measured by the ITS standalone, in Pb—Pb collisions at 2.76 TeV.

!The Bethe-Bloch formula can be parameterized as in Equation: 2.2 for a particle with
speed [, charge z, and energy E, traveling a distance x into a target of electron number
density n and mean excitation potential I

2 2\ 2 2 2
_dE _ 4m  nz” [ e Nin 2mec’f - p? (2.2)
dr  mec? (2 4meg I-(1-p5?%)
where ¢ is the speed of light and ¢y the vacuum permittivity, e and me the electron
charge and rest mass respectively.
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2. The ALICE experiment

2.3 Time Projection Chamber

The Time-Projection Chamber [64] (Fig. 2.5) is the main tracking detector
of the central barrel and is optimized to provide, together with the other cen-
tral barrel detectors, charged-particle momentum measurements with good
two-track separation, particle identification, and vertex determination. The
global acceptance is -0.9 < 1 < 0.9 for full radial tracks and full azimuthal
coverage.

SERVICE SUPPORT
WHEEL

END PLATE

GLIDER FEET

INNER CONTRINMENT
VESSEL

7
OUTER CONTAINMENT / 70/
GLIDER FEET q ¢
/=
- 1

END PLRTE

SERVICE SUPPORT
WHEEL

Figure 2.4: The ALICE Time-Projection-Chamber. Figure taken from [62]

The TPC is cylindrical in shape with an inner radius of 85 ¢m and an
outer radius of 247 cm. The overall length of the TPC detector along the
beam direction is 510 cm. The active volume of the detector is 88 m?, and it
is filled with a gas mixture (90%-10%) of Ne/COs. This particular mixture
was used in order to provide a large drift velocity of the charges (to keep
the pile-up under control), a low diffusion coefficient and negligible Coulomb
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2.3 Time Projection Chamber

multiple scattering (to increase the spatial resolution). The TPC is capable
of three-dimensional reconstruction of charged particles with a high number
of space points and with an excellent spatial resolution. The Multi-wire
proportional chambers with segmented cathode pad read out are mounted
into 18 trapezoidal sectors of each end-plate, and allow a bidimensional
measurement, while the third coordinate is obtained by measuring the drift
time. The resolution for the track momentum is as low as 1% for low
momentum tracks (pr ~ 1 GeV/c), and degrades with increasing momenta
(about 3.5% for pp ~ 100 GeV/c).

This detector also helps to reconstruct vertices and can provide particle
identification in the low and intermediate pr region via dF/dx measure-

ment.
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Figure 2.5: dF/dz of charged particles as a function their momentum, both
measured by the TPC detector, in Pb—Pb collisions at 2.76 TeV.

The analog nature of the signal collected by the MWPC readout also
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2. The ALICE experiment

allows to measure the energy loss of the charged particles while traversing
the gas (dE/dz). The resolution on the dE/dx determination, for tracks
crossing the entire detector, was measured to be about 5.5% [64]. This gives
good particle identification capabilities from 200 MeV /¢ up to almost 1.5
GeV/c (e.g. p/K separation) as shown in Fig. 2.5, where the performance
of the dE'/dx capabilities as a function of the track momentum is shown.
The parameterizations of the detector response based on the Bethe-Bloch
formula are also plotted in the figure.

2.4 Time of Flight

The geometry of the TOF [66] detector is very similar to that of the detectors
discussed previously. Its elementary unity is a MRPC (Multi-gap Resistive-
Plate Chamber) strip, which is subdivided in 96 readout pads and installed
inside the gas volume, forming a module. A group of 5 modules composes
a super-module covering the whole detector in pseudo-rapidity (|n| < 0.9)
and full azimuth. This arrangement is illustrated in Fig. 2.6. This detector
is a cylindrical detector with an internal radius of 370 cm and an external
one of 390 cm and an overall longitudinal length of 7.45 m.

The main task of the TOF (Fig. 2.7) detector is particle identification
of charged tracks via the measurement of their time of flight over a known
distance. Particles with different masses can be identified once their times
of flight and momenta are known. The difference in flight time for two
particles with equal momenta p; = po = p and different masses m1 and mgo
is given by :

_Lc

At = —
2p?

(mf —m3).

The main purpose of the TOF is particle identification at low-pt (pp <
2.5 GeV). It provides a good separation of electrons from kaons and protons
up to a track momentum pr ~ 2.5 GeV/c and pt ~ 4 GeV /c, respectively.
Furthermore, the TOF information is combined with that of the TPC and
ITS to improve track reconstruction.
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Custom crates——"" [

Figure 2.6: The ALICE Time Of Flight detector. Figure taken from [62].
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Figure 2.7: Measurement of the velocity of different particle species as func-
tion of charged particle momentum with the TOF detector for Pb-Pb colli-

sions.
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2. The ALICE experiment

2.5 Electromagnetic Calorimeter

In order to enhance the capabilities for measuring jets, direct photons
and electrons from heavy-flavour decays, the electromagnetic calorimeter
EMCal [69] was installed in ALICE.

The EMCal is located adjacent to the ALICE magnet coil at a radius
of ~ 4.5 m from the beam line. The full detector spans |n| < 0.7 in pseudo-
rapidity with an azimuthal acceptance of A¢ = 107°. The size of the EMCal
is constrained by the available free space and the maximum weight that can
be supported by the L3 magnet.

The detector contains several modules each consisting of sampling calorime-
ters made of alternating layers of 1.44 mm Pb and 1.76 mm polystyrene,
the latter is the scintillating material [69]. The cell size of the EMCal is
approximately 0.014x0.014 rad in A¢ x An. It is optimized to measure
jet production rates and their fragmentation functions in conjunction with
charged particle tracking in the other detectors. The energy resolution was
measured to be 1.7®11.1/\/E(GeV)®5.1/E(GeV)% [16].

Particles produce an electromagnetic shower when traversing the detec-
tor. Due to the choice of the cell size and the detector thickness (~ 20.1
radiation length), the shower produced by a particle is used to discriminate
among electromagnetic and hadronic probes. Electrons and photons de-
posit their total energy in the detector, while hadrons deposit only a small
fraction of their energy.

The EMcal has also been used to provide a fast and efficient trigger
(Level 0 and Level 1) for jets, photons and electrons. The Level 0 trigger
requires a certain energy deposit in patches of 4 x 4 cells. At Level 1 the
EMCal provides triggers on the neutral components of jets and photons.
More detail on the EMCal trigger and on the data sample used are reported
in chapter 4.
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2.6 VZERO detector

2.6 VZERO detector

The VZERO detector |71] consists of two arrays of 32 scintillators each.
They are arranged in four rings around the beam pipe on either side of
the interaction region, covering the pseudo-rapidity ranges 2.8 < n < 5.1
(VZERO-A) and 3.7 < n < 1.7 (VZERO-C), respectively.

The VZERO is used to select beam-beam interactions in the central
region of ALICE and to discriminate against interactions of the beam with
gas molecules in the beam pipe. For Pb—Pb collisions, the signal amplitude
from its segments is used to classify events according to their centrality,
while the azimuthal segmentation allows for an estimation of the reaction
plane.
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Chapter 3

Flow analysis methodologies

Elliptic flow, fist mentioned in section 1.4.2, is described by the second
Fourier coefficients of the azimuthal distribution of the invariant particle
yield with respect to the reaction plane [11]. In this equation the elliptic
flow coefficient is defined as a correlation with the reconstructed event plane.
Another experimental technique to measure the elliptic flow coefficient is the
scalar product method, a two-particle correlation technique.

Recently a clear disadvantage of using the standard event plane method
has been pointed out [77|]. The event plane method yields ambiguous vy
measurements which are somewhere between the event-averaged mean value
(v2) and the root-mean-square value /(v3). The exact value measured from
the event plane method depends on the resolution Ry (which will be defined
in equation: 3.5), which strongly depends on the experimental setup. There-
fore, the event plane method could lead to systematically different vy results
obtained in different experiments, complicating a comparison with theoret-
ical model calculations. This dependence has been shown to be stronger
for higher harmonic coefficients than for vs. In order to provide non am-
biguous measurements, it has been suggested [77] to measure the elliptic
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3. Flow analysis methodologies

flow coefficient (as well as higher order harmonics) with the scalar product
method, which has the advantage of measuring always the \/(v3), removing
any ambiguity from the experimental elliptic flow measurements.

In this chapter the event plane method and the scalar product method,
both used in this thesis to carry out elliptic flow measurements, are de-
scribed in detail.

3.1 Event plane method

In order to determine the second harmonic coefficient vy, the 62 vector,
as defined in equation 3.1, is calculated from the azimuthal distribution of
charged particles (so called Reference Flow Particles REP)

N
Oy = > wie, (3.1)
=1

where ; are the azimuthal angles and N the multiplicity of the RF_P)’.
The weight w; is described later in the text. The azimuthal angle of the ()
vector

Q2,y
QQ,x

is called the event plane, 19, and is an estimate of the symmetry plane.

1
¢2 = — tan*1<

5 ) (3.2)

The observed vy is then calculated using equation 3.3:

3" = (cos[2(p; — ¥2)]), (3-3)

where the averaging is over all particles in all events and ¢; is the az-
imuthal angle of the particles of interest (POI) for which the vy is calculated.
In order to avoid autocorrelations the event plane is re-calculated for each
particle (i) by first removing the track itself from the RFP sample before
the ng calculation.
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3.1 Event plane method

The measured event plane angle has a finite resolution due to the finite
multiplicity of tracks used to reconstruct the (). Because of this, the vgbs

has to be corrected for the event plane resolution Rs.

2 —
Ry
The event plane resolution [78], a quantity smaller than one that depends
on the multiplicity and vs of the RFP, is calculated for equal multiplicity

sub-events A and B as:

Ry = (cos[2(v3' — F))). (3.5)

Two slightly different methods can be used to calculate the v coefficient.
The first one consists of extracting the POI yields with respect to the event
plane Ay = ¢ - ¥y. For a fixed pt bin the number of POIs as a function of
Ay is then fitted with equation 3.6, where vgbs is in this case a fit parameter
and is afterwards corrected for the event plane resolution.

dN/dp = Ng - (1 + 205 cos[2(p — 2)]). (3.6)

The second and more recent method used in [37] consists of measuring
the pr spectra of the POIs in the in-plane (N;,) and out-of-plane (Nyy:)
direction as reported in equation 3.7

w/4 5m/4
Ni, = / AN A+ / AN A,
3

—7/4 dAQO /4 dASO

3n/4 AN /4 dN
Ny :/ dAgo—i—/ —dAyp. 3.7
' /4 dAyp 5m/4 dAyp (3.7

Considering only the vo coefficient, the integrals can be calculated:

Ni = a(ﬂ' + 41)2),
Nowt = a(m — 4vy), (3.8)
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where a is a constant factor. From the N;, and N,y yield, and intro-
ducing the event plane resolution, it is then possible to calculate the vy
coefficient according to equation 3.9

_ iz Nin — Nout
RZ 4 Nzn + Nout

Experimentally the measured elliptic flow is not just the result of the ini-
tial spatial anisotropy due to the collision geometry but it can be affected by
so-called non-flow contributions. These contributions include resonance de-
cays and jet correlations. The non-flow contributions can be suppressed [79]
imposing a pseudo-rapidity gap between the RPF and POIs. In the anal-
ysis reported in this thesis the non-flow contributions are suppressed using
the three sub-events method |78, in which a large pseudo-rapidity gap is
imposed.

V2 (3.9)

3.1.1 Event plane with three sub-events resolution

In order to suppress the non-flow effects, which are correlations not asso-
ciated with the event plane, a three sub-events technique, which includes
a gap between POIs and RFPs in pseudo-rapidity, has been used. If the
sub-events do not cover the same pseudo-rapidity range one needs at least
three pseudo-rapidity regions to determine the event plane resolution for
each of them [78].

In this thesis the 62 vector is determined from the azimuthal distri-
bution of signals in the segments of the VZERO detectors, which detect
particles produced at forward and backward rapidity. The 62 vector is cal-
culated using equation 3.1, with the sum running over the eight azimuthal
sectors of each VZERO detector, where ¢; is defined by the central azimuth
of the it" sector. wj; is equal to the signal amplitude in the i** sector for
the selected event, which is proportional to the number of charged parti-
cles crossing the sector. Non-uniformities in the VZERO acceptance and
efficiency were corrected for using the procedure described in [80].

The large gap in pseudo-rapidity (|An| > 0.9) between the reconstructed
tracks in the TPC (POIs) and those in the VZERO detectors is observed
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3.2 Scalar product method

to suppress non-flow contributions to the measured v [79]. With this pro-
cedure the event plane is reconstructed with a different detector compared
to the one used for the POIs selection, removing a priori all possible auto-
correlations.

The resolution of the event plane determined with the VZERO detectors,
equation 3.10, is measured with the three sub-events method [37|, using the
signals in the VZERO detectors (both A and C sides) and either the tracks
in the positive (0 < 1 < 0.8) on in the negative (-0.8 < 1 < 0) pseudo-
rapidity regions of the TPC.

cos|2 vo _ ,, TPCpos cos|2 vo _ ,,TPCneg
Ol - ;FPC)’% —z[ﬁi’(Pé“g)DQ s e

The average Rp values in the three centrality classes used in this thesis
are ~57% (0-10%), ~76% (10-20%) and ~77% (20-40%).

The event plane method for a detector system which has a low resolution
of the reconstructed event plane, as observed for the VZERO detectors, gives
a vo value closer to the root-mean-square value y/(v3) [77) and should give
comparable results with the scalar product, if the same pseudo-rapidity gap
between POIs and RFPs is applied.

3.2 Scalar product method

A more sophisticated two-particle correlation technique is the scalar prod-
uct, a method that does not depend on explicit construction of an event
plane, but calculates vy directly from two-particle correlations [81]. It is
based on the scalar product of a unit vector for particle i denoted as s
with the 62 vector, calculated as in equation 3.11.

po A28 (3.11)
? gy @b '
<MA ' MB>

51



3. Flow analysis methodologies

where A and B are two sub-events and M, M and MPB are the multi-
plicity of the full-event and the two sub-events A and B, respectively. The
scalar product has the additional advantage of providing an easy and detec-
tor independent method to compare results from different experiments and
with theoretical model calculations.

Also in this case it is important to remove autocorrelatiogs between
POIs and RFP from the v measurements by recomputing the ()5 for each
particle by first removing the track itself from the RFP sample.

With the scalar-product method, combining measurements from two
reference detectors A and B is straightforward if they are identical [77].
One simply has to measure vy independently with respect to A and to B.
By linearity of the scalar product, the combined vy is obtained by taking a
plain average between the two measurements as in equation 3.12:

A QB B G4
1 <U§‘ﬁ%> (Ug'ﬁ>

\JE&a,
MA  MB MA  MB

The @5 (TF) is the unit vector of POIs in sub-event A (sub-event B).
The sub-event procedure is applied in this thesis in order to avoid autocor-
relations between the POI candidates and the @)2 vectors and in order to
suppress the non-flow contributions.

(3.12)

The sub-events method uses the 62 vectors of reconstructed TPC tracks
in the positive (0 < n < 0.8) and negative (-0.8 < 1 < 0) pseudo-rapidity
regions separately. The two sub-events A and B defined in this way have
similar multiplicity and ve. The 59 and 55 are calculated using equa-
tion 3.1, where the sum is over reconstructed tracks in the TPC selected
with the following criteria: at least 70 associated space points out of the
maximum of 159, a x? per TPC cluster in the range 0.2 < x?/ndf < 4 and
a transverse momentum in the interval 0.2 < pp < 5 GeV/c. In addition,
tracks are rejected if their distance of closest approach to the primary vertex
is larger than 3.2 cm in the z directions and 2.4 cm in the (x,y) plane. In
order to minimize the non-uniformities in the azimuthal acceptance, no re-
quirement was applied on the number of I'TS points associated to the track.
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3.3 Q-Cumulant and multi-particle correlation

The weights w; correct for non-uniformities in the acceptance and for the
efficiency of the TPC [78|. The @2 vectors are then correlated with the POI
candidates coming from the opposite 1 region. To reduce the statistical er-
rors on the final measurements an 7 gap between POIs and RPF of |An| >
0 has been used in this thesis.

3.2.1 Scalar product with three sub-events

If the two sub-events A and B cover an asymmetric pseudo-rapidity region,
the usage of the modified Scalar Product method with three sub-events [77,
82| has been introduced. It calculated using to equation 3.13

= OB\ ale
(@5 2 )(T - 58)

Mg Mo
= - — , 3.13
vy <Q2B . Qg> (3.13)
My  Mc

where Mp and M¢ are the estimates of the multiplicity in the VZERO-
A and VZERO-C detectors, and QQB , @20 are the flow vectors calculated
in sub-events B and C, respectively. The non uniformity of the detector
azimuthal efficiency is also taken into account in the scalar produce method
by applying the inverse of the event-averaged signal as a weight for each
of the VZERO segments, together with a re-centrering procedure (i.e. sub-
traction of the average centroid position of each sector [80]). The sub-event
A, from which the POls are selected, is within the full TPC detector and
also in this case a pseudo-rapidity gap of |An| > 0.9 is applied by default,
largely suppressing non-flow contributions in the vy measurements.

3.3 Q-Cumulant and multi-particle correlation

As already explained, non-flow correlations that bias the elliptic flow mea-
surements originate largely from few particle correlations like resonance de-
cay (which usually involve two correlated decay products) and structures
like mini-jets. Genuine multi-particle correlation methods that involve more
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than just two particles have the property to drastically reduce the non-flow
correlations [83].

One of the problems in using multi-particle correlations is the comput-
ing power needed to go over all possible particle multiplets, which practi-
cally prohibits calculations of correlations of order larger than three-particle
correlations. To avoid this problem, it was suggested in [84] to express cu-
mulants in terms of moments of the magnitude of the corresponding flow
vectors én, which are calculated in a single pass over the particles.

To estimate how non-flow in 2-particle correlations scales, for the case of
two-particle resonance decay a simple combinatorics argument can be used.
Since the average needs to be computed over all pairs, the probability for a
particle to be correlated with another one is proportional to 1/(M —1) with
M the number of particles in an event. This means that the magnitude of
the non-flow correlation will be proportional to:

1
52—particle ~ M (314)

The same type of arguments can applied to genuine 4-particle correla-
tions; for which the non-flow will be proportional to:

54—pa'rticle ~ %’ (315)

which means that the genuine 4-particle correlations are less affected by
non-flow correlations with respect to the 2-particle technique. For the Q-
cumulant approach [83, 84] the 4-particle cumulant explicitly removes all 2-
particle correlations and it is therefore unbiased by 2-particle non-flow. Due
to equation 3.15, the 4-particle cumulant is also reasonably insensitive to 4-
particle non-flow correlations, which are expected to be rare to begin with.
In this thesis the 4-particle cumulant method have been tested in order to
compute the elliptic flow for the different analyses. Unfortunately in these
specific cases, the small statistics of the particles of interest, and hence
the small numbers of quadruplets reconstructed, did not allow to extract
statistically reliable measurements using a 4-particle correlation technique.
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Chapter 4

Event selection

In this chapter the criteria applied to select a clean sample of data, used in
the different flow analyses carried out in this thesis, is described. Collisions
between lead ions recorded by the ALICE detector in the years 2010 and
2011 at a collision energy of \/syny = 2.76 TeV are used. According to the
statistics required, dictated by the different analyses reported in this thesis,
the 2010 or 2011 Pb-Pb data have been used. For the ¢-meson and the
direct photon analysis the 2010 minimum bias data sample was used, while
for the heavy-flavour decay electrons, due to the large statistic required
in this analysis, the 2011 data have been used. Due to different detector
conditions in the two data taking periods, the different data samples have
not been mixed. In addition, a sample of EMCal trigger events has been
used in order to extend the heavy-flavour decay electrons measurements to
higher transverse momentum. In the last section of this chapter detailed
studies on charged particle elliptic flow using the EMCal triggered events
are reported. This check was done to verify if this triggered data sample
can be safely used for azimuthal anisotropy measurements.
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4. Event selection

4.1 On-line and Off-line event selection

In this section a brief introduction to the different trigger setting used to
record events with the ALICE detector is given. The trigger setting between
the data recorded in 2010 and 2011 are slightly different, for instance in the
2011 data not only minimum bias events (MB) were recorded, but also
specific centrality and more rare triggers have been employed.

The selection of the minimum bias events was done using a combination
of online and offline triggers [85]. The online minimum bias trigger used to
record the data, which is a hardware level trigger, used in Pb—Pb collisions
requires the following conditions to be satisfied:

e two hits in the outer layer of the SPD
e signal in VZERO-A

e signal in VZERO-C

Usually an event is selected when two out of the three conditions are met,
however, depending on the run conditions different triggering scenarios were
used for the selection, such as a full coincidence between the requirements
(3-out-of-3) or only a signal in both the VZERO detectors. The VZERO-
based trigger was complemented by a requirement of signals in both ZDCs
in order to suppress the electromagnetic interactions between the lead ions
during the high luminosity Pb—Pb runs in 2011.

The centrality trigger employed in 2011 data is mainly based on the
same conditions listed for the MB bias trigger with an additional threshold
requirement on the integrated VZERO signals. This threshold was used to
define central 0-10% and semi central 0-50% Pb-PDb triggers. The threshold
was applied separately to the sums of the output charges of the VZEROA
and VZEROC, and a coincidence of the two sides was required.

Furthermore, an off-line selection is applied in which the on-line trigger is
validated and the remaining background events from beam-gas interactions
are rejected using the time measured in the VZERO detector at which the
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particles arrive with respect to the time when the bunch crossed the nominal
interaction point in ALICE.

In addition to the MB centrality triggers, also other more rare triggers
have been used in ALICE to select events. One of the EMCal triggers is
based on the EMCal single shower (SSh) trigger, which utilizes the fast
hardware based sum of transverse energy (Et) in groups of 4x4 adjacent
EMCal towers (corresponding to 0.056 x 0.056 in ¢ x n). An SSh trigger
is issued if the threshold is exceeded by at least one EMCal tower group.
The nominal trigger threshold varied approximately from ~7 GeV in 0-10%
most central events to ~2 GeV in 80-90% most peripheral events. An event
is accepted if it also passes the MB trigger requirements.

4.1.1 Additional event selection

After the standard ALICE physics selection, additional filtering on the
recorded events is necessary to further clean up the data sample used for
the analysis described in this thesis.

One of the most important quantities is the reconstruction of the pri-
mary interaction vertex. Global tracks, reconstructed in the TPC and ITS,
are used to find the interaction vertex with high precision. Only events with
at least two tracks and a vertex found within 10 cm from the centre of the
detector along the beam line are used in the analysis (|V;]| < 10 cm). The
value of the primary vertex cut is chosen to ensure a uniform reconstruction
efficiency of charged particles. The primary interaction vertex can also be
estimated using the two innermost layers (SPD) of the ITS. If the abso-
lute difference between the primary vertex estimated in the two strategies
is larger then 0.5 cm the event is not selected.

As an additional quality check on the events, the correlation between the
Global track and standalone TPC track multiplicity have been investigated,
to check if outlier/pile-up events are observed. Some of the events are
affected from outliers as shown in Fig. 4.1, where the correlation between
Global and TPC tracks is shown for the 2011 centrality trigger events. The
events for which the multiplicity values measured in the two cases do not
follow the expected correlation are most probably affected by pile-up. These
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4. Event selection

outliers are only visible for standalone TPC tracks, because the dead time in
the TPC is much larger than that in the I'TS. The TPC multiplicity outliers
were removed, for both the 2010 and 2011 data, by a correlation cut placed
at a 3o distance from the central value of the correlation band, plotted in
Fig. 4.1 by the red lines.

Pb-Pb, VSNN =2.76 TeV

— Pile up rejection cut

2

] - ]
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b= 10
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Figure 4.1: Correlation between the number of global tracks (ITS+TPC)
and standalone TPC tracks for the 2011 Pb—Pb centrality trigger. The red
line represent the cut placed at a 3o distance from the central value of the
correlation band.

The multiplicity measured in the VZERO detectors is used to estimate
the event centrality, as explained in detail in the next section. Since the
impact parameter distribution could slightly depend on the acceptance of
the detector used for the centrality determination, this was investigated
by comparing the centrality value measured by the VZERO with the one
measured using the number of tracks in the TPC. Events that have an
absolute difference larger than 5% between the two estimates are rejected
from the event sample.

Finally in Table 4.1 all the additional event cuts applied to clean the
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4.2 Centrality determination

data sample are listed. The total number of events rejected by the event
cuts is about 2.5%. The event sample analyzed is verified to be an unbiased
sample for the centrality intervals used in the analysis.

Type Value
# of tracks > 2
| V. | < 10 cm
| SPDy, - TPCy, | < 0.5 cm
Global vs TPC multiplicity — required
| Vocent _ Tpccent ‘ < 5%

Table 4.1: Event selection cuts.

4.2 Centrality determination

Measurements in heavy-ion collisions are usually reported as a function of
the collision centrality. Head-on collisions are referred to as central colli-
sions, in which thousands of particles are produced. The collisions in which
the overlap region between the two nuclei is small are called peripheral, and
for those collisions the particle multiplicity is much lower than for the most
central. Ideally the centrality would be determined by the impact parameter
b, however this geometrical parameter is not known in experiments.

Experimentally, the centrality is defined [86] as the fraction of the num-
ber of observed events N, (corrected for the trigger efficiency and for the
non-hadronic interaction background) with the largest detected charged par-
ticle multiplicity Ngp:

1  dNgy
cr —2dN! 4.1
Nefu /];[c}l dNéh ch» ( )

where the assumption is made that the particle multiplicity increases
monotonically with centrality at mid-rapidity. The connection between the
experimental centrality definition and the model dependent quantities is
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calculated with the Glauber Monte-Carlo model [87, 88|. It defines, for an
event with a given impact parameter b, the corresponding (Npqr¢), which are
the nucleons which at least had one collision, and (NN, ), which are the total
number of binary nucleon-nucleon collisions. In the model a nucleus-nucleus
collision is treated as a sequence of independent nucleon-nucleon collisions,
where the nucleons are assumed to travel on straight line trajectories and
the inelastic nucleon-nucleon cross section is assumed to be independent
of the number of collisions a nucleon underwent previously. The Glauber
Monte-Carlo model is then augmented with a simple two-component model
for particle production (in which both (Np.¢) and (Nee;) contribute to the
total multiplicity) to simulate the multiplicity distribution using a negative
binomial distribution (NBD). To use this model for a collision with a given
(Npart) and (Neopr), the number of independently emitting sources of par-
ticles is assumed to be parameterized as f X Npgr¢ + (1 — f) X Neoyy. The
distribution of the measured VZERO signal amplitude, which is propor-
tional to the event multiplicity, is shown in Fig. 4.2. The distribution is
overlaid with the amplitude distribution simulated with the NBD-Glauber
model (red line in the figure).

In ALICE several detectors can be used to measure the charged particle
multiplicity in order to determine the centrality of a collision. As already
mentioned in the previous section on the event selection cuts, in this the-
sis both the sum of the amplitudes in the VZERO detector and number
of reconstructed tracks in the TPC are used as centrality estimators. The
VZEROQO amplitude is used as the default method for the analysis discussed
in this thesis, because it has a better resolution compared to the other de-
tectors. The resolution in the centrality estimated for the VZERO detector
ranges from 0.5% in central to 2% in peripheral Pb-Pb collisions.

4.2.1 Centrality flattening for the 2011 data

Anisotropic flow measurements depend on the centrality, hence a flat cen-
trality distribution is necessary to ensure that each narrow centrality bin
contributes equally to the measured v in a wider bin, and to ensure that
the centre of a wide centrality bin represents the mean centrality.
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Figure 4.2: Distribution of the VO amplitude (sum of VOA and VOC) for
the 2010 MB bias events. The inset shows a zoom of the low amplitude
part of the distribution. The curve shows the result of the Glauber model
fit to the measurement. Figure taken from [86]

For the 2010 MB data the centrality distribution is observed to be fully
uniform over the whole range used in the analysis. Due to the threshold
applied on the signal of the VZERO detectors in the 2011 centrality trigger,
it was 100% efficient up to ~ 8% centrality. This is reflected in the centrality
distribution, as shown in Fig. 4.3, which is approximately flat up to ~ 8%.
Between 8% - 10% centrality the effect of the trigger becomes visible. This
shows that in order to use a wider centrality bin in the flow analysis, for
example 0-10%, a correction has to be applied.

To account for the trigger bias a centrality flatting procedure is used.
The centrality distribution of the triggered events is used to define centrality
weights w; in 1% wide bins, defined as the ratio between the minimum
of the centrality distribution in the range in which the flattening has to
be applied and the value of the centrality distribution in the bin. The
weights for the 0-10% centrality range are reported in the left panel of
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Figure 4.3: Centrality distribution evaluated in case of the 2011 centrality
trigger.

Fig. 4.4. The minimum value of events in the centrality distribution is
between 9% and 10% and as expected in this interval the weights are equal
to one. For the flattening, events are assigned a random number between 0
<y < 1 based on the centrality value and are rejected if y > w;(x). The
number of events rejected with this procedure is ~14% of the full event
statistics in the 0-10% centrality class. This procedure has been applied
because it had already been used previously for the heavy-flavour elliptic
flow measurements [37]. In addition, a weighting procedure that uses extra
event weights, as explained later in the text for the event plane, has been
used. The centrality distribution, after the rejection of the events in the
0-10% centrality class, and after all the selection cuts previously explained,
is shown in the right panel of Fig. 4.4, where the centrality classes are
separated and reported according to those used in the heavy-flavour decay
electrons analysis for which the 2011 centrality trigger is employed. Finally
the total number of events analyzed in this thesis from the 2010 and 2011
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Figure 4.4: Left panel: centrality weights as a function of the centrality
percentile used for the flattening procedure in the 0-10% centrality class.
Right panel, centrality class distribution after that all event cuts have been
applied for the 2011 centrality trigger.

data sample for different triggers are summarized in Table 4.2.

4.3 Event plane determination

The orientation of the 2"%-harmonic collision symmetry plane is estimated
with the 2"?-harmonic event-plane angle, \IIQEP . As previously explained,
one constructs the @2 = (Q2,2, Q2,y) from the measured azimuthal distribu-
tion of particles produced in the event with a specific detector. The event
plane can then be calculated using the following equation:

1
obr — 3 arctan 2(Q2.y, Q2.2), (4.2)

where arctan 2(z, y) returns the arc tangent of £ in the interval (—m, 7.
In this section the event plane determination using the VZERO detector
for the 2011 data will be discussed. Measurements and comparison with
published results [79] of charged particle vy are reported for different cases,
to check possible biases in the flow measurements.
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Data  Centrality class Trigger Ney
2011
0-10% Centrality ~15x 10°
10 - 20% Centrality ~4x 108
20 - 40% Centrality ~8x 10°
10 - 20% EMCal Ssh ~Tx 107
20 - 40% EMCal Ssh ~1x 10°
2010
10-60% Minimum Bias ~ 8x 109

Table 4.2: Summary of the final number of events analyzed in this thesis.

In order to ensure a flat W&T distribution the VO detector has to be
calibrated to correct for effects from detector inefficiencies. The calibration
is done in two steps according to the procedure reported in [80]: gain equal-
ization of the VZERO detector signal and re-centering of the flow vector
Q2.

Even after the VZERO calibration and ng re-centering have been prop-
erly applied, a non-flat distribution of the event plane is observed for the
0-10% most central events, where the trigger bias discussed in the centrality
determination section is not negligible. For the 10-20% and 20-40% the mea-
sured event plane distribution is flat after the calibration. The event plane
distributions measured with the VZERO detector in the different centrality
classes are plotted in Fig. 4.5.

The observed non-flatness of the event plane distribution in the 10%
most central collisions could lead to a bias in the elliptic flow measurements
if the azimuthal distribution of the POls is not completely flat due to detec-
tor effects. For instance, if the tracks are required to have a matching cluster
in the EMCal detector, the resulting ¢ distribution of the POIs would be
restricted to the azimuthal acceptance of the calorimeter. In addition, in
the 2011 data, a few pixel chips in the SPD detector were damaged, so when
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Figure 4.5: Event plane distribution measured using the VZERO detector
for the different centrality classes using the 2011 centrality trigger data.

for each track one or two hits are required in the two innermost I'TS layersi,
holes in the azimuthal distribution of the tracks are observed.

To check for possible effects introduced by the non-flatness of the VZERO
event plane in 0-10% centrality class, charged particle v9 is measured using
standalone TPC tracks (which are isotropic in azimuth) for which no bias is
expected for the v9 measurement, and also requiring a match in the EMCal
detector in order to have a very limited ¢ acceptance. The results, together
with the measured charged particle vy published by ALICE [79] using the
2010 MB data sample, are shown in Fig. 4.6 for the three different centrality
classes. In the left panel the 0-10% centrality class is shown, while in the
middle and in the right panels the 10-20% and 20-40% are reported. The
ALICE published results, plotted with open blue markers, are measured
with the VZERO event plane method as well, and are used as comparison
for the results measured here using the 2011 data sample.

The magenta markers represent the vo results in case the POIs are se-
lected using standalone TPC tracks, and as expected those results do not
show any bias in the vo measurements in all the centrality classes. They are

'for instance in the case of the heavy-flavour decay electron analysis (chapter 6)
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Figure 4.6: Charged particle vy measured with different detector combi-
nation using the 2011 centrality trigger sample. Standalone TPC and
TPC+EMCal are plotted with magenta and black markers respectively.
For comparison also the ALICE published measurements are plotted with
the open blue markers. All the results are measured with the event plane

VZERO method.

fully compatible with the previous ALICE measurements within their sta-
tistical uncertainties. On the other hand, when EMCal matching is required
for selecting the POIs, the measured charged particle vs, reported with the
black markers, shows a systematic difference resulting in higher vy values
for the full pr region in the 0-10% central class, where the non-flatness of
the event plane is observed. It is important to mention that measurements
with the EMCal calorimeter below pp < 2 GeV/c are affected from the
very limited detector resolution. Nevertheless the TPC+EMCal vy mea-
surements are compatible with the published results within the statistical
uncertainties in the 10-20% and 20-40% centrality classes, where the event
plane distribution is observed to be flat. From this comparison it is clear
that a correction to the event plane distribution in the 0-10% centrality
class has to be applied.

4.3.1 Further correction in most central collision

An event weighting approach has been used for the charged particle vy in
order to correct for the event plane bias in the 0-10% centrality. The weights
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w; are evaluated with the following equation:

)
7 Nz

(4.3)

where the average expected number of events per bin of the event plane
distribution, (N), is estimated from integrating the even plane distribution,
reported in Fig. 4.5, and dividing the integral value by the total number
of bins. The weights are obtained dividing (V) by the observed number of
events in a given event plane bin N;. As was done for the centrality flatten-
ing, see section 4.2.1, a random rejection of events has been used in order
to check the stability of the approach. The resulting even plane distribu-
tions in 0-10% centrality, corrected using the two different approaches, are
reported in the left panel of Fig. 4.7 together with the reconstructed event
plane distribution before the corrections. For both the strategies, the event
plane distribution after correction becomes completely flat in the 0-10%
centrality class.

In the right panel of Fig. 4.7 the charged particle vy measurements,
for which EMCal matching is required, before and after the event plane
correction are shown. The published charged particle vs is plotted again for
comparison. After the corrections have been applied the charged particle
v results are compatible within statistical uncertainties with the previous
ALICE measurements. Both correction procedures are observed to restore
the charged particle vo values, removing the bias introduced by the non-
flatness of the event plane. The weighting procedure correction, which has
the advantage of preserving the full event statistics, is applied for the heavy-
flavour decay electron vy analysis reported in chapter 6.

4.4 EMCal Trigger studies

In this last section, detailed studies on the event plane determination and on
charged particle vy are reported for the EMCal single shower trigger events.
Since this specific set of triggered data has been used to extend the heavy-
flavour decay electrons vo measurements to higher pr, these studies have
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Figure 4.7: Left panel: Event plane distribution measured using the VZERO
detector in the 0-10% centrality class for the 2011 centrality trigger data be-
fore and after corrections. Right panel: Charged particle vo measured with
the TPC and EMCal detectors before (black marker) and after corrections,
green marker for weighting and red marker for event rejection, compared to

the ALICE published results from 2010 MB data.

been performed to check possible trigger biases that could affect elliptic flow
measurements.

A simple toy MC model [89, 90|, has been used to investigate possible
trigger biases. The event plane distribution is sampled from a uniform
distribution, but the events are analyzed only when the trigger condition is
met. In the toy model and in data, the events are accepted, if a high py
track (pr > 5 GeV/c) ends up in a specific ) and ¢ region selected according
to the EMCal geometry. The results from this simple toy MC are shown in
Fig. 4.8. In the left panel the event plane distribution of the triggered events
is shown, while the right panel shows the comparison of the generated (red
line) and reconstructed (black marker) vs.

It is seen that the event plane distribution obtained from the triggered
events is not a flat distribution due to the trigger. The comparison between
the generated and reconstructed vs shows that above the trigger threshold
the reconstructed vy is fully compatible with the generated value. However,
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Figure 4.8: Left Panel: Event plane distribution of triggered events in a
simple toy MC model. Right panel: Comparison of generated and recon-
structed v in the same toy MC. See text for more details.

below the threshold the vy values are not properly reconstructed due to the
trigger threshold bias. In conclusion this simple toy MC model shows that
no bias is expected in the vo measurements above the trigger threshold and
that the non-flatness of the event plane is indeed introduced by triggering
on an high pr particle.

After those simple MC studies the Ssh trigger data have been analyzed,
in order to understand if the same effect observed in MC is seen also in
data. The centrality and the event plane distributions, both measured via
the VZERO detector as previously described, are reported in the left and
right panel of Fig. 4.9 respectively.

The centrality distribution, due to the trigger bias, is not flat, but due
to the small event statistics in the trigger sample, the centrality distribu-
tion is not further corrected for these preliminary studies. The event plane
distribution is shown for the same centrality classes, namely 0-10%, 10-20%
and 20-40%. For the EMCal Ssh trigger data the event plane distribution is
observed to be not flat in all the three centrality classes. Since the Ssh trig-
ger data are a sub-sample of the centrality trigger, this observation reflects
the behaviour observed in MC, however different for the 0-10% centrality,
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Figure 4.9: Centrality (left panel) and event plane (right panel) distributions
evaluated in case of the EMCal single shower trigger events.

where the event plane is observed not to be flat after the calibration even
in the minimum bias centrality trigger.

After the event plane determination for the EMCal triggered events,
the elliptic flow for charged particles has been measured. In Fig. 4.10 the
charged particle vo for the 0-10% and for the 20-40% centrality classes is
shown in the left and right panel respectively.

Once more, for comparison, the ALICE published results measured with
the same methods are shown with the blue open markers for these central-
ity classes. With the magenta markers the centrality trigger results for
standalone TPC tracks are plotted as well. Finally the vo measurements
are shown for the Ssh trigger with red markers for which matching with a
cluster in the EMCal detector is required for the POI’s. For the Ssh trig-
ger the measured charged particle vo shows a large bias in both centrality
classes below the trigger threshold (pr < 6 GeV /c), resulting in a system-
atic higher vo with respect to the published results. For the 20-40% results,
as also observed in the toy MC model, above the trigger threshold no bias
is observed and the correct vg is obtained. For the 10% most central colli-
sion the measured v2 shows a large bias even above the threshold. For this
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Figure 4.10: Charged particle vo measured with different detector combina-
tion using the EMCal single shower and centrality trigger from 2011 data
sample. All the results are measured with the event plane VZERO method.

See text for more details

reason the Ssh trigger events, in the 0-10% centrality class, are not used in
this thesis.
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Chapter 5

Elliptic flow of ¢-mesons

In this chapter detailed measurements of the elliptic flow of the ¢-meson
in Pb—Pb collisions will be presented and discussed together with the esti-
mation of the systematic uncertainties. The excellent particle identification
capabilities for charged hadrons in ALICE, provides some clear advantages
for the ¢-meson v9 measurement via the K™ + K~ channel. The vy results
for the ¢-meson are reported for || < 0.8 and 0.6 < pr < 6.0 GeV /c for the
centrality intervals covering 10-60% of the inelastic cross section. ¢-meson
measurements constitute a crucial probe of the high energy density medium
because the ¢ has a mass similar to that of the proton and A baryon, but it
is argued that it has a smaller hadronic cross section [12]. Given this smaller
cross section, if hadronic re-scatterings are important, a significantly lower
vy would be expected for the ¢, because its mean free path (in hadronic
matter) is larger. Therefore, the ¢-meson is a sensitive probe for the flow
development mechanisms providing insight to the collective motion of the
partonic phase at LHC energies.

In the next sections the full description of the analysis strategy and
methods will be given together with a detailed description of the ingredi-
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ents necessary to extract the ¢-meson vs, i.e. the signal and combinatorial
background extraction from the invariant mass distribution. A compar-
ison of the ¢-meson elliptic flow with identified charged hadrons elliptic
flow [82] measured by ALICE is also shown. In the comparison with the
other hadron measurements, mass scaling properties and the number of con-
stituent quark (NCQ) scaling of vo have been tested and reported in the
section dedicated to the discussion of the physics results. Comparison with
theoretical predictions, using a pure hydrodynamic model (VISH2+1) [25]
or with a hybrid model including a hadronic cascade afterburner (VISHNU)
[26], are reported as well at the end of this chapter.

5.1 Two particle resonance flow

Particles that decay via the strong interaction cannot be directly observed
in the detector due to their short lifetime and can therefore only be recon-
structed from their decay products. For a successful resonance reconstruc-
tion, one generally turns to the Lorentz invariant mass my,, which for the
two-particle case is defined as in equation 5.1

Miny = \/[(Ea + Ep)? — (Pg + Py)%, (5.1)

where a and b are the decay products, with their energy E and their
momentum p.

The flow analysis techniques explained in chapter 3 can be extended to
accommodate resonance flow.

This section will provide a general discussion of the flow of resonance
particles [91, 92|, and gives a description of the invariant mass fit method
that has been used to extract the ¢-meson elliptic flow coefficient.

One first has to combine a pair of particles to obtain a pair angle ¢pqir,
which, for resonance particles, is taken to be the angle of the total transverse
momentum, p7 + plr}. For a symmetric colliding system the azimuthal angle
distribution with respect to the reaction plane Wg for pairs can be trivially
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rewritten using the Fourier expansion as for single particle studies:

iN N
d()@pair - Vg C2n

o
1+2 Z VPUT cos [ (Ppair — \I/R)]> (5.2)
n=1

and similarly, the azimuthal dependency of pairs is completely charac-
terized by the pair flow harmonic coefficient, v5,*", which means that the
flow methods as described in chapter 3 can be applied directly on candidate
tracks, which are reconstructed from the daughter particle’s mass, pr, |7
and azimuthal angle ¢.

Although the ¢-meson can be reconstructed by means of the invariant
mass of its daughters, due to the presence of a large combinatorial back-
ground it is not possible to uniquely determine which kaons are daughters of
the ¢-decay. Exploiting the additive property of the elliptic flow coefficient,
the kaon pair v9 can be written according to:

Npairs (mmv)vgaim(mmU) — N¢(mmy)vg)(pT) + Nbg (mmv)vgg (mmv)7 (5.3)

where NP%7S(my.,), N®(miny) and N (myy,) are the total number of
unlike-sign kaon pairs, the number of ¢-mesons and the total amount of
the combinatorial background respectively, extracted from the ¢-meson re-
construction. vgg (Miny) is the elliptic flow of the pairs belonging to the
combinatorial background and vgﬁ (pr) is the elliptic flow of the ¢-meson as
a function of the transverse momentum.

From equation 5.3 the vgam (Miny) can be trivially derived as:

. N (Miny) Nbg(m. )
pairs ) _ inv ) inv bg )
o 0i00) = s i) P N (g2 (i) (50
vf (pr) is then measured via the invariant mass fit method [92], a tech-

nique that consists of measuring the vgair of all kaon pairs as a function

of the invariant mass in different pp bins. From this the vg (pr) will be
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5. Elliptic flow of ¢-mesons

extracted with a fitting routine that takes the output of the ¢-meson re-
construction in terms of raw yields and background as function of invariant
mass.

5.2 ¢-meson reconstruction

¢-meson resonance decays via the strong interaction and does not live long
enough to be observed in a detector and can therefore only be reconstructed
from their decay products. The main decay channel for the ¢-meson, with
a branching ratio of about 48.9%, is:

¢ — KT+ K~ (5.5)

The value of the ¢-meson’s invariant mass given by the Particle Data
Group [93] is My = 1.019445 4 0.000020 (GeV /c?). Starting from the K+
+ K~ decay channel the ¢-meson reconstruction is performed in several
steps. First the invariant mass distribution of a sample of unlike sign kaon
pairs is constructed. After that, the ¢-meson yield is extracted removing
the combinatorial background, where different techniques have been tested,
and, in addition, using a set of fitting routines to estimate the residual
background.

The quality of the ¢-meson reconstruction also strongly depends on the
kaon selection criteria; therefore an overview of the track selection criteria
and particle identification strategies that are specific to this study are given.

5.2.1 Track selection

A very important step in the quality assurance is imposing cuts on indi-
vidual tracks. Track selection is applied to clean up the track sample used
in the analysis from unwanted tracking features and other contamination
sources, while at the same time maintaining as much as possible the track
reconstruction efficiency. A summary of all kinematic constraints and qual-
ity track cuts imposed are listed in Table 5.1. Tracks where selected in the
mid-rapidity region with a |n| < 0.8 to ensure a uniform acceptance and
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5.2 ¢-meson reconstruction

efficiency in the TPC. Tracks are required to have at least 70 associated
clusters in the TPC, which helps in reducing split tracks. The average x>
of the track fit per TPC space point was required to be smaller than 4 (one
TPC space point had two degrees of freedom). These selections reduce the
contribution from short tracks, which are unlikely to originate from the pri-
mary vertex. Only global tracks, defined when the track reconstruction is
done with both the ITS and TPC detectors, are accepted. The definition
of global tracks also requires a minimum of 2 clusters in the ITS. Finally,
kink daughters are rejected.

Kinematic Type Range
pr (GeV/e) (0.2, 5.0)
n (-0.8, 0.8)
Track quality Type Requirement
TPC clusters > 70
ITS clusters > 2
x? per TPC cluster [0.1, 4.0]
TPC dE / dx |au] > 10
Require TPC refit yes
Require ITS refit yes
Accept kink daughters no
DCA,, < 0.0105 + 0.035- p. "' (cm)
DCA, < 2 (cm)

Table 5.1: Track selection for kaon candidate selection.

In addition to the usual quality track criteria, also a specific selection
motivated by this analysis needs to be imposed. Global tracks allow for a
precise determination of the DCA,, (distance of closest approach of the
track to the primary vertex in the transverse plane) and thus a rejection of
secondaries. Secondary tracks are defined here as particles produced from
displaced weak decays and from material interactions. A parameterization
of the DCA, , is obtained from Monte-Carlo studies, performed on events
simulated with the HIJING generator [94], where it is possible to have a
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5. Elliptic flow of ¢-mesons

clear separation of primary and secondary tracks. A pp-dependent cut in the
DCA,; 4 can be parameterised with a function z(pr). This is evaluated from
the r.m.s. of the DCA, , distribution of primary tracks in the MC sample.
The parameterization is placed at 50 from the mean value obtaining Eq. 5.6.

0.035

bt
To remove secondary tracks, this parameterization is used as a default
DCA,, cut for the ¢g-meson analysis. The analysis has been redone using
also a pr independent cut on the DCA, , parameter, placed at 0.3 cm, and
the effect of this variation is taken into account in the systematic uncertain-
ties. Those two different DCA, , cuts are shown by the red lines in the left
and right panel of Fig. 5.1.
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Figure 5.1: The DCA distribution of charged kaon candidates in 10-20%
centrality. pr dependent (left) and independent (right) cuts are shown.

In the left panel the DCA, , distribution is shown only for the kaon
tracks that pass the DCA, , selection, while in the right panel the full
DCA, , distribution for identified charged kaons is shown.

5.2.2 Bayesian particle identification

ALICE has several detectors providing particle identification information as
explained in chapter 2. In the ¢-meson analysis the TPC and TOF detector

78



5.2 ¢-meson reconstruction

signals have been used. In general, each detector measures a certain raw
signal, and one of the simplest ways of performing particle identification
is to directly cut on the signal, which can be e.g. the flight-time informa-
tion measured with the TOF detector or the specific energy loss measured
with the TPC. Starting from the detector signals, the particle identification
strategy applied in this analysis is the combined particle identification using
a Bayesian method [95], which allows to use the combined information from
multiple detectors.

Let (s | i) be a conditional probability density function to observe in
a detector a signal s if a particle of type i (i = 7, k, p, e, u) is detected.
The probability for a particle, if the signal s is observed to be of type i, is
called the identification weight w(i | s). The weights do not only depend on
r(s | i), but also on how often this type of particle is produced; i.e., it also
depends on the a priori probability C;. The final conditional probability,
including the probability factor Cj, is given by Bayes’ formula:

wiil ) = r(s|i)C;
(i]s) S 11910 (5.7)
j=mk,p...

The particle identification procedure is performed initially using the
detector response and a set of values r(s | 7) is assigned to each track. Then,
the relative concentration of particle species ( C; ) is estimated iteratively.

Combined particle identification The advantage of using probabilities is
that the probabilities from different detectors, also without a Gaussian re-
sponse, can be combined simply by multiplying them. The Bayesian particle
identification method can be extended to a system of NV contributing detec-
tors.

N
R(s|i) =[] r(si | 4), (5.8)
j=1

To do so, the combined identification weights W (i | 5) are written in a
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5. Elliptic flow of ¢-mesons

form similar to that of 5.7;

R(5|9)C;

Wi |5) = , (5.9)
> R(E|)C
j=mk,p...
where
5= 51,82,..., 5N (5.10)

is the signal in detectors 1 through N, C; are the a priori probabilities for
a particle to be of type ¢ and R(S | i) are the combined response functions
of the whole system of detectors.

Purity and efficiency

In ALICE most of the kaons are identified by means of a combined TPC
and TOF signal with a Bayesian approach. However, particles traversing
the TPC do not necessarily reach the TOF (e.g. they can be absorbed by
the TRD), or tracks in the TPC may not (satisfactorily) match a TOF track.
In case of a TPC-TOF mismatch, which occurs more frequently at low pr
(pr < 1.5 GeV/c), the TOF is excluded from the identification process, and
the PID relies solely on the TPC signal.

The Bayesian PID provides a probability W (i | 5) of a track belonging
to a certain particle species. For a track to be selected as a kaon, one must
set a certain threshold value P, which determines if a particle is accepted
as a kaon or not:

. S P
Ko ?{ true if W(i|s)> P, (5.11)

false if W(i|3s) < P.

The value of the threshold probability P determines both the purity and
efficiency of the particle identification procedure. Figure 5.2 shows the kaon
efficiency and purity as a function of the transverse momentum for several
probability thresholds P for the 10-20% centrality class. These values are
obtained for Pb—Pb data by computing a Bayesian fit: for each track the
TOF and TPC signals are weighted by the Bayesian probability for all
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Figure 5.2: Kaon purity (left panel) and efficiency (right panel) for different
Bayesian probability thresholds P. Figure taken from [96]

species to determine the most probable contributions of all the individual
species (the sum of which equals the total signal). In this way background
and signal yield can be determined, from which one can calculate the purity
and efficiency. For the ¢-meson analysis the kaon sample does not need to
have a very high purity, because hadron contamination will be subtracted
later by the combinatorial background estimation. Therefore the default
probability threshold is set at P = 0.3 in order not to reduce too much the
kaon efficiency. However other probability values have been tested as well
for the systematic uncertainty estimation.

5.2.3 Combinatorial background estimation

To extract the yields of ¢-mesons in each pr and centrality bin, the follow-
ing procedure is used. The invariant mass distribution of unlike-charge kaon
pairs is computed. A cut is performed on 7 for the reconstructed candidate
pairs at |n| < 0.8 to reduce the combinatorial background, since the same
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5. Elliptic flow of ¢-mesons

kinematic constraints is placed at the level of the kaon selection (see table
5.1). However, most of the kaons that are used to construct the invariant
mass spectrum are produced in processes other than ¢-meson decay. The
combinatorial background in the ¢ invariant mass distribution is estimated
and subtracted from the unlike-charge distribution in two steps: the com-
binatorial background estimation and residual background approximation.

The first consists of building invariant mass spectra of like-sign pairs
of kaons from the same event. The like-sign kaon spectrum is expected to
have a shape similar to that of the unlike-sign kaon spectrum, with the
exception of the ¢-meson contribution. The combinatorial background has
been evaluated using the total like-sign kaon pairs (n=~ +nt™) in each pr
and centrality interval, where n=~(n**) is the number of K"K~ (KTK™)
pairs in the bin. The like-sign background m,,, distribution is normalized to
the corresponding distribution of unlike-sign pairs in the region above the ¢-
meson mass (1.04 < myn, < 1.08 GeV/c?), where most of the combinatorial
background is located.

After this subtraction, a residual background is still observed, requiring
an additional fit of the residual background in order to extract the ¢-meson
signal.

Residual background approximation

The shape of the residual background is estimated by fitting the invariant
mass distribution (combinatorial background subtracted) with a polynomial
function. The fit consists of two steps, initially only the residual background
is approximated by fitting with a 2"-order polynomial the mass distribution
in regions surrounding the ¢-meson peak. Using the parameters of the
background fit obtained in the first step, the invariant mass spectrum is
fitted again using a combined function used to fit both the background
and the ¢-meson peak in order to have a full and stable description of the
total invariant mass distribution. This function is the sum of a 2"?-order
polynomial and a Breit-Wigner function (the Breit-Wigner will be explained
and described in detail in the next subsection).
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Figure 5.3: Invariant mass distribution after the combinatorial background
subtraction in the 10-20% centrality class. The full invariant mass is fitted
with the combination of the residual background function (red line) plus a
Breit-Wigner used to describe the ¢-meson peak (blue solid line).
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5. Elliptic flow of ¢-mesons

The combined fit is reported for the 10-20% centrality class in Fig. 5.3
for 0.6 < pr < 6.0 GeV/c where the final invariant mass fit is shown by
the blue solid line. The final signal extraction of the ¢-meson yield as a
function of the invariant mass is finally obtained after the subtraction of
the second polynomial background approximation shown in the figures as
the red dashed line. The amount of residual background decreases with
increasing pr and from the most central to more peripheral events where
fewer kaon are produced.

The ¢-meson reconstruction has been performed in the centrality range
between 10-60%, because for the 10% most central Pb-Pb collisions, the
extraction of the signal over the large combinatorial background resulted in
too large uncertainties.

5.2.4 Signal extraction

Subtraction of residual background finally gives the ¢ spectrum as a function
of invariant mass as plotted in Fig. 5.4 for the 10-20% centrality range for
several pr bins used in the analysis. The ¢-meson peak is then fitted again
with a Breit-Wigner distribution (blue solid line).

The Breit-Wigner is a well known function used for resonance particles
and it is defined as:

k

=+ (5P

where p represent the mass of the resonance and I' its decay width, a
quantity inversely proportional to the lifetime 7 of a resonance. The factor
k is a constant proportional to the raw yield in a given analysis sample.

To verify the ¢-meson reconstruction, the mass p and the decay width I"
are extracted from the invariant mass fit. Those parameters are reported for
all the centrality classes used in this analysis as a function of the transverse
momentum of the reconstructed ¢-meson in Fig. 5.5, together with the PDG
values, represented by the dashed grey line.

f(E) = (5.12)
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Figure 5.4: ¢-meson signal invariant mass distribution, after residual back-
ground subtraction, together with the final Breit-Wigner fit are shown for
different pr interval in the 10-20% centrality class.
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The statistical uncertainties on the mass and width are the statistical
uncertainties of the fit parameters. In the left panel the reconstructed mass
values are reported and they are observed to be slightly lower than the
PDG value at very low pr and become compatible at higher pt for all the
centrality classes. This bias on the reconstructed mass at low pr is a detector
effect [97] that could be corrected with the usage of a MC simulation in
which this slight mass shift is well reproduced. For our elliptic flow analysis
no effect is observed due to this mass shift, which will be discussed in the
section dedicated to the systematic uncertainty estimation. The width of
the ¢ peak is found to be systematically larger than the expected PDG value.
This is expected because the Breit-Wigner function takes into account the
detector resolution that degrades the mass peak resolution, resulting in an
overestimation of the decay width of the ¢-meson. This effect has been
investigated using a Voigtian function to fit the ¢-meson peak.
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Figure 5.5: Measured ¢-meson mass (left panel) and width (right panel) as
a function of pt in Pb—PDb collisions for different centrality classes.

After the fit, the ratios of the ¢-meson and background invariant mass
spectra over the total number of pairs as a function of the invariant mass, a
necessary ingredient for the invariant mass fit method, are determined. The
ratios and their fits are shown in Fig. 5.6, where the blue markers and line
correspond to the ratio of background over total pairs and the corresponding
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fitting function, while the green markers and line correspond to the ratio of
the ¢-meson signal over the total pairs and the corresponding fit.
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Figure 5.6: Ratios of the ¢-meson and background spectra on their fits for
the different pr bins in the 10-20% centrality interval. See text for more
information.
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Both the distribution are fitted with the sum of a Breit-Wigner and a
linear function. The mass and the decay width of the Breit-Wigner functions
are fixed to the value extracted from the signal extraction fit. The ¢-meson
signal over total signal ratio shows a clear pp dependence: the higher the
transverse momentum, the larger the contribution from ¢-mesons. The
ratios are also showing a centrality dependence, at a given pr bin for more
peripheral collision a larger significance of the ¢-meson is observed.

The Voigtian distribution

To account for limited detector resolution, the Breit-Wigner distribution is
convoluted with a Gaussian distribution, where the o of the Gaussian dis-
tribution approximates the detector resolution. The Voigtian distribution
cannot be expressed in an analytic form, however a numerical evaluation
can be performed in the following way:

oo [ B+ o)
oV 2T ’

where w(x) is the complex error function (or Faddeeva function),

V(E,T,0,u) = (5.13)

w(z) = e erfe(—ix) (5.14)

with

erfe(z) = ;7? /oo e Pt (5.15)

The parameters p and I' are the mass and the decay width of the ¢-
meson, while o is the width of the Gaussian distribution, a parameter that
takes into account the detector resolution. A comparison between the fit
parameters extracted previously with the Breit-Wigner function and the
ones extracted from a Voigtian fit is shown for two different centrality ranges
in Fig. 5.7. In the upper-left panel the mass of the ¢-meson is reported and
no difference is observed in the mass value estimated from the two different

88



5.2 ¢-meson reconstruction

fitting function, in the upper right the parameter related to the width of
the peak (decay width and detector resolution) are plotted. When the
Voigtian function is used the decay width extracted from the fit is observed
to be compatible with the PDG value within the statistical errors. The
additional parameter representing the detector resolution extracted from the
fit is observed to slightly increase as a function of the transverse momentum
from a value of ~ 0.0015 GeV /¢ up to a value of ~ 0.002 (GeV/c).

Even if the Voigtian function reproduces the PDG value of the ¢-meson
decay width, it is a less stable fit with respect to the Breit-Wigner, which
has therefore been used as the default function. However the Voigtian fit
was used for the systematic uncertainty estimation.
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Figure 5.7: Comparison of the measured ¢-meson mass (left panel) and
width (right panel) a function of pr using both Breit-Wigner and Voigtian
functions. In the right panel the resolution parameter extracted from the
Voigtian fit is reported as well. Measurements are reported as illustration
for the 30-40% and 50-60% centrality classes for Pb—Pb collisions.
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5.3 Invariant mass fit method and vg(pT)

Equation 5.4 shows the decomposition of vg‘m (Mjny) in terms of background
and signal over the total pairs ratios, and it is then parameterized with the
following fitting function:

vgaw(minv) = (Oé + Bminy + (minv _ 5)2 + (5)2) U(Qﬁ(pT) (5.16)

S
(minv - M)Q + (g)2

+ (’Y + 0Miny + ) (6 + CMiny + nsznv)

where most of the parameters are set to the values extracted by fitting
the measured signal and background over total ratios. The background flow
vgg (Miny) is assumed to be a 2"%-order polynomial. The vg’ (pr) is the free
parameter of the fitting function that we want to obtain.

The three sub-events scalar product method using the VZERO detec-
tors (section 3.2.1) has been used for the vA™"(m;y,) measurement. This
method has the advantage of using a large eta gap (|An| > 0.9) to suppress
non-flow contributions. The measured Ulzmr (Mminy) is reported in Fig. 5.8 for
the 10-20% centrality class. In this figure one can see in the mass regﬁ, in

which the ¢-meson mass peak is located, a depletion in the vga"(mmv) dis-

tributions. The amplitude of this depletion represent the vg in a particular
pr interval. In the figures also the fitting functions, from which the vg’ (pT)
is extracted, are reported.

In Fig. 5.9 a complete picture of the centrality evolution of the pr dif-
ferential Uf measured with the three sub-event scalar product method using
the VZERO detectors is shown. A clear centrality dependence of the ellip-
tic flow coefficient of the ¢-meson is observed, consistent with the picture
in which the final state anisotropy is driven by the geometry of the colli-
sion. The magnitude of vg) progressively increases from central to peripheral
collisions up to the 30-40% centrality interval.
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Figure 5.8: Measured v5*"®(my,) using the scalar product method for dif-

ferent p bin in the 10-20% centrality class together with the fitting function
from which the vgﬁ (pr) is extracted.
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5. Elliptic flow of ¢-mesons

For the 40-50% and 50-60% centrality classes, the magnitude of ¢-meson
v9 does not change significantly within the systematic uncertainties com-
pared to the previous centrality interval. This can be due to the combination
of two effects, a larger initial spatial geometrical anisotropy combined with
less interactions between the constituents in the system due to the smaller
system size.
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Figure 5.9: The pr-differential vy of the ¢-meson measured in different
centralities of Pb-Pb collision at /syy = 2.76 TeV.

5.4 Systematic studies on ¢-meson v

In this section the evaluation of the different component of the systematic
uncertainties for the elliptic flow of the ¢-meson are explained.

For each different component a systematic uncertainty, reported in the
following as relative value, is estimated and the total systematic uncertainty
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5.4 Systematic studies on ¢-meson vy

for the ¢-meson v is evaluated by adding them in quadrature. The system-
atic checks have been done for all the centrality classes and no centrality
dependence has been observed.

Track and identification cuts One of the most important selections is on
the DCA, , that allows to remove secondary kaons from our track sample.
For the default analysis the pr dependent cut reported in equation 5.6 has
been used, however also a less stringent and pr independent cut placed at
0.3 cm was used. No systematic difference has been observed between those
two cuts. Also other tracking cuts, such as the number of TPC clusters and
the x? per TPC point have been varied, and also in this case no systematic
difference has been observed. As for the kaon identification, the value of
the Bayesian probability threshold P has been varied. It is seen that if the
probably threshold is larger then 0.7, that despite the very high kaon purity
achieved, the reconstruction efficiency for the kaons is too low, resulting in
an elliptic flow of the ¢-meson with very large statistical uncertainties, in
particular for the high pr region. For this reason values larger the 0.6 have
not been used for the systematic uncertainty estimation. The maximum
variation observed and assigned as systematic uncertainty is in the range of
5-15%.

Reference particle selection The first step of the calibration of the VZE-
ROA(C) detectors is the gain equalization. The default procedure consists
of equalizing the signal in the eight detector rings (4 per side). A slightly dif-
ferent approach to calibrate the VZEROA (C) detectors, which is to equalize
the signal in each ring separately, because the mean multiplicity in the rings
could vary. An additional source of systematics is that in some runs the
VZERO signals were saturated, and those runs were removed to investigate
this effect. The uncertainties evaluated by those studies were observed to
be small, resulting in a maximum variation of 5%.

Signal and background extraction An additional and important compo-
nent of the systematic studies is the variation of the procedure used for the
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5. Elliptic flow of ¢-mesons

combinatorial and residual background subtraction and for the ¢-meson sig-
nal extraction. Different techniques to estimate combinatorial background,
like-sign with a geometrical mean (2v/n=—"n**) and event-mixing, have
been used. The latter consists of building unlike-sign kaon pairs from dif-
ferent events. The background function used to describe the residual back-
ground and the vgg (Miny) in the invariant mass fit method has been varied
in both the fitting routine simultaneously with a 3"%-order polynomial. For
the ¢-meson signal extraction, the systematic uncertainties were further
investigated varying the fitting function for the signal extraction with the
Voigtian function. Because of the bias in the measured mass of the ¢ meson,
as a systematic check the ¢-meson mass has been fixed to the PDG value in
the analysis, and no systematic difference is observed for v‘f (pr). Finally,
also the fitting range used for the background and signal extraction, as well
as for the fit of the v5*" (mjyy), has been varied. Due to the presence of a
large combinatorial background, the systematic uncertainties are estimated
to be 10% for more central events, while for more peripheral collisions a 5%
systematic error has been assigned.

Event selection The event sample has been varied by changing the cut
value on the position of the primary vertex (11, 9, 7 cm) along the beam
axis (V) and changing the centrality selection criteria from the signal ampli-
tudes of the VZERO scintillator to the stand-alone TPC multiplicity. The
resulting v9 is observed to be fully consistent with the default measurements
for the whole transverse momentum region, and therefore no systematic un-
certainties has been assigned for this.

5.5 Results and discussion

In the next part of this chapter the 1)‘2Z> (pr) is compared with the elliptic
flow measurements for identified mesons (7%, K+, K°) and baryons (p, A,
=7, Q7, and their antiparticles) [82].

The characteristics mass ordering of the ve(pr), the number of con-
stituent quarks (NCQ) scaling, that was argued to work well at RHIC en-
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5.5 Results and discussion

ergies |98, 99| and the comparison with theoretical model calculation are
discussed in detail in the following sections.

5.5.1 Comparison with other particle species

Figure 5.10 shows the pp-differential vo for all identified particles measured
in Pb-Pb collisions at /syn = 2.76 TeV by ALICE. Each panel corresponds
to a different event centrality class, illustrating how wvy(pr) develops for
different particle species within the same centrality interval. The panels
are arranged such that the top left starts with the most central collisions
and that we show more peripheral collisions when moving from left to right
and from top to bottom. For the reconstruction of the decay particles the
following decay channel were used: K0—nt+n~, A—ptn—, (A—=pt+rt),
E A+, (ET—=A+7rT) and Q" —A+ K~ (QT—A+KT). The error bars
correspond to statistical uncertainties, while boxes indicate the systematic
uncertainties on the measurements.

When comparing all particle species, a clear mass ordering is seen for all
centrality classes in the low pr region (i.e. pr < 3 GeV/c) attributed to the
interplay between elliptic and radial flow [100, 101]. Due to the radial expan-
sion a mass dependent shift towards higher momenta occurs for all particles
participating in the collective expansion. Particles are boosted to higher
velocity, which for heavier particle means they will be measured at higher
momenta than lighter particles. For higher values of pr (pr > 3 GeV/¢),
particles tend to group according to their type, i.e. mesons and baryons.
The ¢-meson is of particular interest since its mass is close to that of p and
A baryons. It provides an excellent test of both the observed mass ordering
and the baryon-meson grouping at low and intermediate pr, respectively.

The vy of the ¢-meson for pyr < 3 GeV/c follows the mass hierarchy.
However, for the lowest pr bin, there is an indication that the ¢-meson v
is larger the proton wve, indicating a possible breaking in the mass hierarchy.
At higher pr the elliptic flow of the ¢-meson appears to follow, within un-
certainties, the band of baryons for central events. For peripheral collisions,
the ve values of the ¢-meson shift progressively to the band of mesons. This
is consistent with the observation that the (p+p)/¢ ratio, calculated from
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5. Elliptic flow of ¢-mesons

the transverse momentum spectra, is almost constant as a function of pr
in central Pb—Pb events, while for peripheral collisions the ratio decreases
with increasing pr, as reported in [97].
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Figure 5.10: The pr-differential vs for different particle species grouped by
centrality class of Pb-Pb collisions at \/syy = 2.76 TeV.
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5.5.2 The meson-baryon scaling at LHC

One of the experimental observations reported at RHIC is that at inter-
mediate values of transverse momentum, the vo depends on the number of
constituent quarks i.e. baryons and mesons. It was also observed that if
both vy and pr are scaled by the number of constituent quarks (ng), all
the identified hadron species approximately follow a single function. The
scaling was extended to the lower pr region by plotting the elliptic flow as a
function of the transverse kinetic energy defined as KEr = my - mg, where

mr = 4/ p2T + mg is the transverse mass. Initially, this representation was

observed to work well at RHIC energies [98, 99]. However, more precise
measurements show deviations from this scaling for Au-Au collisions [102].

To test the scaling properties, the vy/n, is shown as a function of pr/ng
in Fig. 5.11 for 10-20% (left panel) and 40-50% (right panel). In the inter-
mediate transverse momentum region (i.e. 3 < pr < 6 GeV/c or for pt/ng
> 1 GeV/c) the measurements at the LHC indicate that the scaling is only
approximate. The magnitude of the observed deviations seems to be simi-
lar for all centrality intervals. To quantify the deviation, the vy/n, for p(p)
as a function of pr/n, is fitted with a polynomial function and the ratio
of (v2/ng)/(v2/ng)Fit—p for each particle species is computed. The corre-
sponding pr/n, dependence of this double ratio is presented in Fig. 5.12 for
the 10-20% (left panel) and 40-50% (right panel) centrality intervals. Fig-
ure 5.12 shows that for pr/n, > 1 GeV/c the data points exhibit deviations
from the scaling at the level of +20% with respect to the reference ratio for
all centrality intervals.

Figure 5.13 shows the (mt - mg)/n, dependence of vy/ngy. Once more
the ratio with a parameterization of the proton measurements is computed
for all the other particle species. In Fig. 5.14 the 10-20% and 40-50% cen-
trality classes are shown in the left and right panel respectively. In this
representation the data shows significant deviations for (mr - mg)/ng <
0.5 GeV/c?. For the intermediate region the scaling is approximate for all
centrality intervals, while for higher pt there are deviations at the level of
+20% with respect to the reference ratio for all centrality intervals.
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ALICE 10-20% Pb-Pb Sun = 2.76 TeV ALICE 40-50% Pb-Pb S = 2.76 TeV
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Figure 5.11: The pt/n, dependence of vy /n, for different hadron species for
Pb-Pb collisions for the 10-20% (left) and 40-50% (right) centrality intervals
at /syny = 2.76 TeV.
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Figure 5.12: The pr/n, dependence of the double ratio of vy/n, for every
particle species relative to a fit to va/ng of p and p (see text for details)
10-20% (left) and 40-50% (right) Pb-Pb collisions at \/syy = 2.76 TeV.
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Figure 5.13: The (mt - mg)/n, dependence of vy/n, for different hadron
species for Pb—Pb collisions for the 10-20% (left) and 40-50% (right) cen-
trality intervals at /syny = 2.76 TeV.

ALICE 10-20% Pb-Pb \ S = 2.76 TeV ALICE 40-50% Pb-Pb S 2.76 TeV

=T
= ptp .

15 AN

15—

2 (Fitp

q

2

(v./n)I(v./n)
[

0.5

2
(mT - mo)/nq (GeVl/c)

W),
=
I

05—

2,
(mT - mo)/nq (Gevic)

Figure 5.14: The (mt - mg)/n, dependence of the double ratio of vs/ng
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5.56.3 Comparison with hydrodynamical model

The measurements of the elliptic flow of identified hadron species at the
LHC help testing the validity of some hydrodynamical models.

In this section the vy measurements are compared with viscous hy-
drodynamical calculations with and without a contribution coming from a
hadronic cascade afterburner, VISHNU [26] and VISH2+1 [25] respectively.
In Fig. 5.15 and Fig. 5.16 the differential elliptic flow of pions, protons and
¢-mesons is compared for pr < 2 GeV/c with the VISH2+1 and VISHNU
predictions respectively, for the 10-20% and 40-50% centrality classes.

0.4k Centrality: 10-20% i Centrality: 40-50%
VISH2+1
0.3k -" m =® p(p)
>"0.2
0.1} oo a”
0.0k -M
0 2
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Figure 5.15: The pr-differential vo for pions, protons and ¢-mesons, in
the 10-20%(left) and 40-50%(right) centrality classes, are compared to pure
hydrodynamic model (VISH2+1).

The full hydrodynamic simulations based on VISH2-+1 reasonably well
describe the pions measurements for pr < 2 GeV/c at all collision central-
ities, while they fail to correctly reproduce the centrality dependence of
the proton elliptic flow. For the most central collisions the vh(pr) is over-
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predicted at small transverse momentum, i.e. the radial flow pushing the
elliptic flow to higher pr is not strong enough in the model for the most
central events. The agreement with the proton measurements gets better
in more peripheral collision, indicating an incorrect centrality dependence
of the balance between radial and elliptic flow in the VISH2+1 model. This
discrepancy changes by using a hybrid model in which viscous hydrody-
namics is combined with a hadronic cascade afterburner, however the mod-
ification of the vi(pr) is so large that VISHNU again fails to describe the
protons under-predicting in this case the v9 measurements. The elliptic flow

of pions is equally well described by both model predictions [103].
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Figure 5.16: The pp-differential vy for pions, protons and ¢-mesons, in the
10-20%(left) and 40-50%(right) centrality classes, are compared to hydro-
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dynamic calculation coupled to a hadronic cascade model (VISHNU).
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When including the ¢ meson in the comparison it is seen that the char-
acteristic mass ordering (observed in data and in VISH2+1) is not preserved
anymore. Unfortunately, the uncertainties in the ALICE ¢-meson measure-
ments are currently too large at low pr to better constrain the possible
hadronic contribution. Recently a similar observation has been made by
the STAR experiment at lower energies [104].

The comparison of the ¢-meson v measurements with both model pre-
dictions is investigated in more detail in Fig. 5.17 and Fig. 5.18.
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Figure 5.17: ¢-mesons vy, in the 10-20%(left) and 20-30%(right) central-
ity classes, is compared in (a) panels to both hydrodynamic calculation
VISH2+1 (blue line) and VISHNU (red line). In the lower (b) panels the

ratios to the models are reported.
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Figure 5.18: ¢-mesons vy, in the 30-40%(upper left) and 40-50%(upper
right) and 50-60%(middle low) centrality classes, is compared in (a) panels
to both hydrodynamic calculation VISH2+-1 (blue line) and VISHNU (red
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line). In the lower (b) panels the ratios to the models are reported.
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Those figures are organized as follow: in the upper panels, indicated
with (a), a comparison with VISHNU (red dashed line) and VISH2+-1 (blue
dotted line) predictions are presented for all the centrality classes analyzed
in this thesis. In the lower (b) panels of the same figures the ratios of the
measurement to a fit of the model calculation as a function of the trans-
verse momentum is shown; the colour of the ratios matches the colour of the
model prediction. It is observed that VISHNU and VISH2+1 do not differs
too much in predicting the ¢-meson vo measurements and both systemati-
cally overestimate the measurements for pp > 1 GeV/c. For pr < 1 GeV /¢,
where the two models differ more, the large uncertainties of the ¢-meson
ve measurements do not currently allow for a stronger constraints on the
theoretical model calculations.
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Chapter 6

Elliptic flow of heavy-flavour
decay electrons

Heavy quarks, i.e. charm or beauty, are unique probes of the properties of
the hot and dense QCD medium, the Quark-Gluon Plasma (QGP). Heavy
quarks are produced at the initial stage of the collision, almost exclusively
via hard partonic scattering processes. Therefore, they are expected to ex-
perience the full evolution of the collision, interacting with the constituents
of the QCD medium via both elastic and inelastic processes. At low pr, the
v coefficient is sensitive to the degree of thermalization of heavy quarks
in the deconfined medium. At intermediate pr, it is expected to be sen-
sitive to the heavy-quark hadronization via fragmentation in the vacuum
and recombination with other quarks from the medium [33]. At high pt the
measurement of vy gives information on the path-length dependence of in-
medium parton energy loss. Particles emitted in the direction of the reaction
plane have, on average, a shorter in-medium path length than those emitted
orthogonally, leading a priori to a larger energy loss in the latter case.
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6. Elliptic flow of heavy-flavour decay electrons

The elliptic flow of electrons from heavy-flavour hadron decays, vgi‘—H L

is obtained from the measurement of the inclusive electron elliptic flow, vgi,
by subtracting the elliptic flow of electrons not originated from heavy-flavour
Background . .
hadron decays, v, , using the pr spectra as weights.
The heavy-flavour decay electron vs is extracted making use of the ad-
ditive property of the vo coefficient as shown in equation 6.1:

Background
Y2

+
peEe—HF _ (14 Rsp)vs —
5 -

o (6.1)

where Rgp is the signal over background electron ratio and (1 + Rgp)
is the ratio of the inclusive over background electron yield. The USiHH L
is measured at central rapidity in the 0-10%, 10-20% and 20-40% centrality
classes in a pr interval between 0.5 and 13 GeV/c in Pb-Pb collisions at
V5NN = 2.76 TeV. In the 10-20% and 20-40% centrality interval the EMCal
single shower trigger events are used to select electrons for pp > 8 GeV/c.
In 0-10%, due to the large number of events in the 2011 data sample, and
because the EMCal trigger cannot be used due to event plane calibration
issues, the centrality MB trigger has been used up to pr = 13 GeV/c. The
results are compared to models describing the interactions of heavy quarks
and open heavy-flavour hadrons with the high-density medium formed in
heavy-ion collisions.

In the next sections the ingredients necessary to measure the elliptic
flow of electrons from heavy-flavour hadrons decay will be presented and
discussed in detail.

6.1 Inclusive electron identification

Electron identification is performed using different strategies according to
the transverse momentum region in which the electrons are identified. At
low transverse momentum (0.5 < pr < 3 GeV/c) the electrons are identified
using the ITS-TPC-TOF detectors while at higher pr (3 < pr < 13 GeV/c)
the TPC and EMCal are used. The EMCal measurements are reported from
pr > 1.5 GeV/c in order to have an overlapping region in pt to compare
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6.1 Inclusive electron identification

the electron purity estimated with the two different identification strategies.
The electron identification strategy switches at ppr = 3 GeV/c because at
high pt the TPC-EMCal provides higher electron purity compared to the
ITS-TOF-TPC strategy. In the following the two electron identification
strategies are explained in detail and the electron purity is discussed.

Track selection Electron candidate tracks are required to fulfill several
track selection cuts. The selection criteria of primary electron tracks is to
have at least 100 reconstructed space points out of the maximum of 159 in
the TPC. The average x2 of the track fit per TPC space point was required
to be below 3.5. These selections reduce the contribution from short tracks,
which are unlikely to originate from the primary vertex, to the analyzed
sample. To further reduce the contamination from secondary tracks (i.e.
particles originating either from weak decays or from the interaction of other
particles with the material), only particles within a maximum distance of
closest approach (DCA) to the primary vertex in both the zy-plane (DCA, ,
< 2.4 cm) and the z coordinate (DCA, < 3.0 cm) were accepted. Electron
candidates are selected at mid-rapidity |y| < 0.8, and in case of the EMCal
detector the selection is limited by construction to |y| < 0.7. When the
EMCal electron identification is employed, a geometrical matching of the
EMCal cluster with the associated track is applied (JAn| < 0.05 and [Ap| <
0.05). A summary of the selection and identification electron requirements
is listed in Table 6.1.

6.1.1 ITS-TOF-TPC

Electron identification cuts are applied on the so-called number of sigma
(No), which is defined as the deviation of the detector signal (dE/dzx for
the TPC/ITS and velocity for the TOF) from the expectation, assuming
the electron mass, in terms of number of of standard deviation o.

Ideally, an No distribution should have a Gaussian shape centred around
zero and a width of 1. Although the TPC calibration was already performed
on the raw data, in the 2011 data sample it is found that the mean and o
of the TPC-No distribution of electrons slightly varies with pseudo-rapidity
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and collision multiplicity. These variations are due to detector effects, like
the variation of the occupancy with the event multiplicity or the run-by-
run changing detector conditions. The correction factors were determined
by a skewed gauss fit of the TPC-No signal as a function of these variables.
The mean and width parameters extracted from the gauss interpolations,
are then fitted either with a straight line or with a trigonometric function
respectively, that represent the corrections for the No distribution in the
TPC. After the corrections the residual dependence of the TPC-No is ob-
served to be about ~10 times smaller than the initial one. Nevertheless
no significant difference is observed with and without corrections on the
electron measurements reported in this work.

In Fig. 6.1 the performance plots for the TPC detector are shown for
the 20-40% centrality class in Pb-Pb collision at /sy = 2.76 TeV. In the
top left panel the No distribution of the TPC after the quality track cuts is
shown. In the low pp region (pr < 3 GeV/c), where the kaon, proton and
deuteron bands cross that of the electron in the TPC, the measured time-
of-flight in the TOF and the energy loss in the ITS are used to reject the
hadron contamination. The usage of both detectors is mandatory because
their separation power among hadrons and electrons is more accurate in
different momentum regions, see chapter 2 for more details. In the top right
panel the TPC-No distribution is shown after the TOF cut has been applied
(|TOF-No| < 2). However, kaons and protons in the low momentum region
are not completely removed after the TOF-No cut due to wrong associated
hits in the TOF detector. This source of contamination is further suppressed
applying a cut in the I'TS-No; electrons are identified selecting tracks with
[ITS-No| < 1 for pr < 1.5 GeV/c, while for higher pr the cut has been
relaxed (|ITS-No| < 2) since there the separation power in the ITS is lower.
In the lower panel of Fig. 6.1 the No distribution of the TPC is shown after
that the additional electron identification in the I'TS has been applied.

The electron signal is extracted from the TPC detector selecting tracks
that have a TPC-No between -1 and 3 for pyr < 1.5 GeV /¢ and between 0
and 3 for pr > 1.5 GeV/c due to the large pion contamination in the TPC
detector.
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Figure 6.1: In the top right panel the TPC-No distribution as a function of
the momentum is shown after the single track cuts are applied. In the top
right panel the TPC-Nog is reported after the TOF-No cut is applied. In the
bottom panel the TPC-No is shown after the additional ITS identification
requirements have been applied.

In addition a minimum number of 5 cluster in the ITS (with at least
two of them in the SPD layers) is applied. A hit in both the SPD layers is
required in order to suppress the contribution of electrons coming from
conversions in the material after the first SPD layer.
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6. Elliptic flow of heavy-flavour decay electrons

6.1.2 TPC-EMCal

In the transverse momentum interval between 3 < pr < 13 GeV/e, the
electron identification is based on the measurement of the E/p ratio, where
E is the energy of the EMCal cluster that matched the prolongation of
the track with momentum p reconstructed in the TPC and ITS detectors.
Electrons deposit their total energy in the EMCal and due to their small
mass the E/p ratio should be close to unity, allowing for a further hadron
rejection. Hadron contamination is removed selecting the electron signal in
the TPC-No between -1 and 3. The electron band can be observed in the
E/p distribution as a function of pr for semi-central events in Fig. 6.2. In
the left panel the E/p distribution is reported for the MB centrality events,
while in the right panel the E/p distribution is reported for EMCal Ssh
trigger events. In the case of an EMCal trigger an enhancement of the
electron sample for pr > 7 GeV/c (trigger threshold) with respect to the
MB case is observed.

EMCal Trigger, Pb-Pb \[5,y =276 Tev 10°

20-409 Céntrality Class, [y|-< 0.7
|

10

10 P, (GeVic) 10 p, (GeVic)

Figure 6.2: E/p for electrons and hadrons as a function of the transverse
momentum after that the TPC-No and shower shape cuts have been ap-
plied. In the left panel the E/p is measured in MB events for the 20-40%
centrality class. In the right panel the same measurements are reported for
the EMCal trigger shower trigger events, in which the electron enhancement
is observed above the trigger threshold (pr > 7 GeV/c).

In order to remove additional hadron contamination an other selection
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6.1 Inclusive electron identification

has been applied on the electron candidates. This selection is based on
the different shape of the shower between electrons and hadrons in EMCal
detector. Basically it consists of cutting on the dimension of the short
(M20) and long (MO02) axis of the transversal projection of the shower and
on its dispersion, a quantity proportional to the cluster width. On the latter
quantity we applied a loose cut since M20 and M02 already allow to remove
most of the hadron contamination.

Different cuts on the TPC-No and on the shower shape have been tested
in order to remove as much contamination as possible without suppressing
too much the electron signal. The optimal set of cuts was chosen looking
at the electron purity as a function of pp for the different sets of cuts. In
Fig. 6.3 the E/p distributions are reported for different electron identifica-
tion cut values in the 20-40% centrality interval.

The black markers represent the electron candidates selected applying
a TPC-No cut between -1 and 3 without the additional requirements on
the shower shape. The blue markers represent the electron candidates se-
lected using again the same TPC-No selection together with the shower
shape cuts. The shower shape cut values are listed in Table 6.1. The
red markers are the electron candidates selected using a looser TPC No
cut (-2 <No < 3) together with the shower shape requirements. Since this
last No cut clearly leaves more hadron contamination in the electron sam-
ple the optimum value selected for the TPC-No is -1 < TPC-No < 3. The
electron signal is extracted from the EMCal detector selecting tracks that
have a E/p between 0.8 and 1.2. Only 3 cluster in the ITS detector are
required for the electron track selection, with at least one of the hits in one
of the two SPD layers. The looser requirement on the number of hits in the
SPD, increases the electron reconstruction and acceptance efficiency, which
is already limited by the limited ¢ and n acceptance of the EMCal detec-
tor. On the other hand it results in a larger amount of conversion electrons
and, consequently, in a smaller signal-to-background ratio for electrons from
heavy-flavour hadron decays with respect to the ITS-TOF-TPC in the same
transverse momentum interval. Because above 3 GeV /¢, heavy-flavour de-
cay electrons are already dominating the inclusive electrons we use at high
pr looser ITS cuts.
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Figure 6.3: E/p distributions for different electron pr bins for different
identification cuts. See text for more details.

6.1.3 Inclusive electron purity

Since the elliptic flow of the inclusive electrons is computed even-by-event, it
is important to check how large the residual hadron contamination included
in the electron sample is after the identification procedure has been applied.
Systematic effects introduced in the inclusive electron vs by the hadron
contamination have been studied in detail and are reported in section 6.1.5.
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6.1 Inclusive electron identification

For low pr the residual hadron contamination is estimated by fitting
the measured TPC signal distributions with functions which model both
the background and signal contributions. The fitting functions used to
parameterize the TPC-Ng distributions for the different hadron species are
convolutions of Landau and exponential functions. In the left panel of
Fig. 6.4 an example of the fit result is reported. The magenta line represent
the parameterization of the 7% contribution, in blue the one for the electrons
and in red the residual contamination from kaons and protons.

The electron purity is estimated integrating the different fitting functions
shown in the equation below:

f;:zm felec (1’) dx

i

f::mazfﬁ(x) + fp/k(x) + felec(x) dx

min

(6.2)

Purity =

where x5, and .4, are the lower and upper limit of the TPC No used
for the electron identification.

Hadron contamination in the EMCal case is estimated by looking at
the E/p distribution of identified pions (TPC-No < 4 under the electron
mass hypothesis), selected with the other electron criteria. The E/p distri-
butions of the hadrons are scaled to the E/p distributions of the electron
candidates for each p bin to the region of low F/p values. In the right
panel of Fig. 6.4 a very good agreement between the E/p distributions for
the electrons (black markers) and for the hadrons (magenta markers) for
the region outside the electron peak is observed. The electron purity is
estimated in this case integrating the E/p distributions according to the
equation below:

f;inmiz felec (:U) dz

1%

f;;;ixfhad(x) + felec(x) dx

Purity = (6.3)

where T, and X4, are the lower and upper E/p cut values.

In Fig. 6.5 the inclusive electron purity estimated in the 0-10% and 20-
40% centrality intervals is plotted as a function of the transverse momentum
up to pr = 8 GeV/c using only the centrality trigger. The black markers
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Figure 6.4: Left Panel: TPC No distribution for the electron with pp be-
tween 1.25 and 1.5 GeV/c. The fitting functions used to parameterize the
different particle species are reported as well. Right Panel: E/p for electron
candidates (black markers) and hadrons (magenta markers) selected with a
TPC-No < 4 under the electron mass hypothesis.

represent the purity of the electron sample determined for the ITS-TOF-
TPC identification strategy, while with red markers the purity for the TPC-
EMCal case is plotted.

For the ITS-TOF-TPC identification strategy the contamination is es-
timated to be less than 5% for pr < 3 GeV/c. At intermediate pr (pr
> 3 GeV/c) due to the relativistic rise of the d£/dx in the TPC, where
the dE/dx bands for the different particle start to overlap, the measured
hadron contamination start to be significant reaching a value of about 20%.
For pp between 3 < pr < 8 GeV/c the hadron contamination estimated
using the TPC-EMCal detectors is still lower than 5% and smaller than
the one provided by the ITS-TOF-TPC analysis. For this reason the elec-
tron identification strategy used for the final heavy-flavour decay electrons
measurements switches at pr = 3 GeV/c. As a further cross check on the
electron identification purity at low pr, the electron identification in the I'TS
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Figure 6.5: Inclusive electron purity as a function of the electron pr in the
0-10% (left panel) and in the 20-40% (right panel) centrality classes. The
ITS-TOF-TPC identification strategy is reported with black markers, while
the TPC-EMCal strategy is reported with red markers.

detector has been totally removed for the pp region between 1.5-3 GeV/c.
The purity, for this case, is observed to decrease to about 4% because of a
higher pion contamination, which shows that the ITS cut is necessary also
in this transverse momentum region.

For both the electron identification strategies adopted, the residual hadron
contamination in the inclusive electron sample does not exceed 5% in the
full transverse momentum region and does not show any important central-
ity, event plane and 7 dependence, allowing for an even-by-event elliptic
flow analysis.

High pr electrons and EMCal trigger

At high transverse momentum (pp > 8 GeV/c) the inclusive electron iden-
tification is performed with the TPC-EMCal strategy. In Fig. 6.6 the E/p
distribution for electrons (black markers) and hadrons (magenta markers) is
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6. Elliptic flow of heavy-flavour decay electrons

shown for the pr bins between 8-10 and 10-13 GeV /¢ for the EMCal single
shower trigger in the 20-40% centrality interval. At high pt hadrons start
to deposit more energy in the calorimeter resulting in a E/p closer to unity.
Despite the strong TPC-No and shower shape cuts, the contamination is
estimated to be significant in this pr region, reaching about ~20% (~30%)
for 8 < pr < 10 GeV/c (10 < pr < 13 GeV/¢) in both the EMCal trigger
data (10-20% and 20-40% centrality intervals) and in the centrality trigger
(0-10% centrality class).
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Figure 6.6: E/p for electron candidates (black markers) and hadrons (ma-
genta markers) at high transverse momentum for the 20-40% centrality in-
terval for the EMCal single shower trigger events.

Because of the higher hadron contamination in the electron sample, the
vy coefficient cannot be measured event-by-event. The even plane method
is therefore used calculating the in and out plane ratio, equation 3.9, a
technique that allows to remove the residual contamination from the E/p
distribution before the extraction of vo. In this pr interval the elliptic flow
is not measured with the scalar product because this method does not allow
to statistically subtract the hadron contamination.

As an additional check on the triggered electron spectra, the relative
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6.1 Inclusive electron identification

EMCal single shower trigger efficiency has been calculated in the 10-20%
and 20-40% centrality intervals dividing the raw electron yield in the EMCal
trigger per event to the one measured in the centrality trigger. The trigger
efficiency, reported in Fig. 6.7, is flat above the trigger threshold (pt ~ 7
GeV /c) for the two centrality classes used in the analysis, confirming that no
bias in the electron spectra at high transverse momentum is observed, and
allowing for an elliptic low measurement within the EMCal trigger sample.
A fit with a constant is performed above threshold in order to extract the
averaged trigger efficiency. The flatness of the relative trigger efficiency has
also been checked in the different event plane directions, and also in this
more differential case no trigger bias has been observed above threshold.

Relative trigger efficiency
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Figure 6.7: Ratio of electron yield in EMCal trigger to MB centrality trigger
as a function of pr in 10-20% (left panel) and 20-40% (right panel) centrality
intervals.
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6. Elliptic flow of heavy-flavour decay electrons

Detector Type Requirement
Min TPC clusters 100
Min TPC clusters for dE /dx 90
Min ratio of TPC clusters 0.6

Min ITS clusters

5 (pr < 3 GeV/c)

3 (pr > 3 GeV/c)

Max x? per TPC cluster 3.5
Require TPC refit yes
Require ITS refit yes

Require hits in the SPD layer

2 (pr <3 GeV/c)

1 (pr > 3 GeV/c)

Accept kink daughters

no

DCA, <24 cm
DCA, <3.2cm
ITS-TOF-TPC
pr (GeV/c) (0.5, 3.0)
n| > 0.8
No ITS (-1;1) pr < 1.5 GeV/c
(-2;2) pr > 1.5 GeV/c
No TOF (-2;2)
No TPC (-1;3) pr < 1.5 GeV/c
(0;3) pr > 1.5 GeV /c
TPC-EMCal
pr (GeV/c) (3, 13)
| > 0.7
No TPC (-1;3)
E/p (0.8;1.2)
M20 (0.03,0.3) (short axis)
MO02 (0.03,0.5) (long axis)
Dispersion <1

Table 6.1: Track selection and identification cuts for electron candidates.
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6.1 Inclusive electron identification

6.1.4 Inclusive electron v,

The elliptic flow of inclusive electrons (vgi) is measured in the centrality
intervals 0-10%, 10-20% and 20-40% as a function of the transverse momen-
tum. Figure 6.8 shows the pr-differential elliptic flow of inclusive electrons
(vgi) measured with the event plane (black markers) and scalar product
(red markers) methods in the 0-10% (left), 10-20% (middle) and 20-40%
(right) centrality classes in Pb-Pb collisions at /sy = 2.76 TeV. In this
analysis the event plane is reconstructed with the VZERO detectors and a
three sub-events resolution method has been used (section 3.1.1). While for
the scalar product, the v2 measurements have been carried out combining
results from two symmetric TPC sub-events as in equation 3.12. The scalar
product and the event plane give consistent results at low pp. At higher pr
the event plane results are slightly lower because of the larger 1 gap imposed
between the different sub-events, indicating a possible stronger suppression
of the non-flow contributions in the higher pt region.
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Figure 6.8: Inclusive electrons vs as a function of pr measured with the
event plane (black marker) and scalar product (red markers) methods in
the 0-10% (left), 10-20% (middle) and 20-40% (right) centrality classes in
Pb-Pb collisions /snn = 2.76 TeV.

However the measurements obtained with different n gaps agree within
the statistical uncertainties. Therefore, the expected bias due to non-flow
correlations is within the statistical precision of the measurement. Also
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6. Elliptic flow of heavy-flavour decay electrons

possible effects due to the possible ambiguity in the event plane method
with respect to the scalar product method are not observed [77]| in this
analysis.

For both methods the values of vgi slightly increase from central to semi-
central collisions and this effect is more pronounced in the intermediate pr
region 2 < pr < 4 GeV/c.

The inclusive electron v is not measured with the scalar product method
for the EMCal single shower trigger data because of the large hadron con-
tamination estimated at high transverse momentum. For this reason the
scalar product method has been used up to py = 8 GeV /¢, where the in-
clusive electron purity has been estimated to be larger then 95%.

6.1.5 Systematic uncertainties

Several sources of systematic uncertainty affecting the inclusive electron
elliptic flow measurement are considered. In the following paragraphs these
are summarized. The contributions estimated from the different sources are
summed in quadrature in order to estimate the total systematic uncertainty
on the elliptic flow of the inclusive electrons. A summary of the systematic
uncertainties for the different pr bins is presented in Table 6.1.5.

Event plane resolution One of the main ingredients used in an event plane
flow analysis is the resolution parameter Rs. Two different sources of sys-
tematic error are considered from the estimation of the three sub-events
resolution. The first uncertainty comes from the variation of the definition
of the TPC sub-events in the determination of the event plane resolution.
The standard sub event selection consists in reconstructing the event plane
using tracks in the positive (0 < 1 < 0.8) and negative (-0.8 < n < 0)
pseudo-rapidity regions of the TPC. As a systematic check we reduced the
7 regions to 0.2 < n < 0.8 and -0.8 < n < -0.2. A maximum of 2% difference
was observed in most central collision, while in the more peripheral collisions
the difference has been observed to be less than 1%. The uncertainty due
to the centrality dependence of the event plane resolution is estimated from
the difference between the two ways to define the average resolution in the
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6.1 Inclusive electron identification

centrality classes used for the analysis. Starting from the resolutions in 5%
centrality intervals a plain arithmetic average and an average weighted with
the inclusive electron yield measured in the same 5% wide centrality classes
has been calculated. The difference between these averages is about 2.7%
in the most central events, where the resolution strongly depend on the cen-
trality, and 1% for semi central events. Those two systematic contributions
are not considered in case of the scalar product method.

Hadron contamination Since the elliptic flow coefficient is measured event-
by-event, the measurements could be affected by hadron contamination.
Using the additive properties of vo, one way to estimate the possible contri-
bution of the hadron contamination on the inclusive electron vy measure-
ments is to use the estimated purity of the electron sample and subtract
the v9 of the hadron contamination according to equation 6.4:

v = pystee — (1 — p) . o5t (6.4)
where vi" is what we directly measure, v5°™ is the elliptic flow of the

hadron contamination, P is the purity of our electron sample, and vglec

is what we want to obtain after the correction is applied. This procedure
assumes a good knowledge of the separate hadron sources contaminating
the electron sample. In this study the contamination is found to be com-
posed mainly of charged pions, dominantly at high pt where the purity
decreases, and the v§°"™ is therefore taken as vh'*"* [79, 82]. Another check
performed is statistically removing the hadron contribution from the inclu-
sive electron sample before the extraction of the vy coefficient. This check
is only possible with the event plane method using once more equation 3.9.
With this method the vy coefficient is extracted using the number of elec-
trons measured in and out of plane, allowing for statistically removing the
hadron contamination via the fits of the TPC-No and using the estimated
E/p distribution of hadrons reported in the purity section. From both tests
the systematic uncertainty introduced by the hadron contamination is es-
timated to be of the order of 1-2% at low pr and slightly increasing with
pr up to 5%. This component is not considered for the EMCal trigger
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measurements, since there the contamination contribution is subtracted.

Electron identification cut variation One of the main contribution to the
systematic uncertainties of the inclusive electron vs is the variation of the
electron selection and identification cuts. In order to have a precise esti-
mation of the systematic uncertainty, and to avoid as much as possible sta-
tistical fluctuations, an r.m.s approach has been used in this case. Several
electron selection and identification cuts are systematically varied around
the default value used in the analysis. Distributions of the absolute differ-
ence between the vo measured using the default cuts and the one obtained
varying the selection criteria have been made. From those distributions,
which have a Gaussian shape, the mean and the r.m.s parameter where
extracted. Since the mean has been found to be compatible with zero as a
function of the transverse momentum, the r.m.s value has been used as the
absolute systematic uncertainty on the inclusive electron v, measurements.
This systematic uncertainty is estimated to be of the order to 1-2% for the
low pr analysis, while at high pt this component was the dominant one
leading to a variation of about 30% in the highest pr bins. No centrality
dependence is observed for the systematic uncertainty estimated from the
electron cut variation for both the identification strategies.

Magnetic field and 7 dependence During the 2011 data period, the po-
larization of the magnet field (B) was changed during the data taking. A
systematic uncertainty is studied by comparing the inclusive electron elliptic
flow measured from the two event samples separately and a contribution of
1% is assigned to the vy measurements. A related stability check on the mag-
netic field consists of the measurement of v in the two symmetric pseudo-
rapidity regions, using electrons only coming from the positive/negative 7
region of the TPC and the results have been found to be compatible within
the statistical uncertainties.
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Trigger effect A possible bias in the analysis performed with the events
triggered by the EMCal has been studied and is reported in section 4.4 for
unidentified charged particles. According to a toy MC model calculation,
above the trigger threshold no bias is expected. Nevertheless an additional
systematic uncertainty, listed in Table 6.3, has been estimated in the 10-20%
and 20-40% centrality classes looking at the differences observed between
the vy of charged hadrons measured with full azimuthal coverage in the
centrality trigger events and in the single-shower trigger events inside the
azimuthal coverage of the EMCal detector.

0-10% (10-20% — 20-40%) centrality class

pr (GeV/c): 0.5-3.0 3-4 4-8 8-13
B field dependence 1% 1% 1% 1%
hadron contamination 1% 3% 5% 0%
averaged Ro 2.7%(1%) 2.7%(1%) 2.7%1%) 2.7%(1%)
sub-event definition 2%(1%)  2%(1%)  2%(1%)  2%(1%)

electron identification — extracted from the r.m.s of vy - v3eried

Table 6.2: Systematics uncertainties assigned to the inclusive electron vs in
Pb-Pb collisions at /syny = 2.76 TeV.

pr (GeV/c): 8-10 10-13
10-20% centrality 15%  20%
20-40% centrality 1% 2%

Table 6.3: Additional systematic uncertainties for inclusive electron vy mea-
sured with the EMCal trigger data.
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6.2 Photonic electron background

To extract the heavy-flavour signal, the background contributions have to
be subtracted from the inclusive electron vs. The other ingredients neces-
sary to extract the heavy-flavour decay electron vy are the inclusive-over-
background ratio (1 + Rgp) and the electron background elliptic flow.
The inclusive electron sample consists mainly of three components:

1. Electrons from heavy-flavour hadron decays and dielectron decays of
heavy quarkonia (J/1, T).

2. Photonic background! from Dalitz decays of light neutral mesons and
~ conversions as well as from real and virtual direct photons from hard
scattering processes.

3. Non-photonic background from K — env (K,3), and dielectron decays
of light vector mesons.

The contribution of J/v, relevant for pr > 3 GeV/c is not subtracted
in this analysis. The K3 and T are not expected to be relevant in the
pr range considered. The relative contribution from K.3 decays to the
inclusive electron background at pyr = 0.5 GeV /¢ was not more than 0.5%
and it decreases with pp [105]. The remaining background is mainly coming
from photonic background. Two different strategies are used to measure the
electrons coming from the different background sources. The background
decay electron vo and pr spectra are measured with the invariant mass
method [106]. The background electron vy is measured up to pr = 1.5
GeV /c and at higher pr, where the measurements of the background sources
starts to be limited by statistics, a cocktail has been used [105].

6.2.1 Invariant mass method

Electrons from photon conversions and Dalitz decays always come as an
electron and positron pair with a very small invariant mass value. This is

n this analysis "photonic" refers to the - conversion and neutral Dalitz decay con-
tributions
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6.2 Photonic electron background

used to select electrons from photonic sources, this mass correlation does
not hold for heavy-flavour decay electrons.

Part of the photonic electron background,
structed statistically by pairing electrons with opposite charge (unlike-sign)
in the same event and calculating the invariant mass for each pair and sub-
tracting the combinatorial background using the like-sign invariant mass
spectrum as in equation 6.5.

NRecofBackground’ is recon-

NReco—Background — NULS _ NLS (65)

An example of the invariant mass distribution calculated for the low
(I < pr < 1.25 GeV/c) and high pr (3 < pr < 4 GeV/c¢) electron identifi-
cation strategy is plotted in the left and right panel of Fig. 6.9 respectively.
The black markers represent the unlike-sign (ULS) distribution, in which
the photonic peak at low mass is observed. The red open markers show the
like-sign (LS) pair distribution. For both the electron identification strate-
gies one observes a good description of the combinatorial background by
the LS pair distribution.

Unlike-sign background electrons are selected if the created pair fulfills
the requirement on the invariant mass. For low pr an invariant mass cut
is placed at 70 MeV/c?, while at higher transverse momentum the mass
cut is placed at 140 MeV /c?. The same mass cut is required for LS pairs
in order to evaluate the combinatorial background in the same invariant
mass window. The difference in the invariant mass cut, used for the two
different identification strategies, is because of a bias in the Monte Carlo
(MC) production related to the embedded 7° sample. Further details on
that are given later in the text.

The total number of background electrons is given by equation 6.6 where
the Nnetfteco—Background ig the number of photonic electrons that are not
reconstructed in this analysis with the invariant mass technique. This can
be estimated computing and applying a reconstruction efficiency correction,
¢Background " o the number of NFReco—Background aq iy equation 6.7

NallfBackground _ NRecofBackground + NnotRecofBackground (66)
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Figure 6.9: Invariant mass distributions of unlike-sign (black full markers)
and like-sign (red open markers) pairs for the ITS-TOF-TPC electron iden-
tification (left panel) and for the TPC-EMCal strategy are reported.

1

NnotReco—Background _ ( _
~ \eBackground

1)NReco— Background (67)

The N@l=Background .an he calculated from previous equations as re-
ported in equation 6.8:

(NULS _ NLS)

Nall—Background _
" ¢Background

(6.8)

The photonic electron reconstruction efficiencies are evaluated from MC
simulations and are explained in details in the next section. In order to find
the partner electron with high tagging efficiency, loose electron identification
cuts are applied on the associated candidate used to reconstruct the pairs.
A summary of the selection cuts applied in the associated electrons and on
the pairs is listed in Table: 6.4
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6.2 Photonic electron background

associated electron Type Requirement
pr min (GeV/c) 0.0 (ITS-TOF-TPC),
0.3 (TPC-EMCal)
| > 0.9
Min TPC clusters 80
Require TPC refit yes
Require ITS refit yes
Accept kink daughters no
DCA, 4 <24 cm
DCA, <3.2cm
TPC-No (-3;3)
pair Type Requirement

Invariant mass (MeV/c?) 70 (ITS-TOF-TPC)
140 (TPC-EMCal)

Table 6.4: Track cuts for associated electron and for pair selection.

6.2.2 Photonic electron reconstruction efficiency

Due to detector acceptance and tracking inefficiencies, for reconstructing
the partner electrons, not all the photonic electrons are identified using the
invariant mass technique. This effect is taken into account correcting the
photonic electron yield for the reconstruction efficiency computed in Monte
Carlo (MC) simulations.

The light meson cross-section in MC generators can give the wrong
reconstruction efficiency if the shape of the prp-differential distribution is
different from the real distribution. The pt shape of the pure HIJING
spectra is observed to be slightly different from the measured ones and a
correction for this difference has to be applied.

Furthermore, in the MC production used in this analysis a sample of 7°
and 7 mesons are embedded in order to increase the statistics of electrons
from 7°, 1 and ~ used to compute the photonic reconstruction efficiency.
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6. Elliptic flow of heavy-flavour decay electrons

The neutral mesons enhanced in the sample are forced to decay in the Dalitz
channel or in double v decay. The enhanced sample is generated with a flat
pr distribution in the pseudo-rapidity region (|n| < 1.2), introducing an
other bias in the pr distribution of the MC productions.

The pr distribution of the HIJING generator, of the embedded sample
in the MC together with the parameterization used in the cocktail simula-
tion are shown for the 7° and 7 meson in the left and right panel of Fig. 6.10
respectively. The cocktail parameterizations are obtained using mr scaling
starting from a fit of fully corrected charged /neutral pion spectra. A weight-
ing procedure has been used to correct for the shape of the MC electrons
pr spectra used in the computation of the reconstruction efficiency.

Weighting procedure: The default weights are evaluated using the pr
spectra parameterization used in the cocktail simulation. Weight distribu-
tions as a function of the meson pr are defined dividing the cocktail param-
eterizations for the pr spectra of the MC sample. The weight distributions
are fitted with a Hagedron function, defined as:

A/ exp(—Bpr — Cp1) + (pr/D)", (6.9)

where A, B, C, D and E are parameters of the fitting function. These
functions represent the pr dependent weights that have to be applied to the
electron pr spectra in the MC in order to restore their proper pr shape. For
pr < 3 GeV /c the MC statistic available of 7° and 1 generated with HIJING
allows to avoid the embedded sample in the computation of the photonic
reconstruction efficiency. At higher pt the pure HIJING sample has too few
entries and the enhanced sample is necessary for a stable computation of
the photonic reconstruction efficiency.

A mistake has been found for the embedded 7¥ sample in the MC pro-
ductions used, which is why the embedded sample is rejected at low pp. The
invariant mass distribution of true electron-positron pairs coming from the
70 Dalitz decay was not generated with the correct shape. The invariant
mass distribution of electron-positron pairs coming from 7% Dalitz decay is
expected to be described by a Kroll-Wada function [107]. In the embedded
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Figure 6.10: 7° (left) and 7 (right) transverse momentum distributions from
HIJING MC event generator (full markers) and the enhanced sample (open
markers). They are reported together with the cocktail parameterizations
(lines) for the 10% most central collisions.

MC sample it has a flat distribution smoothly ending at the 7% mass value.
This difference has a strong effect on the tagging efficiency when varying
the invariant mass cut applied on pairs. In case of a tight invariant mass
cut it results in a very low tagging efficiency, which leads to over-correcting
the raw pr spectra measured from the data. This issue has been avoided
in the TPC-EMCal analysis applying a looser cut on the invariant mass of
140 MeV /c?, selecting in this way all the electron coming from 7° dalitz in
the MC production used to compute the photonic tagging efficiency, and
removing from the latter any dependency on the #° invariant mass. For
the low pr analysis it was enough to reject all the events in the MC not
belonging to the HIJING generator.

A Monte Carlo closure test has been performed to confirm that the strat-
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6. Elliptic flow of heavy-flavour decay electrons

egy of placing the mass cut at 140 MeV /c? would remove any bias coming
from the enhanced 70 sample. The tagging efficiencies have been computed
using a pure HIJING sample without applying any weight and using the
enhanced sample only applying HIJING spectra as weights. When apply-
ing a mass cut of 70 MeV/c? the MC closure test failed and the efficiency
computed from the enhanced sample did not match the pure HIJING one
even after the weights were applied. For a mass cut placed at 140 MeV /c?
the MC closure was successful and the tagging efficiency after the HIJING
weights was restored. Where the I'TS-TOF-TPC identification strategy is
used, a mass cut of 140 MeV /c? is not used because for the first pr bins (0.5
< pr < 0.75 GeV/c) in the most central events the LS pair distribution has
been observed not to perfectly describe the combinatorial background at
very high mass, giving a slight over-estimation of the photonic background
electrons.

The photonic electron reconstruction efficiencies (tagging efficiency) used
to correct the raw yield of the background electrons are reported in Fig. 6.11
for the 0-10% centrality class, in the left and in the right panel the efficiencies
for the low and high pr electron identification strategy are shown respec-
tively. The averaged efficiency of electrons coming from 7%, n and ~ are
plotted with full blue markers, and the efficiency increases with increasing
pr, reaching a value of ~70% in the high transverse momentum region for
both the identification strategies. When comparing the efficiencies of the
different electron sources it is observed that the electrons coming from a 7
dalitz decay (green markers) have a lower efficiency because of their larger
mass window with respect to the ¥ (red markers) and ~ (purple markers).
A peculiar observation is that the electrons from ~ conversion show an effi-
ciency systematically lower than the 7° for both the identification strategies.
This systematic effect is introduced by the contribution of electrons coming
from ~ conversions far away from the primary vertex, that have a poorer pr
and azimuthal angle resolution, leading to a lower reconstruction efficiency.
This effect has been investigated (not only for the efficiency calculation)
and additional details are reported in section 6.2.6.
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Figure 6.11: Reconstruction efficiency of photonic electrons computed using
the invariant mass method for the two different inclusive electron identifi-
cation strategy. Left panel for the ITS-TOF-TPC and right for the TPC-
EMCal. Left panel for the I'TS-TOF-TPC and right for the TPC-EMCal.
The efficiencies for electrons coming from different sources (7%, n and + )
are reported with different colours.

6.2.3 (1 + Rsp) and systematic uncertainties

The inclusive over background ratio (1 + Rgp) is calculated dividing the
inclusive electron yield by the background electrons corrected for the tagging
efficiency as reported in equation 6.10

Ne

(1 + RSB) = N all—Background (610)

The inclusive over background ratio measured with the invariant mass
method is shown in Fig. 6.12 for the 0-10% (left), 10-20% (middle) and 20-
40% (right) centrality intervals in Pb-Pb collisions at \/syn = 2.76 TeV.
The black full markers represent the centrality trigger measurements, while
in the 10-20% and 20-40% centrality classes the EMCal trigger results are
reported with open black markers.

The (1 + Rgp) increases with transverse momentum for all the centrality
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Figure 6.12: Inclusive over background ratio in the 0-10% (left), 10-20%
(middle) and 20-40% (right) measured with the invariant mass method
in the prp interval between 0.5 and 13 GeV/c in Pb-Pb collisions at
V3NN = 2.76 TeV. In the 10-20% and 20-40% centrality classes the EMCal
trigger measurements are reported with open markers.

classes, indicating that at high py (pr ~ 2.5-3 GeV/c) the heavy-flavour de-
cay electrons become the dominant source of the inclusive sample. It then
saturates around pr ~ 6 GeV /¢, where the ratio between heavy-flavour
decay electrons and the electron background starts to be constant. The
small deviation observed in all the centrality classes at pr = 3 GeV/c is
introduced by the different number of hits required in the SPD layers for
each track between the two different electron identification strategies. For
pr < 3 GeV/c a hit in both the pixel layers is required, resulting in an in-
crease of the inclusive over background ratio, because many electrons coming
from ~ conversions in the first layer are rejected by this track cut. For the
EMCal a looser requirement has been applied in order to increase the elec-
tron reconstruction efficiency and acceptance, already limited by the limited
o and 7 acceptance of the EMCal detector, and to decrease the azimuthal
anisotropy for the electrons caused by SPD dead zones. At high pr this is
observed to be a safe choice because the inclusive over background ratio is
already dominated by the heavy-flavour decay electrons contribution, while
at lower pr in order to suppress the huge photonic background electron
contribution a stronger I'TS requirement has to be used.
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6.2 Photonic electron background

Several sources of systematic uncertainty are considered for the stability
of the background electron reconstruction procedure. These include the
changes in the (1 + Rgp) due to the variations of the selection criteria
applied on the partner electrons used to build the pairs and on the pair
itself. The maximum variation among the different criteria is taken as a
systematic uncertainty.

At low transverse momentum one of the dominant sources is the cut
placed on the minimum pt applied on the partner electron. This effect is
estimated to be about 6% and is understood to be related to the large num-
ber of electrons coming from - conversions in the detector material far away
from the primary vertex. These electrons, mainly populating the low trans-
verse momentum region, due to fake assigned clusters, have a poor pt and
azimuthal angle resolution. At high transverse momentum no systematics
have been observed due to this cut.

The uncertainty coming from the Monte Carlo is estimated looking at
the maximum variation between the default (1 + Rgp) and the one ob-
tained correcting the spectra using the HIJING efficiency without weights.
At high pr, where the enhanced sample of neutral mesons is used, the un-
certainty has been estimated applying HIJING spectra as weights instead
of the cocktail spectra, always applying a mass cut of 140 MeV/c?. At
very low pr (0.5-1.25 GeV/c) the systematic uncertainty is estimated to
be about 5%, while for the intermediate pr region the uncertainty reaches
about 10%, decreasing again to 5% at higher pp, where the background
electron contribution becomes less important and the efficiency saturates.

The invariant mass cut is found to be the dominant source for the EM-
Cal analysis. This is related to the invariant mass of the 7% Dalitz decay
discovered in the embedded sample of the MC productions. This leads to
a large loss of electrons coming from 7° Dalitz decay when a tight mass
cut is applied in the MC, resulting in an overcorrection of the background
electron pr spectra. For the EMCal analysis a 10% systematic uncertainty
is assigned due to variation of the (1 + Rgp) estimated by varying the
invariant mass cut. At low pp, where the embedded sample is rejected,
the systematic uncertainty introduced by the mass cut is estimated to be
around 3%. A summary of the systematic uncertainties assigned to the
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inclusive-over-background ratio is shown in Table:6.5.

1 (GoV/): 05125 1253 38 &13
Invariant mass 3% 3%  10% 5%
TPC cluster on partner 2% 2% 5% 5%
pr cut on partner 6% 6% - -

MC efficiency reconstruction 5% 10% 5% 2%

Table 6.5: Systematics uncertainties assigned to the (1 + Rgp) in central
and semi-central Pb-Pb collisions at /syn = 2.76 TeV.

6.2.4 Background v,

The photonic background electron vy is measured with the invariant mass
method at low transverse momentum, for pr < 1.5 GeV/c. At higher pr,
where the measurements of the background sources starts to be limited by
statistics, a cocktail method has been used.

For this measurement, only the event plane method has been used, be-
cause it is the only method that allows to measure the vo directly extracting
statistically the raw yield of the reconstructed background electrons (NV1
- NESY in different regions Ap = ¢ - Uy as reported in section 3.1. The
dN /dAp method is used to measure the background electron vy. The num-
ber of electrons that create pairs that satisfy the requirement on the invari-
ant mass are flagged as unlike-sign and/or like-sign electrons and counted
in each pr and Ay bins. In this case the contamination contribution is
statistically subtracted fitting the TPC signal and estimating the raw yield
in different event plane regions. For a fixed pr bin the number of recon-
structed photonic electrons as a function of Ay is fitted with equation 3.6,
where v$"® is a fit parameter and it is corrected with the three sub-event
resolution in order to obtain the elliptic flow of the photonic electrons. An
example, for the 20-40% centrality interval, of the reconstructed raw yield
of background electrons extracted as a function of Ay is reported in the
left and right panel of Fig. 6.13, together with the fit function. Also the
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6.2 Photonic electron background

in- and out-of-plane ratio technique has been tested as a cross check for the
stability of the fit employed in the Ay method and no systematic effect has
been observed in the background measurements.
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Figure 6.13: dN /d¢ distributions of inclusive electrons in different the pp
ranges 0.5 < pp < 0.75 GeV/c (left) and 0.75 < pp < 1 GeV/c (left) in
20-40% centrality interval in Pb-Pb collisions at /sy = 2.76 TeV.

The v measurements of the photonic electrons as a function of pp are
shown in Fig. 6.14 with the dark magenta symbols. In the same figure the
cocktail results are plotted with azure symbols which will be discussed in
the next section.

The same systematic studies performed on particle identification, selec-
tion of the partner electron and on the mass pair requirements performed
for the pr spectra are also done for the elliptic flow measurements. The
uncertainties are estimated to be 20% in most central collisions and 10%
for the 10-20% and 20-40% centrality classes. The systematics from the
event plane resolution parameter and from the magnetic field dependence
are estimated using the same procedure as for the inclusive electron v and
are estimated to be of the same size. An additional component is estimated
looking at the discrepancy with respect to the background ve measured with
the cocktail simulation. This component is estimated considering the full
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difference observed between the two methods used to calculate the electron
background vy at low transverse momentum. Also in this case the final
systematic error is obtained summing in quadrature the estimates of the
different sources.

6.2.5 Cocktail simulation method

The background electron vy can be estimated using the so-called cocktail
method. A cocktail of electron spectra from background sources is cal-
culated using a Monte Carlo event generator of hadron decays and then
subtracted from the inclusive electron vs. This method requires that the
momentum and elliptic flow distributions of the relevant background sources
are well known.

The following electron background sources are included in the cocktail
simulation:

e Semileptonic decays of 7%, 7, w, ', ¢
e Leptonic decays of 0, p°, w, 1/, ¢’
e Conversion of decay photons from 70, n, p*, w, 1/

e Real and virtual conversion of prompt and thermal photons

For a consistent treatment with the invariant mass method the contri-
butions from K, J/¢ and Y decays to the inclusive electron spectrum are
not included in the background cocktail. The K and T are not expected to
be relevant in the pp range considered [105].

The 7° plays an important role in the cocktail. The p and vy spectra of
all particles included in the cocktail are my and K Ep scaled based on the
70 spectra. In addition the 7 is the dominant electron source contributing
via the Dalitz decay of neutral pions (7 — eTe™v) and via conversion of
photons from the decay of 7% — v in material.

In principle, the parameterization of 70 momentum and vy distribu-
tions should be based on measured 7° spectra. In ALICE two measure-
ments of the 7° pr spectrum have been performed. One measuring the
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photon showers inside the Photon Spectrometer (PHOS), and the other
by reconstructing the photon conversions in the detector material of the
Inner Tracking System (ITS) and the Time Projection Chamber (TPC).
Recently the results of both analyses were combined and published [108§].
However, because of the much smaller statistical errors of the combined
charged pion spectra [109] and the fact that both neutral pion and charged
pion spectra are consistent, the average of the charged pion spectra was
used for the parameterization, i.e. 7 = (7 + 77)/2. The difference of
the 7% and the 7% spectra is considered in the estimation of the systematic
uncertainties. For the charged pion elliptic flow there are published AL-
ICE measurements for different transverse momentum regions. At low pr
(p < 6 GeV/c) the scalar product measurements [82] have been used while
at higher pr (3 < pr < 16 GeV/c) the event plane results [79] were taken.
A parameterization of the pion v distributions up to pr = 16 GeV /¢ was
used to have a large enough momentum region for this analysis. At pp ~13
GeV /c, only about 10% of the electrons from 7° Dalitz decays is estimated
to come from a 7° with pt > 16 GeV /c, where the elliptic flow of 7% is
not yet measured in ALICE. To estimate the elliptic flow of electrons from
Dalitz decay of 7, PYTHIA [110] has been used as decay generator. The
treatment of electrons from photon conversions in the detector material is
done by GEANT4 [111]. It has been implemented in the fast simulation
by forcing all decay photons to create electron pairs immediately after cre-
ation, skipping the material budget calculation. The result of this method
is compared to a low statistic simulation including the material budget, and
was found to be consistent.

The contributions of prompt and direct photons have been calculated
using the ALICE preliminary measurements [112]. The 0-40 % centrality
measurement has been scaled according to the relative scaling factor based
on the charged pion spectra at the same centrality classes. The contributions
of the different background electron sources are summed according to their
relative weights using the additive property of vs.

The background v as a function of the measured p from the cocktail
simulation (0.5 < pt (GeV/c) < 13) is shown in Fig. 6.14 together with
the invariant mass method results (0.5 < pt (GeV/¢) < 1.5). The elliptic

137



6. Elliptic flow of heavy-flavour decay electrons

flow results measured with the different methods are observed to be in good
in agreement within the systematic uncertainties in all the three centrality
classes analyzed.
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Figure 6.14: Background electron vy as a function of pr measured with
the invariant mass method (dark magenta markers) and with the cocktail
simulation (azure markers) in the 0-10% (left), 10-20% (middle) and 20-40%
(right) centrality classes in Pb-Pb collisions \/syn = 2.76 TeV

The total systematic errors due to the uncertainties in the cocktail is es-
timated adding in quadrature the contribution coming from several sources,
namely:

e quality of the fits of the spectra
e systematic errors of the vy spectra and pr of the 7

e systematic errors of the K Ep and myp scaling for the higher mass
mesons

o 7! pr spectra approximation by the nt spectra

The first one is the dominant one and it is evaluated by parameterizing
the data using the upper and lower ends of their statistical and systematic
uncertainties added in quadrature. The estimated systematic uncertainty
is observed to increase with pr reaching a maximum value of 40% at pr ~
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12 GeV/c. The uncertainty on the K Et scaling assumption is estimated
by comparing the vy kaon spectra obtained by K Er scaling to the ones
measured by the ALICE Collaboration [82]. The resulting systematic un-
certainty stays below 10% in all centrality classes. Because of their similar
mass it is expected that the flow of n and kaons are comparable and thus
these numbers are taken directly for the n K Et scaling uncertainty. For the
other heavier mesons the K Et scaling does not work so well [82], however
these other particles have an extremely low weight in the cocktail, and thus
these uncertainties are considered as higher order uncertainties, which can
safely be ignored. In addition to the sources of systematics listed above,
two others have been studied. First, reconstructed electron candidates have
a limited pr resolution. In particular Bremsstrahlung in the detector mate-
rial shifts their reconstructed pt towards lower values. Secondly, hits in the
SPD can be incorrectly associated to a track with a probability decreasing
with pr. Both effects have been evaluated in the cocktail and no significant
change of the background vy has been found. More details are on these two
systematic contributions are reported in the next section.

6.2.6 Late photon conversions

During the track refitting to the primary vertex, the tracking associates
new ITS clusters to a track candidate, and the track parameters are more
refined. In this procedure if the associated cluster did not belong to that
track itself, tracks produced far away from the collision point have non-zero
probability to be tracked back to the reconstructed primary vertex, thus
being reconstructed as primary.

For this analysis the only contributions due to the fake cluster assign-
ment are the electrons from ~ conversions, because they are produced every-
where in the detector and can be reconstructed as primary tracks. Almost
all the electrons coming from 7% and n Dalitz decays are produced and re-
constructed very close to the primary vertex (within 1 ecm). This effect is
very surprising since a hit in both the SPD layers is required, a constraint
that should completely remove all electrons from conversions after the first
layer in the SPD. The effect is observed to be well reproduced in the MC
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simulations, where it is possible to discriminate between electrons from -~
conversions that are sharing clusters in the I'TS detector and are produced
at large radii.

Electrons from late conversions have a poor momentum resolution as
well as a systematic shift (~5%) in pr and azimuthal angle. The effect is
more pronounced in the low transverse momentum region. The momentum
shift and poor resolution are responsible of the unexpected peak structure
observed in the LS pair distribution (Fig. 6.9) for small invariant mass
values. The LS peak is observed to be more significant at low pp and
the structure starts to disappear at higher momenta. The peak structure
is observed in all the centrality classes and it is more significant in most
central events where the track density in the ITS is higher, increasing the
probability of cluster sharing. The LS peak structure is also reproduced in
the MC, and it is seen only for pairs in which at least one track is sharing
cluster in the ITS layers. As for true ULS pairs, a systematic shift to higher
mass values of the mean of the photonic peak has been observed for pairs
produced at large radii; which is the reason why conversion electrons display
a lower invariant mass reconstruction efficiency with respect to electrons
coming from 7° Dalitz decay.

The number of shared clusters in the ITS and the ¥? in the ITS nor-
malized to the number of cluster in the detector itself have been tested in
order to suppress the fraction of electrons coming from conversions at large
radii. These variables show a strong dependence on the production radius
of the electron. Tracks produced at large radii show a broad ¥? distribution
(almost flat) extending up to large ¥? values. Tracks produced close to the
primary vertex show a steep distribution peaked at small ¥2. The effec-
tiveness of those cuts in suppressing electrons produced by - conversions at
large radii is investigated looking at the fraction of electrons produced with
a R > 5 cm. Those distribution are reported in the left and right panel of
Fig. 6.15 for the 0-10% and 20-40% centrality classes respectively.

Without the introduced ITS cut variables (black markers) the fraction
of electrons coming from conversion at large R is ~70% (~60%) at low
transverse momentum, while at higher pr the contribution decreases down
to ~20% (~10%) in the 0-10% (20-40%) centrality interval. Stronger se-
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Figure 6.15: Fraction of electron for R > 5 cm for different combination
of the additional ITS cuts (the number of shared cluster and the ¥ in the
ITS) in 0-10% (left) and in 2040% (right).

lections reduce the fraction of selected electrons at large radii, nevertheless
even with the very strong cuts applied, the electrons from late conversions
are not totally removed at low pr.

The effect of the cuts is also investigated looking at the electron con-
version radius distribution. In the right panel of Fig. 6.16 the number of
electrons (pp-integrated) as a function of their conversion radius is reported
for different sets of ITS cuts. The figure shows the 10% most central events,
where the track density effect is higher. Applying stronger ITS cuts the
number of electrons from conversions is strongly suppressed at large radii,
while for small R the cuts are less effective.

In the right panel of Fig. 6.16 the effect on all electrons, including the one
from 7° and 7 Dalitz decays, is shown. The electrons coming from Dalitz
decays populate the region at very small R, and they are almost not affected
by the ITS cuts. It confirms that the electrons coming from heavy-flavour,
which are primary tracks, should almost not be affected by those additional
ITS requirements. Also the peak structure in the like-sign invariant mass
distribution is observed to disappear when stronger and stronger cuts are
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Figure 6.16: Distribution of the number of electron as a function of their
production radius. In the right panel the distributions are reported only for
conversion electrons for different combinations of the additional ITS cuts
in 0-10% centrality class. In the left panel the distribution is reported also
including electrons from 7° and 7 Dalitz decays.

applied.

The additional ITS cuts have been studied also for the elliptic flow
coefficient of the inclusive and background electrons. The vy in both cases
has been observed to decreases for pr < 1.5 Gev/c, a ~20% difference
is observed in most central collisions and a ~10% difference in peripheral.
Above pr ~ 1.5 GeV /c the contribution is observed to be negligible. On the
inclusive over background ratio no difference has been observed. However,
a slight increase at low pr in the efficiency of the electrons from conversions
has been observed when the new ITS cuts are used.

A possible bias has been investigated for the cocktail simulation as well.
Since the cocktail uses only the mother particle spectra and does not in-
clude detector effects, the resolution effects are not considered. A consistent
treatment of the resolution has been studied by degrading the resolution in
the cocktail simulation according to response matrixes for the pr and az-
imuthal angle extracted from the MC productions with a full simulation of
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6.3 Heavy-flavour decay electrons measurements

the ALICE apparatus. Those matrixes are used to smear the pp and az-
imuthal angle in the cocktail in order to simulate electrons produced from
conversions at large radii. This has been implemented into the cocktail by
decreasing the resolution artificially increasing the conversion electrons with
the estimated fraction shown in Fig. 6.15 before the extraction of the cock-
tail measurements. No significant effect has been observed in the cocktail
simulation.

Since the same discrepancy is observed at inclusive and at background
electron vs level when the additional ITS cuts are applied, the effect on
the heavy-flavour decay electrons wvo is negligible due to the subtraction
procedure. The additional ITS cuts are not applied for the default results
and no systematic uncertainties have been assigned to the heavy-flavour
decay electrons measurements in all the centrality classes.

6.3 Heavy-flavour decay electrons measurements

In Fig. 6.17 the elliptic flow of electrons from heavy-flavour hadron decays,
v§i<_H , is plotted as a function of the transverse momentum (0.5 < pp
< 13 GeV/c ) for most central 0-10% (left panel), mid-peripheral 10-20%
(middle panel) and semi-peripheral 20-40% (right panel) Pb-Pb collisions at
V/SNN = 2.76 TeV. The vy coefficient is extracted using the three sub-event
event plane methods with An > 0.9.

The results extend the heavy-flavour v9 measurements already performed
by the ALICE Collaboration towards lower transverse momentum. The
prompt D meson vy [37| and heavy-flavour decay muon v [38] are mea-
sured in the pr interval 2-16 GeV /c and 3-10 GeV /¢, respectively. Moreover
charm hadron decays are expected to mainly contribute to the heavy-flavour
decay electron sample at low pp (pr < 3GeV/c), whereas at higher pr the
contribution from beauty hadron decays should start to dominate. There-
fore the measurement of heavy-flavour decay electron ve provides further
inputs on the beauty and charm elliptic flow at mid rapidity to theoretical
calculations which aim at describing the heavy-quark interactions with the
medium. At low pr the systematic uncertainties are large due to the small
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Figure 6.17: Elliptic flow of electron from heavy-flavour decays, v§i<_H L
in |y] < 0.7 for various centrality intervals, in Pb-Pb collisions at
VSNN = 2.76 TeV as function of the transverse momentum. The symbols
are placed at the centre of the pr interval. The vertical error bars represent
the statistical uncertainty, the horizontal error bars correspond to the size
of the pr bin and the open boxes are the systematic uncertainties. The
results are measured with the event plane method.

signal-to-background ratio. In all centrality intervals the vy of heavy-flavour
decay electrons is slightly increasing with pr up to a pr of 1.5 GeV /¢ where
it reaches a maximum. A positive vy is observed in all centrality classes,
with a significance of 5.9 ¢ in the pr interval 2-2.5 GeV/c in semi-central
collisions (20-40%), combining statistical and systematic uncertainties. At
higher pt the measured vy of heavy-flavour decay electrons exhibits a slight
decrease as pr increases, being consistent within large uncertainties with
zero for pr greater than 4 GeV/c. This trend reflects the interplay between
scatterings with the constituents of an expanding medium at low and inter-
mediate pr and the path-length dependence of the parton energy loss in the
hot and dense matter at high pp. For pr > 6 GeV/c the large statistics and
systematic error bars do not allow to draw any strong physics conclusion.
Figure 6.18 shows the centrality dependence of the elliptic flow of heavy-
flavour decay electrons in two pr intervals (1.25-1.5 GeV /c and 2.5-3 GeV /c).
In the pp range 1.25 < pp < 1.5 GeV /¢ the contribution from charm hadron
decays is expected to be dominant in the heavy-flavour decay electron sam-
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Figure 6.18: Elliptic flow of electron from heavy-flavour decays, U§i<_H E
in |y| < 0.7 as a function of the centrality class in Pb-Pb collisions at
V/SNN = 2.76 TeV. The symbols are placed at the centre of the centrality
interval. The vertical error bars represent the statistical uncertainty, the
horizontal error bars correspond to the size of the centrality bin and the
boxes are the systematic uncertainties.

ple, whereas in the higher pr interval the beauty hadron decays should start
to be relevant. A significant decrease of the vy magnitude towards central
collisions is observed. This is consistent with a final state anisotropy driven
by the initial geometrical anisotropy of the nucleons participating in the
collision, which increases with its centrality. This suggests, together with
the positive vy of heavy-flavour decay electrons, that heavy quarks, mainly
charm, participate in the collective expansion of the medium and confirms
that they undergo significant interactions with the medium’s constituents.

At forward rapidity (2.5 < y < 4), the elliptic flow of heavy-flavour
decay muons has been measured with various methods in the centrality
classes 0-10%, 10-20% and 20-40% [38]. Figure 6.19 shows the comparison
between the elliptic flow of heavy-flavour decay electrons at mid rapidity and
the one of heavy-flavour decay muons at forward rapidity in semi-central
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6. Elliptic flow of heavy-flavour decay electrons

(20-40%) Pb-Pb collisions. The two-particle @-cumulant method with a
pseudo-rapidity gap larger then 1.7 was used to extract the vy of heavy-
flavour decay muons. The observed vy of heavy-flavour decay leptons is
similar at mid and forward rapidity.
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Figure 6.19: Elliptic flow of heavy-flavour decay electrons at mid rapidity
(ly| < 0.7) (black markers) compared to the elliptic flow of heavy-flavour
decay muons at forward rapidity [38] (2.5 < y < 4) (red markers) in the
20-40% centrality classes in Pb-Pb collisions at /snyy = 2.76 TeV. The
symbols are placed at the centre of the centrality interval whose width is
shown by the horizontal error bar. The vertical error bars and open boxes
represent the statistical and systematic uncertainties, respectively.

Uncertainties propagation The error propagation for the background sub-
traction is based on an approximation of a second order error propaga-
tion [113, 114|, where differently from the Gaussian approximation, not only
linear effects of the error propagation are considered but also quadratic ef-
fects. This is necessary especially in case the systematic errors are large
and where the non-linearity of the subtraction cannot be neglected any-
more. The basic concept is that the statisitcal errors JSt“t(U§i<—H FY as
well as the upper /lower systematic errors o5¥* (vS™ “—HF) are both found by

incl)

independently varying the errors of the input variables, E(Rgsp), E(vh

stat syS)

and E(u)™*"), by one sigma (0% or ¢5¥*) up/down. The Gaussian ap-
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6.3 Heavy-flavour decay electrons measurements

proximation has been tested summing in quadrature the relative systematic
uncertainty of the different input variables, and the systematic uncertain-
ties obtained under this approximation are found to be compatible with the
default strategy adopted.

6.3.1 Model comparison

Several theoretical model calculations are available for the elliptic flow co-
efficient vo of heavy-flavour hadrons and their decay leptons.

Figure 6.20 shows the comparison of the measured heavy-flavour decay
electron elliptic flow in the 20-40% centrality class with different theoretical
model calculations.
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Figure 6.20: Heavy-flavour decay electrons v as a function of pr in compar-
ison with and model calculation including interactions of the ¢ and b quarks
with a hot, dense and deconfined medium. can qualitatively describe the
data within uncertainties.
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6. Elliptic flow of heavy-flavour decay electrons

The elliptic flow of heavy-flavour decay electrons is qualitatively de-
scribed by the models including significant interactions of heavy quarks
with a hydrodynamically expanding QGP. Mechanisms, like collisional pro-
cesses and hadronization via recombination, which transfer to heavy quarks
and heavy-flavour hadrons the elliptic flow generated during the system
expansion, are required to reproduce the measured positive vy of heavy-
flavour decay electrons. Models that do not include a collective expansion
of the medium or lack a contribution to the hadronization of charm quarks
from recombination with light quarks from the medium (POWLANG and
BAMPS el. + rad) predict in general a smaller anisotropy than observed
in the data. It has been observed that those model underestimate as well
the elliptic flow of prompt D mesons at mid rapidity [37] indicating that
the results are consistent with each other. Similar observations were done
at forward rapidity for the heavy-flavour decay muons [38].
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Chapter 7

Elliptic flow of direct
photons

Since the azimuthal anisotropy of direct photons depends strongly on their
production mechanism, a measurement of elliptic flow allows to put addi-
tional constraints on their production time. Small flow would be associated
with early production while a large, hadron-like low would point towards
late production. Similar to the heavy-flavour decay electrons analysis, the
elliptic flow of direct photons Uz’d” is obtained from the measurement of

inclusive photons, vy, by subtracting all photons from hadron decays,
v,Background .
Uy as:

¥,inc v,Background
vdir _ Byvg” " — vy
vy = (7.1)
R,—1

with B, = N, inc / Ny Background- In the ALICE collaboration the pre-
liminary measurements of direct photon elliptic flow has been measured
using the event plane method [112]. In this chapter a new and independent

149



7. Elliptic flow of direct photons

analysis is reported in which the scalar product method has been used to
measure the elliptic flow coefficient in order to spot and remove possible
ambiguities and experimental biases in the results introduced by the event
plane method [77].

7.1 Inclusive photon reconstruction

Photons traveling through the detector has a non zero probability to convert
in the material. In this thesis photons are reconstructed via their conversion
products using a secondary vertex finder (VO finder). A detailed description
of the reconstruction technique can be found in [108, 115]. The neutral
particles that can be reconstructed using the VO method are A (A) and K
decays and v from conversions. In the following sections, the track cuts,
the electron identification, the secondary vertex and photon reconstruction
cuts are described.

7.1.1 Electron identification

Particle identification (electron selection and pion rejection) has to be ap-
plied on the reconstructed VO candidates (v, K¢, A (A)) decay products, in
order to select only electrons that will be used for the photon reconstruction
procedure. The identification of electrons in this analysis relies mainly on
the dE/dz measurement in the TPC. In addition to the TPC dE/dz cuts,
a 5o inclusion around the electron hypothesis in the TOF is used to fur-
ther remove the hadronic background sources. However, since not all of the
secondary tracks originating from the photon candidates reach the TOF,
this cut is used only if the track can be matched to a signal in the TOF
detector. The standard cuts for this analysis are TPC-No between -3 and
5 and TOF-No between -5 and 5. In addition, the pion contamination in
the region, where the dE/dx curves start to overlap, is further reduced by
removing all tracks within TPC-No between -10 and 3 with respect to the
expected pion energy loss for transverse momenta above 0.4 GeV /c.
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7.1 Inclusive photon reconstruction

7.1.2 Topological cut selection

The decay (or conversion in case of y) topology is sketched in the right panel
of Fig. 7.1. The reconstruction procedure starts with the selection of two
oppositely charged secondary tracks. The impact parameters of the tracks
(b,b*) with respect to the primary vertex are calculated. Tracks with a too
small impact parameter are discarded according to the definition of primary
tracks. Tracks where selected in the mid-rapidity region with a || < 0.8 to
ensure a uniform acceptance and efficiency in the TPC. It is required that
the secondary tracks, coming from the secondary vertex V0, have no kinks
and fulfill the TPC refit condition, as well as the requirement of having at
least 70 associated cluster in the TPC. Afterwards the distance of closest
approach (DCA) in space between both tracks is calculated. The track pair
is rejected if the measured DCA is larger than 1 cm.

-~7 fiducial ~T~<_

zone

Figure 7.1: Left: representation of the VO vertex topology, figure taken
from [61]. Right panel: representation of the W, angle as the angle be-
tween the plane of the electron and positron pair (colored in orange) and
the bending plane of the magnetic field (in gray). The magnetic field is
parallel to the beam pipe, which is represented by the z axis, figure taken
from [116].

Based on the invariant mass of the eTe™ pair and the pointing of the
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7. Elliptic flow of direct photons

VO to the primary vertex, the vertex finder calculates a )Z% value which
reflects the level of consistency with the hypothesis that the VO comes from
a photon originating from the primary interaction. A cut on the 5(27 value
is applied at 30 to further reduce contamination in the photon sample. As
for the single electron tracks also for the reconstructed photons a pseudo-
rapidity cut is imposed (|n| < 0.8). Their point of closest approach (DCA)
is displaced from the primary vertex by a radius R, and their four momenta
at this point add up such that the mother particle momentum vector P
points towards the primary vertex. The momenta of both daughter tracks
are extrapolated to the DCA and their sum is calculated as the particles
momentum at the secondary vertex. A cut of 0.85 on the cosine of the angle
between the reconstructed VO momentum (P) and the vector connecting the
primary and secondary vertices is applied. To ensure the reconstruction of
the secondary tracks in the TPC, secondary vertices with Roon, > 180
cm and Zgony > 240 cm are rejected. Furthermore, all VO candidates are
required to have a Rogn, > 5 cm to reduce the contamination from 7° and n
Dalitz decays. The di-lepton momenta are almost parallel at the conversion
point with no preferred direction of emission in azimuthal angle ¢ or polar
angle @ direction. As the particles propagate in the magnetic field, their
opening angle in the transverse plane Ap = g06+ — ¢ increases due to
the curvature of the tracks, while the opening angle in the polar direction
AO = 6¢" —pe” stays constant. The situation is sketched in the right panel
of Fig. 7.1. The angle ¥, between the plane spanned up by the dilepton
momena evaluated propagating the tracks at 50 cm from the production
point, and the bending plane of the magnetic field is defined as

A
WU qir = arcsin < i >, (7.2)

pair

where §pqir is

TARY N

bpuir = LT 73
i = 7] (73)

Therefore, W, is the arcsine of the ratio between the difference of the
angles of the two daughter tracks with the z-axis and the angle between the
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7.1 Inclusive photon reconstruction

propagated daughter tracks. The default cut applied in this analysis consist
of rejecting pairs if the calculated W4, is larger then 0.1 rad.

The left panel of Fig. 7.2 shows an Armenteros-Podolanski plot [117]
for secondary vertices (without any selection cuts) for the 0-10% most cen-
tral events in Pb-Pb collision at /sxy = 2.76 TeV. «a is the momentum
asymmetry defined as:

g

= = (7.4)
pi +pp

where pir and p; are the longitudinal components of the total momen-
tum for the positive and negative daughters, respectively, relative to the
direction of the VO momentum vector, and gt is the transverse momentum
component of the daughter momentum with respect to the VO momentum
defined as:

qr = pdaughtar X Sln(somother - Spdaughter)' (75)
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Figure 7.2: Armenteros-Podolanski plot for the 0-10% central Pb-Pb colli-
sions of the remaining photon candidates before (left) and after (right) that
all electron identification and photon reconstruction cuts have been applied.
The coloured lines indicate the position of the VO candidates [93].
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7. Elliptic flow of direct photons

The relativistic particles coming from the physical decay lie on an ellipse
due to energy and momentum conservation. The analytical expression for
this particle in the (o, g1) plane, after setting daughters and mother particle
masses m1, meo and M respectively, is given by:

oa—a 2 qT 2 m% - m% 24T, max
e e R L
b 4T, max

where ¢ max is the maximum possible momentum transfer of the daugh-
ter in the centre of mass. In addition to photon conversions, also the bands
from the symmetric decay KY — 777~ and the asymmetric decays of
A — 77pand A — prt are visible. For KY and +, since the decay products
are of identical mass the a parameter is equal to zero and the ellipse is
centered at the origin of the coordinate space, while for the A (A) the two
bands are centered around oo = £ 0.7 respectively due to the mass difference
of the decay products. The lines shown represent the different parameter-
ization of the v, K%, A (A) decays in which the values of the parameters
a and b are calculated taking inputs from [93]. The photons converting to
ete™ in the detector material are distributed symmetrically in o and are
located in the low gt region due to the small di-lepton opening angle. The
right panel of Fig. 7.2 shows this distribution after all electron identification
and reconstruction photon cuts have been applied. In the ALICE prelimi-
nary measurements of the direct photon ve [112] and on the published pr
spectra [108] a straight cut at gp = 0.05 GeV/c was used. In this analysis
a more sophisticated 2-dimensional elliptic cut, represented by the black
dashed line in the right panel of Fig. 7.2, allows for an optimal separation
of the photons from the remaining V0s. This parameterization is obtained
that at a = 0 the ¢r max accepted is equal to 0.05 GeV/c.
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7.1 Inclusive photon reconstruction

7.1.3 Purity and efficiency

The performance of the photon reconstruction is characterized by an effi-
ciency, €, and a purity, p, which are defined as:

NY
_ true, found (77)

N;ue,found (7 8)
N}yound

p:

The photon purity and efficiency are calculated in a Monte Carlo sim-
ulation based on HIJING including the full ALICE detector description,
with the same selection cuts as for data. Figure 7.3 shows the photon effi-
ciency (left panel) and purity (right panel) as a function of the transverse
momentum of the ~ for different centrality intervals.

Both, purity and efficiency, depend strongly on the photon selection
cuts. The efficiency accounts for the fraction of photons that cannot be
reconstructed due to inefficiencies in the track and VO finding algorithm
or due to detector acceptance and the application of particle identification
cuts. The purity is the fraction of reconstructed photons, which can be
assigned to true photons. In other words, (1- p) is fraction of combinatorial
background and contamination from A and K¢ decays, which passes the
selection cuts.

The photon reconstruction efficiency is about 45% at intermediate pr
and decreases towards lower momenta, since the track reconstruction effi-
ciency deteriorates. At high pr, the efficiency slightly decreases, since the
separation power and thus the efficiency of the particle identification cuts
decreases. The efficiency is some percent larger in mid-central compared
to peripheral collisions due to the smaller detector occupancy. The photon
purity at intermediate pr is reaching about 95% for central and 99% in
mid-central collisions. The purity is poorer at low pt due to combinatorial
background of photon candidates reconstructed at small radii Reo,, in the
ITS layers, where the track densities are very large.
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Figure 7.3: (left) Photon efficiency and (right) purity as a function of pp
for different centrality classes in Pb-Pb collision at /syn = 2.76 TeV.

The different composition of the accepted pairs not coming from a real
photon conversion process has been investigated in a MC. The largest frac-
tion of combinatorial background is found to come from e®e™ pairs not
originating from the same parent (~8% up to pp < 1 GeV/c) and from
pairs in which an electron track is correlated to a misidentified 7 /K/p track
(4-5% up to pr < 1 GeV/c).

7.1.4 Inclusive photon v,

In Fig. 7.4 the inclusive-photon elliptic flow as a function of the transverse
momentum for different centrality ranges is shown. The measurements have
been performed with the scalar product (red markers) and with the event
plane method (black markers), using in both cases the three sub event
technique described in section 3.2.1 and 3.1.1 respectively. The two methods
provide compatible results, showing that there are no different biases in
both methods. A pseudo-rapidity gap of 0.9 units has been imposed in
both methods to suppress non-flow contributions to the measured vs.
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Figure 7.4: Comparison of the pr-differential elliptic flow of inclusive photon
measured with the scalar product (red markers) and with the event plane
(black markers) methods in different centrality intervals in Pb-Pb collisions
at \/sNN = 2.76 TeV. In both measurements the same pseudo-rapidity gap
of 0.9 unit is imposed.

157



7. Elliptic flow of direct photons

At low and intermediate pr (pr < 2.5/3 GeV/c) the results show an
increase of vy from central to peripheral events, while at higher pr the
elliptic flow decreases to zero. Since no differences with the scalar product
method have been observed at the inclusive photon vy level, in the rest of
this chapter only the ALICE preliminary results obtained with the event
plane method are reported [112].

7.1.5 Systematic uncertainties

Uncertainties related to track selection and electron identification were es-
timated by variation of the cuts. Systematic uncertainties on the inclusive
photon v are estimated by the root mean square of results obtained by
different selection cuts. For instance, uncertainties related to the tracking
of low momentum particles were estimated by increasing the minimum pr
for electron tracks from 50 MeV up to 100 MeV. Since the photon yields are
not corrected for efficiency and purity, a variation of the photon selection
cuts also introduces small changes in both quantities and deviations allow to
estimate the magnitude of possible contamination effects. Since local track
densities become smaller at larger conversion radii, a significantly higher pu-
rity can be achieved by neglecting conversions in the first layers of the ITS
material. Thus, the minimum conversion radius is varied from Ry, = 5 cm
up to Rypin = 10 cm, corresponding to a removal of photons reconstructed
in the firsts ITS layers. A variation in the Armenteros-Podolanski selection
has been tested by tightening the maximum gt accepted to 0.03 GeV/c in
the photon parameterization and also applying a flat cut in «, as used in
previous analysis. The variation of all aforementioned photon selection cuts
gives the dominant contribution to the total systematic uncertainty and
they reach a maximum of about 10% at high transverse momentum.

The estimate of the systematic uncertainty of the electron selection in-
cludes a contribution estimated by the variation of the TPC dE/dx cuts.
An additional electron identification selection has been studied. As for the
heavy-flavour decay electron measurements, the particle identification based
on the specific dE/dz in the ITS has been tested. This approach has been
recently studied in the analysis to further suppress mainly the contamina-
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tion of misidentified kaons and protons. Their contribution, even if small,
has been observed in MC studies to contribute to the background pairs.
The default electron selection in the ITS used in this analysis consist of
selecting TPC electron candidates if their ITS-No is between -2 and 2. The
ITS requirements is imposed up to a pp of 2 GeV/c. A maximum variation
of 5% is observed in the 0-5% and 5-10% centrality classes were the con-
tamination is estimated to be larger. In more peripheral collision the effect
is estimated to be smaller than 2%.

The inclusive photon vy in the 0-40% centrality class is calculated from
the measurements in small centrality bins (Fig. 7.4) using the transverse
momentum spectra as weight. Since the efficiency and purity are observed
(Fig. 7.3) to slightly depend on the centrality, as a cross check, the purity
and efficiency corrected yield is used as a weight in averaging the vy from
narrower centrality classes. Except for the low-pr point, this has been
observed to be a rather small contribution of 2%. The different contributions
have been added in quadrature in order to evaluate the total systematic
uncertainty.

7.2 Photon conversion background

7.2.1 Photon background u,

The decay-photon spectrum and its elliptic flow are estimated via the cock-
tail simulation as it was done in the case of the heavy-flavour decay electron
analysis. Also in this case the dominant fraction of decay photons comes
from the neutral pion decay. As described in detail is section 6.2.5, the
neutral pion cocktail spectra and ve are obtained via parameterizations of
the measured neutral and charged pion spectra and vy |79, 82, 108, 109].
The spectra of other hadrons are estimated from mt scaling, while the
anisotropies are estimated according to the K E1 scaling. The azimuthal
anisotropy of the decay photons is determined by the anisotropy of the
mother hadrons and the decay kinematics, where the decay kinematics are
simulated by PYTHIA [110]. The total systematic uncertainty is calculated
as the square root of the quadratic sum of all contributions already pre-
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sented in section 6.2.5 and the systematic uncertainties are estimated to be
of the same magnitude.
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Figure 7.5: Comparison of the pp-differential elliptic flow of inclusive (red
markers) and decay photon (black markers) in 0-40% central Pb-Pb colli-
sions at /snyn = 2.76 TeV.

Figure 7.5 shows a comparison of the measured inclusive-photon (mea-
sured with the event plane method) and the corresponding estimated decay-

photon elliptic flow in 0-40% central Pb-Pb collisions at /sny = 2.76
TeV [112]. At larger momenta, vy 5 ackground
which can be explained by a contribution of direct photons with a smaller
ve than the decay photons. Such a behavior is expected from the dom-
inance of next-to-leading-order pQCD photons, which are mostly emitted
before equilibration of the quark-gluon plasma and thus have zero azimuthal
anisotropy. At low pr, the agreement between the anisotropy of inclusive
and decay photons could indicate that the inclusive photon measurements
are dominated by the decay-photon background or that direct-photon vy is

in magnitude compared to the inclusive-photon flow.

tends to be smaller than v
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7.2 Photon conversion background

7.2.2 Double ratio

The direct photon yield is extracted on a statistical basis by comparing
the measured inclusive photon spectrum to the spectrum of photons from
hadronic decays [49]. The yield of 7%, which contribute up to ~ 80% of
the decay photons, was measured simultaneously with the inclusive photon
yield. In addition to photons from 7° decays, the second and third most
important contributions to the decay photon spectrum comes from n and w
decays.

An excess of direct photons above the decay photon spectrum can be
quantified by the double ratio:

N’y,inc N'y,inc/Nwo
R, =+ = = — (7.9)
v,Background 'y,BackgTound/ 70

where N, ;,. is the measured inclusive photon spectrum, N o a param-
eterization of the measured 7¥ spectrum, and N5 Background the calculated
decay photon spectrum using a cocktail simulation. The double ratio has
the advantage that some of the largest systematic uncertainties cancel com-
pletely or at least partially. The main sources of systematic uncertainties in
the calculation of R, and the direct photon spectrum for the photon conver-
sion analysis are related to the material budget of the ALICE detector and
the Monte Carlo based efficiency corrections to the inclusive photon and 7°
spectra. The material budget of the detector in || < 0.9 up to R = 180 cm
is 11.4 + 0.5% of a radiation length corresponding to a conversion proba-
bility of about 8.5% for pr < 1 GeV/c [118]. A more detailed description of
the single photon selection and especially of the additional 7° uncertainties
can be found in [108, 118].

Within this analysis, the direct-photon elliptic flow is extracted using
the ALICE preliminary [49] direct-photon excess measured in 0-40% cen-
tral collisions reported in Fig. 7.6. The measurement indicates an excess
of direct photons above unity. The measurements are compared with the
expected R, for the prompt photon contribution as calculated with next-to-
leading-order (NLO) perturbative QCD calculations. The prompt photon
expectations in Fig. 7.6 were determined as 1 + Neoy 7pQCD /Vdecay Where
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Figure 7.6: Direct-photon double ratio in Pb-Pb collisions at /sy = 2.76
TeV for 0-40% centrality with NLO pQCD predictions.

the number of binary nucleon-nucleon collisions for a given centrality class
was calculated within the Glauber Monte Carlo code [86]. The data are rea-
sonably well described by the pQCD prediction at momenta above 3 GeV /c,
where prompt photon production dominates over thermal photon produc-
tion. At small transverse momenta, the data points are numerically above
the pQCD prediction about 10-15%, which is usually attributed to the pro-
duction of thermal photons. The uncertainties of the data are too large to
test any details of the next-to-leading-order pQCD photon production.

7.3 Direct photon measurements

Since the ALICE preliminary direct photon excess is measured in 0-40%
central collisions, the direct photon elliptic flow has been extracted in the
same centrality range. The pp-differential direct photon w9 is calculated as
in equation 7.1 and the results are reported in Fig. 7.7 for the 0-40% central
Pb-Pb collisions at /sy = 2.76 TeV.

At low pr, for 1 < pp < 3 GeV /¢, the elliptic flow is significantly larger

than zero v;’dir with a magnitude similar to the observed charged pion el-
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Figure 7.7: Direct-photon UQ’diT in 0-40% Pb-Pb collisions at /sNyn = 2.76
TeV.

liptic flow. At high pr, the direct-photon anisotropic flow is consistent with
zero, which is expected from the dominance of next-to-leading-order pQCD
photons. A large vz’dir might lend support for a significant direct-photon
emission from late stages of the system evolution where hadron flow has
developed. Systematic uncertainties are mainly dominated by the uncer-
tainties on the direct-photon excess R,, followed by the inclusive-photon
elliptic flow.

7.3.1 Model comparison

In Fig. 7.8 the direct photon spectra (left panel) and elliptic flow (right
panel) are compared to theoretical model calculation. The elliptic photon
flow predicted by the theoretical model falls severely short of the measured
one. Recent hydrodynamical calculations [52, 54] include a substantial por-
tion of thermal photons from the hot plasma phase and also a sizeable
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7. Elliptic flow of direct photons

fraction from other sources in order to describe the observed direct-photon
spectra. However, the emission from early stages of the system evolution
yields a small v]**" compared to the vy of hadrons.
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Figure 7.8: Direct photon spectra (left panel) and elliptic flow (right panel)
compared to theoretical model calculation [52, 54, 57].

Furthermore, the current hydrodynamic approach [52], which imple-
ments a sudden transition from a thermalized liquid to non-interacting,
free-streaming particles, does not allow for emission of photons by increas-
ing collisions among the dilute hadrons after kinetic freeze-out. Such col-
lisions processes are included in the PHSD approach which yields better
agreement with the experimental data for both spectra and v [56, 57] at
RHIC and at the LHC. Since all these additional hadronic photon emission
processes occur during a stage where the hydrodynamic flow anisotropies
have reached almost their final strength, their inclusion increases the direct
photon elliptic flow. As it has been observed for the R,, the NLO pre-
dictions are in agreement with pp spectrum above 4 GeV/c. Most theory
predictions underestimate the direct photon spectra by factors of 2-10 at
low transverse momentum.
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7.4 Ongoing and future activities

In this section ongoing and possible further studies related to the azimuthal
anisotropy of the direct photon are reported.

Smaller centrality bins Recently the direct photon production at mid-
rapidity in Pb-Pb collisions at /syn = 2.76 TeV has been measured in the
transverse momentum range 0.9 < pr < 14 GeV/c. Photons were detected
via conversions in the ALICE detector material (PCM), as described in this
thesis, or alternatively with the highly segmented electromagnetic calorime-
ter PHOS. The results of the two methods were combined and the direct
photon spectra were measured for the 0-20%, 20-40%, and 40-80% most
central collisions [119]. The combined PCM and PHOS double ratios R,
measured for three centrality classes are shown in Fig. 7.9. A direct photon
excess is observed for all centrality classes for pp > 4 GeV /¢, and also for 1
< pr <4 GeV/c in the most central class.

In order to provide more precise constraints to theoretical model calcu-
lations, elliptic flow measurements could now be measured in smaller cen-
trality classes with respect to the 0-40% preliminary measurements. Fur-
thermore the experimental measurements of the direct photon flow could be
also carried out using electromagnetic calorimeter PHOS in order to have
an additional and independent measurement.

Triangular flow Higher order flow harmonics for the direct photons can
provide better constrains on the shear viscosity over the entropy ratio used
for the hydrodynamical model calculations, because, as for the hadrons [120)],
the shear viscosity is observed to suppress the higher harmonic flow coeffi-
cients more strongly than vo. Measurements of the inclusive photon v3 are
reported in Fig. 7.10 with the scalar product (red markers) and with the
event plane method (black markers).

The triangular flow coefficient is observed to show a much less stronger
centrality dependence compared to the elliptic flow, consistently with the
picture that the v3 is purely driven by initial geometrical fluctuations of
the nucleons participating in the collision. Also in this case a very good
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Figure 7.9: Combined PCM and PHOS double ratio R, in the 0-20%, 20-
40%, and 40-80% centrality classes compared with pQCD calculations for
nucleon-nucleon collisions scaled by the number of binary collisions for the
corresponding the Pb—Pb centrality class.

agreement between the two methods has been observed for all the centrality
classes. This agreement confirms that where the VZEROs detectors are used
in the event plane method, the resulting vo measurements are close to the
r.m.s value measured with the scalar product method.

Furthermore there is also a new idea in which a large photon vy is gener-
ated through a non-perturbative pre-equilibrium mechanism involving the
initial magnetic field generated by the colliding nuclei [121]. The triangu-
lar flow, which is purely driven by initial density fluctuations and whose
direction W3 is therefore randomly oriented relative to the magnetic field,
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Figure 7.10: Comparison of the pp-differential triangular flow of inclusive
photon measured with the scalar product (red markers) and with the event
plane (black markers) methods in several centrality intervals in Pb-Pb colli-
sions at /sNN = 2.76 TeV. On both measurements the same pseudo-rapidity
gap of 0.9 unit is imposed.
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is argued to be helpful to disentangle the thermal photon component from
the pre-equilibrium photons.

Once the triangular flow of the direct photon will be available one can
compute the ratio of the elliptic to triangular flow coefficient [52, 122]. This
ratio is argued [52] to have a much reduced sensitivity to the prompt and
pre-equilibrium photons that are understood to carry a small v9. Compared
to charged hadrons, the thermal photon ratio is observed to show stronger
sensitivity to the shear viscosity of the medium. An experimental measure-
ment of this ratio for direct photons will help shed light on the dynamical
flow structure prior to the hadronic kinetic freeze-out.
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In this thesis the elliptic flow of the ¢-mesons, electrons from heavy-flavour
decay and direct photons, measured in Pb-Pb collision with ALICE at the
LHC is presented.

The development of the elliptic flow at the partonic stage can be probed
by studying particles with a small hadronic cross section, like the ¢-meson,
which are expected to be less affected by the hadronic stage. The ¢-meson
is of particular interest since its mass is close to that of p and A baryons,
which makes it an ideal candidate for testing both the mass ordering and
the baryon-meson grouping at low and intermediate pr, respectively.

Comparing the elliptic flow measured for several particle species, a mass
ordering in the v measurements is observed for all centrality classes in the
low pr region (i.e. pp < 3 GeV/c) attributed to the interplay between
elliptic and radial flow. The vy of the ¢-mesons follows qualitatively the
mass scaling, however, for the lowest pp bin measured there is an indication
that the ¢-meson vy is larger than the proton vs.

In the VISHNU model, protons and As experience a significant radial
boost from the hadronic cascade (UrQMD), pushing their elliptic flows to
larger transverse momenta with respect to the pure hydrodynamical model
VISH2+1. The shift towards larger pr is weaker for As due to the smaller
hadronic cross section for strange hadrons in the model. As a consequence
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of the hadronic re-interaction implemented in VISHNU, the clear and well-
defined mass ordering observed in the VISH2-+1 model is not preserved
anymore. The modification of the vi(pr) is nevertheless too large so that
VISHNU fails to describe the protons, as well as VISH2+1. The measure-
ments of the ¢-meson elliptic flow are qualitatively described by both model
predictions, in which the double strange meson is rather weakly coupled to
the hadronic medium and it decouples from the system almost immediately
after the hadronization, without further developing its elliptic flow.

For higher pr values the ¢-meson vy appears to follow the band of
baryons for central events within uncertainties. For peripheral collisions
though, the vs values of the ¢-meson shift progressively to the band of
mesons, consistently with what has been observed for the transverse mo-
mentum particles ratio.

Further insight into the transport properties of the medium is provided
by the measurement of the elliptic flow of heavy-flavour hadrons and heavy-
flavour decay leptons. Contrary to light quarks and gluons, the formation
time of heavy quarks, about 1/(2m, o ) where m is the mass of the quark,
is expected to be smaller than the QGP formation time (~1 fm/c) and the
heavy quarks have a very small annihilation rate. Due to their large mass it
is not obvious that the ¢ and b quarks would thermalize in the medium. At
low and intermediate pr (pr < 6 GeV/c), the vy coefficient of heavy-flavour
hadrons and their decay products is expected to be sensitive to the heavy-
quark hadronization mechanism. Hadronization via the recombination of
heavy quarks with light quarks from the thermalized medium could further
increase the elliptic flow of heavy-flavour hadrons and their decay products.
At high pr the v9 measurements can constrain the path-length dependence
of the in-medium parton energy loss, which is different for radiative and
collisional energy loss. The measured elliptic flow results for electrons from
heavy flavour are presented as a function of transverse momentum in the
interval 0.5-13 GeV/c in three centrality classes (0-10%, 10-20%, and 20-
40%). The pr dependence of the heavy-flavour decay electron ve shows
a positive vo at low and intermediate pr in all centrality classes with a
significance greater than 5.9 ¢ in the pr range 2-2.5 GeV /¢ in semi-central
(20-40%) collisions, combining statistical and systematic uncertainties. This
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indicates that heavy quarks, mainly charm quarks, take part in the collective
expansion of the medium formed in Pb-Pb collisions.

At higher pr (pr > 4 GeV/c) the measured v, which most probably
originates from the path-length dependence of the partonic energy loss, is
consistent with zero, within, however, large uncertainties. An increase of vy
as a function of the collision centrality is observed in particular at low trans-
verse momentum (1.25 < pp < 1.5 GeV/¢). This trend is expected from
the increase of the initial spatial anisotropy from central to peripheral colli-
sions. The measured wvs is best described by models that predict significant
interactions of heavy quarks with the medium and include mechanisms like
collisional energy loss and hadronization via recombination, which transfer
to heavy quarks and heavy-flavour hadrons the elliptic flow built-up during
the system expansion.

The measurement of direct photons is a promising tool for the study of
the early phase of ultra-relativistic nucleus-nucleus collisions. Since pho-
tons do not interact with the strongly-coupling medium created in these
collisions, they carry undistorted information about the system at their
production time. Recent hydrodynamical calculations predict a substan-
tial portion of direct photons from early phases of the collision, where the
anisotropic flow has not yet fully developed. Thus, the direct-photon az-
imuthal anisotropy is generally expected to be small compared to that of the
hadrons. Measurements of the elliptic flow at RHIC and at the LHC exhibit
an unexpectedly large elliptic flow, which cannot be explained within the
picture of early direct photon production. The results provide a hint for a
non-zero vg for 1 < pr < 3 GeV/c with a magnitude similar to that of the
observed charged pions. Therefore, the observed large vy of direct photons
might lend support for a significant photon emission from the late stages of
the system evolution where the hadron flow has already been built-up.
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Samenvatting

In dit proefschrift is de elliptische flow (stroming), gemeten in Pb—Pb botsin-
gen door ALICE bij de LHC, van ¢-mesonen, elektronen uit het verval van
zware quarks, en direct geproduceerde fotonen gepresenteerd.

De ontwikkeling van elliptische flow in het parton stadium kan onder-
zocht worden met behulp van deeltjes met een kleine werkzame hadronische
doorsnede, zoals het ¢-meson, van welke verwacht wordt dat ze niet bein-
vloed worden door processen in het hadronische stadium.

Wanneer elliptische flow van verschillende soorten deeltjes onderling
vergeleken wordt, wordt een ordening naar massa zichtbaar in iedere central-
itietsklasse bij lage transversale impuls (pr < 3 GeV/c), welke toegeschreven
wordt aan een samenspel tussen elliptische en radiale flow. De v9 van het ¢-
meson volgt deze massa ordening ongeveer, hoewel opgemerkt moet worden
dat voor de laagste pp-waarden waarbij de vo gemeten is deze afhankeli-
jkheid van massa niet gevolgd lijkt te worden. De metingen van de elliptische
flow van het ¢-meson wordt kwalitatief beschreven vanuit hydrodynamis-
che modelleringen, in welke het meson met twee s-quarks zwak gekoppeld is
aan het hadronische medium, en zich vrijwel onmiddellijk na hadronisatie
ontkoppelt, zonder verdere elliptische flow te ontwikkelen.

Metingen van elliptische flow van hadronen met zware quarks en lepto-
nen geproduceerd als het verval van deze hadronen, verschaffen meer inzicht
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in de transporteigenschappen het botsingsmedium. Bij lage en tussen-
liggende pr (pr < 6 GeV/c) is het te verwachten dat de ve coéfficiént van
hadronen met zware quarks, evenals hun vervalproducten, gevoelig zijn voor
de hadronisatiemechanismen voor zware quarks. Hadronisatie via de her-
combinatie van zware en lichte quarks uit het medium dat in thermisch
evenwicht verkeert zou de elliptische flow van zware quarks en hun verval-
producten toe kunnen doen nemen. Bij hoge pr kunnen de v metingen de
invloed van weglengte op energieverlies in het medium, hetwelk verschillend
is voor verstrooiings- en stralingsprocessen, begrenzen. De vy van elek-
tronen die afkomstig zijn van het verval van hadronen bestaand uit zware
quarks is positief bij lage en tussenliggende pr in alle centraliteitsklassen,
met een significantie van meer dan 5.9 o in het pr interval 2-2.5 GeV/c
in semi-centrale (20-40%) botsingen, wanneer statistische en systematische
onzekerheden gecombineerd worden. Dit doet vermoeden dat zware quarks,
voornamelijk charm quarks, deelnemen aan de uitdijing van het medium
dat in Pb—Pb botsingen gevormd wordt.

Bij hoge pr (pr > 4 GeV/c) - hier is de gemeten vy gevoelig voor en-
ergieverlies van partonen - is v2 in overeenstemming met nul, hoewel de met-
ing grote onzekerheden heeft. De waargenomen vs wordt het meest accuraat
beschreven met modellen welke significante interacties, zoals energieverlies
door verstrooiing en hadronisatie via hercombinatie, tussen zware quarks en
het medium aannemen. Deze processen geven de elliptische flow, opgebouwd
tijdens de expansie van het systeem, door aan zware quarks en hadronen.

De meting van direct geproduceerde fotonen is een veelbelovende meth-
ode om de vroege fase van ultrarelativistische nucleus—nucleus botsingen
te bestuderen. Omdat fotonen niet interageren met het sterk gekoppelde
medium dat in deze botsingen gecreéerd wordt, wordt de informatie over de
productie van deze fotonen niet verstoord. Metingen van de elliptische flow
van deze fotonen bij de LHC leveren echter onverwachte grote waarden op,
welke niet vanuit vroege, directe fotonproductie verklaard kunnen worden.
De metingen suggereren een vo gelijk aan die van geladen pionen tussen 1 <
pr 3 GeV/c. Dientengevolge doet deze observatie vermoeden dat er een sig-
nificante fotonemissie plaats vindt in latere stadia van de systeemevolutie,
in welke de hadronische flow reeds opgebouwd is.
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