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Diese Doktorarbeit stellt die Messung des anisotroperstensalen Flusses gelad-
ener und seltsamer Teilchen mit dem CERES Spektrometer @ezeigt werden die
elliptischen Fluss Messungen der Teilchenk?, 7 undp in Pb-Au Kollisionen bei
hochsten SPS Energien. Mit einem Pseudorapiditatsitexginny = 2.05 — 2.70 bei
voller azimuthaler Akzeptanz und mit eingr Sensitivitat von bis zu 4 GeV/c kbnnen mit
den CERES Daten hydrodynamische Modelle getestet werdenird als Funktion der
Zentralitat, Rapiditat, Pseudorapiditat und des Tvarsalimpulses fur die verschiedenen
Teilchensorten diskutiert. Die Messungen werden mit Emgesden des NA49 Experi-
mentes und mit hydrodynamischen Rechnungen verglicheneFeerden Vergleiche zu
den STAR und RHICH Beobachtungen angestellt. Bei kleipgerwird der Massenord-
nungseffekty (A) < vy (K2) < va(n*) beobachtet. Ein entgegengesetztes Verhalten zeigt
sich bei hohempr. Um ein tieferes Verstandniss fir die Ursachen des Skatbal-
tens des kollektiven Flusses mit der Anzahl an Konstitugguarks und mit der transver-
salen Rapiditat zu erhalten, wird die von der Hydrodynamiihergesagtg}s-Skalierung
durchgefuihrt. Vergleiche differentieller Flussmessemgerschiedenster Teilchen mit
verschiedenen Szenarien an Skalenverhalten ermogliehi®eissage Uber die Ursachen
des Flusses, sowie Uber die fruhesten Stadien der Kuwilisi

In this thesis the anisotropic transverse flewof charged and strange particle species
measured by the CERES experiment is investigated. M,h€2, 7+ and proton elliptic
flow measurements from Pb+Au collisions at the highest SR&jgrare presented. The
data, collected by the CERES experiment which covers 2.05 — 2.70 with full 27
azimuthal acceptance amg sensitivity up to 4 GeV/c, is used to test hydrodynamical
models. The value of, as a function of centrality, rapidity, pseudorapidity gndis
presented for different particle species. The obtainedsomeanents are compared with
results from the NA49 experiment and with hydrodynamictdwations. Also the results
are compared with, values observed with STAR at RHIC. The mass ordering effest w
observed:vy(A) < wy(KS) < wo(mt) at smallpr, while at highpr it is opposite. In
order to get better insight into the origin of the collectfiev scaling to the number of
the constituent quarks and the transverse rap@tz{ﬁ;scaling predicted by hydrodynamics
were performed. Testing the differential flow measuremehtiifferent particle species
against different scaling scenarios may yield addition&rmation about the origin of
flow as well as about the early stage of the collision.
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Chapter 1
INTRODUCTION

1.1 Quark-Gluon Plasma

The experimental study of nuclear matter exposed to extyehmgh temperatures and
densities offers a unique opportunity for obtaining infatran concerning strongly in-
teracting many-body systems. Most important is the seagcfor the predicted phase
transition to Quark-Gluon-Plasma (QGP) [7]. QGP is definecdlocally) thermally
equilibrated state of matter in which quarks and gluons asodfined from hadrons, so
that color degrees of freedom become manifest over nugaigiduer than merely nucle-
onic, volumes. In nature, a transition from QGP to hadronadter has probably under-
gonel0~% — 1075 s after Big Bang [8, 9]. Now, the above mentioned systemsairiyb
exist in astrophysical objects, like neutron stars andapsing supernovae [10-12]. In
that new state of matter the chiral symmetry is restoredmrath written above it is clear
that the study of the QGP is of common interest to particlerandear physics, as well
as for astrophysics and cosmology.

1.2 Experimental Search for the QGP

In the laboratory, strongly interacting many-body systemnextreme conditions can be
produced and investigated using heavy-ion collisions gl leolliding energies. Due to
that such collisions are investigated already three decaftestudy in a systematic way
systems created in such collisions many experiments wesigrtkrd and built. It started
with accelerating of relatively light projectiles as He, B¢ up to Ar at BEVALAC
in Berkeley, the USA, and in the USSR started to work the LHEckyophasotron in
the Laboratory for High Energies at the Joint Institute farckar Research (JINR) in
Dubna. These experiments continued in the eighties witklaing of heavier nuclei
with the Schwerlonen-Synchrotron (SIS) at the GesellsdiiafSchwerionenforschung
(GSI) in Darmstadt (Germany) and the Alternating Gradigmchrotron (AGS) in the
Brookhaven National Laboratory (BNL) in the USA. At CERN €tlacronym ofCon-
seil Euroeen pour la Recherche N&glire) the Super Proton Synchrotron (SPS) was
built. They were operating with an incident energy from saleundreds MeV/c (at BE-
VALAC) up to 200 GeV/c per nucleon (at SPS). Since that timeynexperiments used

1



2 CHAPTER 1. INTRODUCTION

these facilities in investigations of the above mentionbgspal systems. At incident
energies between 1 and 200 GeV/c temperatures between 3®BarieV are achieved
and baryon densities up to 10 times higher than in the caseooimal’ nuclear matter
(po = 0.167fm~3) [13]. The needness for even higher colliding energiesdetesigning
and building of a new accelerator, Relativistic Heavy lofi (RHIC) in BNL which
started to operate in the year 2000. Currently, under coctstn, is a new, most powerful
Large Hadron Collider (LHC) at CERN.

The basic aim of current and future experiments with heawepllisions is searching
for signatures of the phase transition between the QGP anbatironic matter and for
the QGP itself. The information about the QGP formation m¢larly stage of the colli-
sion is carried by electromagnetic (thermal photons arepthins) and hadronic (enlarged
production of strangeness, suppres$gd production and higlpr jets) signatures. The
next, but not less important task, is to answer the questiinmEquation of State (EoS)
governs the behavior of matter in the QGP phase. Due to thainvestigation of col-
lective effects in nucleus-nucleus collisions takes anartgnt role. The high (spatially
anisotropic) pressure created during the non-centrailsamil results in later fast expan-
sion of matter created in such a collision and in appearahaeollective flow.

Although different types of collective flow, as longitudinaadial and anisotropic
transversal flow are investigated separately, they arecinriéerconnected and represent
different manifestations of the same phenomenon - theaoleeexpansion of matter cre-
ated in the nucleus-nucleus collision. The longitudinalfle an ordered expansion of the
system along the beam axis and analysis of rapidity digtabs can show its existence.
The radial flow is introduced in order to explain the disttibnsvstransverse mass
for different kinds of particles. The investigation of thedral flow can give the infor-
mation about the temperature achieved in the system. Tle®taopic transverse flow
appears as a dominant emission of particles in a certaintairein the transverse plane
of the collision.

One of the experiments which has been used in one of thetiesiinentioned at the
beginning of this Section is the ChErenkov Ring Electroncipeneter (CERES) de-
signed to measure low-mas$e pairs created in proton-nucleus and nucleus-nucleus
collisions at SPS [14-16]. Dileptons have a particularificgnce as a probe for hot and
dense matter due to the fact that they, in contrast to theohadimteract only electromag-
netically. Hence, they probe the early stage of the collisio

Beside the dilepton signals, the CERES experiment is al$® tabdetect charged
hadrons and to measure their momenta with high precisiois dllowed to perform an
investigation of another probe of the early stages of thenyham collisions - so called
anisotropic transverse flow and especially, elliptic floviheTinvestigation of the elliptic
flow of A, K2, protons and pions will be the main aim of the analysis preskim this
thesis. The elliptic flow itself appears as an azimuthallgainopical emission of particles
with respect to the reaction plane of the collision. Thistebective effect created due to
an anisotropic pressure gradients built up as a conseqoéaaggeometrically anisotropic
shape of the overlapping zone of the colliding nuclei. THerimation which the elliptic
flow can provide could be used to get some insight about thedE®i®e nuclear matter
under study [17].
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1.3 Overview of this Thesis

In this thesis the analysis of the anisotropic transverse dfbcharged £* and protons)
and strange/ and K'2) particles emitted in Pb+Au collisions at the highest SP& @y
(158 AGeV/c in the laboratory system) was performed.

This thesis is organized in the following way. In Chapter & described the basic
features of QGP as well as the signatures of the QGP. Theadpmrophasis is set on
the elliptic flow as a signature for the QGP. Chapter 3 give®warview of methods
developed and used in the anisotropic flow analysis staftong the oldest, and now
an obsolete onesphericity tensomethod up to the newest one, the so called method of
Lee-Yang zeroesChapter 4 describes the CERES experimental setup. In @haps
presented th&lowmaker a Monte Carlo flow simulator, together with the results from
the simulated data. The results from the analysis of thererpatal data are presented
in Chapters 6 - 8. In these, main Chapters of this thesis isritbesl the analysis of the
anisotropic transverse flow of charged (and protons) and strangé andK'%) particles.
The obtained results are also compared to the hydrodynammdel and to the results
on the flow analysis from the other experiments. These cosp® are the contents of
Chapter 9. Chapter 9 also contains the results on the sqalopeprties of the elliptic flow
obtained from the CERES data. Finally, Chapter 10 conth@sonclusions and outlook.



CHAPTER 1. INTRODUCTION




Chapter 2
QGP AND HEAVY-ION COLLISIONS

2.1 The Lattice Quantum Chromo Dynamical Predictions

The phase diagram of strongly interacting bulk matter irréiggme of high energy density
and temperature should be described by Quantum Chromo Dgsaé@CD). In a simple
picture of non-interacting massless quarks and gluonsStéan-Boltzmann (SB) pres-
sure pspg) at zero chemical potential is given by the number of degoééeedom [18]:
12

90

PsB

o (2.1)

= 2N 1) + TN
where N, is the number of colors and/; is the number of quark flavors. Refinement
to this basic picture incorporates color interactions anghrtonic level, non-vanishing
guark masses and finite chemical potential. In order to shlegroblem, the QCD cal-
culations are done on a spacetime lattice (LQCD). In ordesxtoact predictions, the
LQCD result had to be extrapolated to the continuum (latfzecing— 0), chiral (actual
current quark masses) and thermodynamic (large voluntegsli The LQCD investiga-
tions [19] show that matter with zero baryon density undegga phase transition at the
critical temperature of, = (173 +15) MeV from a color-confined hadron resonance gas
(HG) to a color-deconfined QGP. The critical energy density 0.7 GeV// fm? roughly
corresponds to the energy density in the center of a protan.2FEL shows the normal-
ized energy density/T* and pressurg/T* vstemperature obtained from the LQCD for
0, 2, 3 light and1 heavier (strange) quark flavor [19]. One can see that whephhse
transition occurs the normalized energy density grows dtemally by roughly one order
of magnitude over a rather narrow temperature intervallerthie normalized pressure is
continuous and grows more gradually. Both saturate at akiout 85% of the Stefan-
Boltzmann value for an ideal gas of non-interacting quarid@uons. The energy den-
sity reaches the saturation value very quickly (at ado,.) while the pressure grows
slower and reaches the saturation at higher temperatubesLditice calculations show
that for temperatures aboR€l ., the EoS corresponds to the equation of state of an ideal
gas of massless particles, iee= 3p. For temperatures below’,, the deviation from the
SB limit indicates substantial remaining interactions agthe quarks and gluons in the
QGP phase.
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Figure 2.1: The normalized energy density7* and pressurg/T* vstemperature obtained from LQCD
for 0, 2 and3 light quark flavors, as well as f@light +1 heavier (strange) quark flavors. Horizontal arrows
on the right show the corresponding values for Stefan-Budian gas.

Beside the predictions described above, here below aeellibe other LQCD predic-

tions

1. Above the critical temperature the effective potentitileen a heavy quark-anti-
quark pair is a screened Coulomb potential with screenirgsmdich rises with the
temperature [20]. That is not in accordance with pertuvieaCD expectations.
The increasing of the screening mass leads to a shortenitigg sbinge of theg
interaction and to suppression of the charmonium prodag¢ga, 22].

2. The phase transition is also accompanied by a chiral syrpmastoration [23]. The
reduction in the chiral condensate leads to variations-imé&uium meson masses.

3. The kind of the phase transition strongly depends on tineten of the dynamical
quark flavors included in the calculation and on the quarksasf24]. The realistic
calculations with two light quarksu(andd) and one heaviersf at zero chemical
potential gives a crossover type of transition without digtuities in thermody-
namical observables.

4. The calculations at non-zero chemical potential sugtheséexistence of a critical
point such as illustrated in Fig. 2.2 [1]. There is still caesable ambiguity about
the value ofup (betweem350 and700 MeV) at which the critical point occurs in
these calculations.

2.2 Geometry and Space-Time Evolution of a Heavy-lon

Collision

Nuclei which take part in a collision are objects of the finidume and hence their
geometry has an important role in the understanding of tla@yr@n collisions. Both
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nuclei are Lorentz contracted in the direction of their tieamovement (usually z-axis
of the experiment) what leads to a high baryon density. Theatohparameter vector
connects, in the transverse— y plane, the center of the target with the center of the
projectile and points from the target to the projectile.niiagnitude goes from 0 tB, +

Rp, whereR, and Ry are the radii of the colliding nuclei. According to the magudie

of the impact parameter vector one can distinguish pergdh@igh magnitude of the
vectorb) and central (small magnitude of the vedpcollisions. In the case of peripheral
collisions, the overlapping region between the nuclei isimal, while in the case of

X - o -
®

PERIPHERAL COLLISION
a) b)

spectators

o T~

participants

CENTRAL COLLISION

Figure 2.3: A cartoon presentation of a central (a) and a peripheral gbision in z — z plane of the
collision.

central collisions it is maximal. In between these two axieeclasses of the collisions are
so called semicentral collisions. As an example, Fig. 2d&vwshas a cartoon a central (a)
and a peripheral (b) collision in — z plane of the collision.

Space-time evolution of a heavy-ion collision can be didid®o three stages: The
early stage of the collision, the stage of expansion andréezé-out stage. An example
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Figure 2.4: Schematic space-time evolution of a central heavy-iorisioi with a QGP phase formed
during the collision.

with the formation of the QGP is shown in Fig. 2.4.

1. Early stage of the collision

Compression of matter in the early stage of the collisioddda increasing of en-
ergy density. A part of the incident energy of the collidingctei is redistributed
into other degrees of freedom. A short time after the begmof the collision from

the highly excited QCD field appear secondary quarks. Wheitieat quark den-

sity p. is reached a transition from 'normal’ hadron matter into bocdeconfined

matter and restoring of chiral symmetry occurs. The eneemgity of the produced
medium is given by the Bjorken estimate [25]

dN E,

€ = ( dy )y=0 TrRI%lTO (22)
where(%)yzo is the number of produced hadrons per unit rapidity at therawid
pidity, E}, is the average energy of produced hadrdns,s the nuclear radius and
7o IS the formation time of the medium which is not known but ap@mately it is
taken to be 1 fm/c. In the case of central Pb+Pb collisiongafy = 17 GeV/c,
the Bjorken estimate gives the initial energy density of Géd//fm? [26] which is
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much higher than the LQCD predictionsflL.0 GeV/fn¥ where the phase transition
to deconfined quark and gluons occurs.

Given these large densities, in the created system of Fuboder certain condi-
tions multiple parton-parton collisions can establishaldhermodynamical equi-
librium. If the time necessary for the thermalization is #reaough in comparison
to the life of the system, the system can transit into a neve@hequilibrated QGP.
The experiments with heavy-ion collisions should answerftilowing question:

Are the interactions copious enough and rapid enough tonidlere the dynamic
and expanding matter created in the laboratory?

2. Stage of expansion

Regardless of whether QGP was formed or not, the high predsult up in the
collision will result in a fast expansion of the created syst If in the early stage
of the collision the QGP was formed, during the expansiorténgerature of the
system will decrease and at the critical temperalunill appear a transition into a
mixed phase in which partons and hadrons exist togethenelmixed phase many
partonic degrees of freedom are redistributed into a smallenber of hadronic
degrees of freedom. In the hadronic phase, constituenteafjtstem still interact
and the system continues to expand. The temperature of siensyn the hadronic
phase is still very high (smaller thdn but higher than the freeze-out temperature

T¥o).

3. Freeze-out stage

With the expansion the mean free path of particles beconngsrlaThe freeze-out
appears when the mean free path becomes large enough. Fheefirition, the
strong interaction between the particles ceases and timtyae to move freely.

Measuring observables as the phase-space distributidhe pfoduced particles, the
ratio of multiplicities between different particles spes;i the anisotropic transverse flow
and then-particle correlationsi{ = 2, 3, ...) one can get the information about different
evolution stages in nucleus-nucleus collisions.

2.3 Heavy-lon Collisions and Signatures of the QGP

Although in the theoretical treatment of the thermodynaamd hydrodynamic behavior
of the QGP was done a lot, the complexity of heavy-ion cahsiintroduces significant
guantitative ambiguities in deriving conclusions. Duehattone must identify the most
striking qualitative predictions of the QCD theory, whiale @ble to survive the quantita-
tive ambiguities and to look for a congruence of differerg@tvables which support such
predictions.
In Fig. 2.5 is shown the phenomenological phase diagranrarfigly interacting mat-

ter [2,27,28] where different phases of the nuclear matepeesent. In order to under-
stand the nuclear EoS one has to measure parameters wheimglos transition between

lvalence quarks, sea quarks and gluons have one commonpatoas
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Figure 2.5: The QCD phase diagram of the hadronic matter [2]. The pohls/shemical freeze-out of
hadrons extracted from different heavy-ion experiments.

different phases. The phase boundary can be constructiaguating chemical potential
g and pressurg between two phases. The properties of the system at theefmeédzare
well known from the systematic study of particle ratios. Ex&racted freeze-out temper-
atures and baryon chemical potentials from the experirhdata with the incident energy
beyond 10 AGeV are very close to the expected phase boundary.

2.4 Collective Flow as Signature of the QGP

Combining concepts from particle physics and nuclear misygives a new approach
in investigating the properties of matter and its inteawsi In high energy physics
(E/m > 1), interactionsare derived from gauge theories, and ti@tterconsists of par-
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tons?. In contrast, on nuclear physics scale, the strong intierestire shielded and can
be derived only in phenomenological theories, whereas thiemconsists of extended
systems which show collective behavior.

If initial interactions among the constituents are suffithg strong to establish local
thermal equilibrium and to maintain it during a significanbkition time, then the re-
sulting matter may be treated as a relativistic fluid undiexgjoollective, hydrodynamical
flow. The hydrodynamical treatment for the description adlfalls formed in heavy-ion
collisions has a long history [29-32]. The details of the reglynamical evolution are
sensitive to the EoS of the flowing matter. Hydrodynamicsncae applied to matter
which is not in a local thermal equilibrium, hence it must bp@emented with a phe-
nomenological treatment for early and late stages of thismmis. The motion of an
ideal non-viscous fluid is completely described with thedfluelocity (), the pressure
(p) and the energy and baryon densityafdn ). From the EoS$ = p(e, np) one can
find the slopeg—’e’ which gives the square of the velocity soung) €xhibiting a high value
(close tol1/3) for the hadron gas and especially for the QGP, but has a saft pt the
mixed phase [31]. This softening of the EoS during the assupi@ase transition has
consequences to the system evolution.

In non-central collisions, the reaction zone has an almdages which results in an
azimuthally anisotropic pressure gradients. It producesratrivial elliptic flow pattern.
Experimentally it is usually measured via a Fourier decositpmn of the transverse mo-
mentum distribution relative to the reaction plane whictieined with the beam direction
and the impact parameter vectorThe important feature of the elliptic flow is the "self-
guenching” [33, 34] because the flowing of matter, inducegt®ssure, tends to reduce
spatial anisotropy and to increase momentum anisotropg.tBthat, the self-quenching
makes the elliptic flow sensitive to early collision stagdwew the spatial anisotropy and
pressure gradients are the biggest.

Pb+Pb, b=7fm
0.1 ‘ ‘ ‘ ‘ 1
v, (E0S Q)
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0.08f === ((V))(EOSQ) ___e----"""7 7770 0.8
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‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ dictions of vy excitation functions
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Pb+Pb collisions [3].
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Calculations carried out for a fixed impact parameter veatoan function of colli-
sion energyfr-integrated) show a dip starting at Super-Proton-SynobindiSPS) energy

2or hadrons if the energy is not large enough.
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(Fig. 2.6 [3]). The existence of the dip reflects the softgrohthe EoS used. However,
comparison of predicted (Fig. 2.6) with measured (Fig. 2]7 ¢xcitation functions for
the elliptic flow are subject to ambiguity concerning whemd ahen the appropriate con-
ditions of initial local thermal equilibrium for hydrodyngc applicability are actually
achieved.
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Another way to attain sensitivity of the elliptic flow to th@& is the predicted elliptic
flow magnitude on hadrop; and mass measured at a given collision energy and central-
ity. The mass dependence has a simple kinematic originhlkutdw magnitude depends
on EoS'’s details. That is the reason why the pion, pratoand K2 elliptic flow analysis
was performed in this thesis. Another reason forAtend K2 elliptic flow measurement
is that the elliptic flow of strange particles can give anghsinto very early stages of the
collisions.

Comparing the elliptic flow intensities between mesons argdns one can have an
insight into mechanisms which govern the hadronizatiorhefdense matter created in
the heavy-ion collisions. Certain scaling scenarios weneelbped in order to perform
such kind of investigation.

The energy-pr- and mass-dependence of the elliptic flow is also affectesplegies-
specific hadronic final state interactions close to the frem#t where particles decouple
from the system freely flying to the detector where hydrodyita is not applicable any-
more. A combination of macroscopic and microscopic modétls twdrodynamics ap-
plied at the early partonic and mixed-phase stages and hiadransport models such as
RQMD [35] at the later hadronic stage may offer a more raaldgscription of the whole
evolution than that achieved with a simplified sharp freeaetreatment.



Chapter 3
METHODS IN FLOW ANALYSIS

In the investigations of the flow phenomena, different md#for the measurement of its
magnitude were developed. First, quite shortly will be diégal two oldest methods, the
sphericity tensof36] and themean transverse momentumthe reaction plane [37]. The
concept of theeaction planewill be presented gradually in Section 3.2. That concept is
necessary for the explanation of the two widely used metlodse flow analysis: the
already mentioned mean transverse momentum arfebilrger analysisof the particle az-
imuthal distributions constructed with respect to the tieacplane [38—42]. The method
of Fourier analysis will be described as a generalizatiothefmean transverse momen-
tum method. The presentation of the methods in flow analyglsoes continued with
the method otwo-particle correlationg43] which does not use the idea of the reaction
plane for measuring the flow magnitude. In this thesis, ferfburier analysis and for the
two-particle correlations will be used a common name: tle@&ard Flow Analysis. The
methods of the Standard Flow Analysis are mainly inserestivthe non-flow effects. In
order to distinguish flow from the non-flow contributions,YJ.Ollitrault developed the
cumulantmethod [44, 45] and the method bée-Yang zeroglgl6, 47]. These methods
will be presented in the last two sections of this Chapter.

3.1 Sphericity Tensor

As a first approach in the flow investigation appeared the ateti the kinetic-energy
flow tensor. This method is based on the construction of tberskorder spherical tensor
F, 5 (which will be shortly named as sphericity tensor) definetthercenter-of-mass frame
as

M
Faﬁ - szapzﬂ/Qm’w Oé,ﬁ =I,Y,z (31)
i=1

Here,p;, andm,; are the momentum component and the mass of-theparticle respec-
tively. The sum goes over all particled detected in the collision. In that way,,,

represents the total kinetic energy in the non-relatiwibtnit. The orientation and the
values of the principal axes could be obtained by diagoatdin of theF, 5. Thus, the
event shape in momentum space could be presented by suclipaniél The spheric-
ity tensor method also gives the information about the timacof the total momentum

13
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flow. The angle between the beam axis and the eigenvectociat=hwith the largest
eigenvalue of this tensor defines the flow an@le which was used for quantifying the
magnitude of the directed flow.

The sphericity tensor method was used for small collidingrgies [36] while in the
case of high energies it is not used because the flow @gle (p,)/pream is too small
(< 1) and the information about the differential flow magnitusi@ot provided.

3.2 Mean Transverse Momentum in the Reaction Plane

The description of non-central collisions is more compkdathan that of very central
collisions because of presence of the azimuthal asymmetheiinitial state of the inter-
action. Nevertheless, two colliding nuclei obey a reflatsgmmetry with respect to the
reaction plane. Although the structure of the collidingleugets destroyed, the reflection
symmetry which was present in their initial state should teserved during the collision.
The momentum distribution of nucleons in the nuclei is igpit in the transverse:( y)
laboratory plane. But the spatial distribution of matteesimot have that property (for
finite impact parameteE). Due to that, the momentum distribution evolves from ispyr
into an anisotropic shape but with an overall reflection syt In Fig. 3.1 the spatial

reaction

plane
>

Figure 3.1: A schematic view of a col-
Space asymmetry lision of two nuclei in the transverse
plane. The spatial asymmetry, showed at
the top, is transformed into a momentum
asymmetry, showed at the bottom, due to
the pressure gradient which was built up

reaction during the collision.

plane

>

momentum asymmetry

asymmetry is represented by an overlapping zone (red area)natural tendency of the
matter is to flow in the direction with the highest pressusdgent. That as a consequence
produce a collective anisotropical expansion of partipkeserentially emitted in the di-
rection with the highest pressure gradient (Fig. 3.1 bo}tofhine transverse momentum

H{p,) will be defined in Section 3.2
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method attempts to exploit and quantify possible anisiéom the transverse momenta
associated with the reaction plane. Therefore, every elentld be analyzed with respect
to this initial azimuthal asymmetry. This asymmetry is yulletermined by the reaction
plane and the magnitude of the impact parameter véctbr the literature, the reaction
plane is also known as the event plane.

The reaction plane is defined by the impact parameter véaod beam axis. If one
assumes that the beam axis corresponds to the longitudinakis of the experiment
then the reaction plane is determined by the adgletween thé and ther axis of the
experiment (which could be arbitrarily chosen).

The transverse momentum method was proposed by Danielewtc©dyniec [37].
It was used over a wide range of colliding energies, from 25&8Wh the center-of-mass
system [48] to above 60A GeV [49]. In the original Danieler&©Odyniec approach, the
underlying assumption is that particles are emitted in sgpairection in the forward
(y > yem) and backward hemispherg € .,) owing to the momentum conservation.
Then, the orientation of the reaction plane, i.e. ¢hangle, is determined by a vector
constructed as

M
Q= Zwiﬁi,T: (3.2)
i=1

where the weighty; is 0 for pions and midrapidity protonsi1 for protons emitted in
the forward hemisphere;(> ¥., + 4) and —1 for protons emitted in the backward
hemispher&y < v... — 6). Such a choice of weights corresponded to the strong proton
directed flow at low energies. The optimal value @buld be determined by minimization
of the error in the determination of the reaction plane.

This method has been applied to evaluate directed flow ing@&inthe mean trans-
verse momentum of particles projected into the reactionga,) [37]. The obtained
dependence on the rapidity has a character&sibape and the slope of that curve given

by
F, - d(ps)/A
dy
is used to quantify the strength of the directed flow. The radization to the mass num-
ber transforms the momentum into a velocity and this mak#ésrdnt particle species
comparable. In addition to this flow signal, a quantif§ = Zf.vw Pri @/@ is used
to represent the total transverse momentum into the remptame.

(3.3)

3.2.1 The Reconstruction of the Reaction Plane

The orientation of the reaction plane is not knoavpriori and as a first step in the flow
analysis it is necessary to reconstruct it. It can be recoctstd only if the outgoing
particles retains some memory of the initial collision getm So, the method uses the
anisotropic flow itself to determine it. As there are difigréypes of anisotropic flow, it
also means that the reaction plane can be determined indiepignfor each harmonic of
the anisotropic flow. The reaction plane veafhy, which defines the reaction plane angle
®,, from then-th harmonic is defined by the equations

2The sign of the weight was arbitrarily chosen and it becamanaention
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X, = Qncos(n®y,) Z w; cos(ng;)

Y, = Qnsin(nd,) Z w; sin(ng;) (3.4)
which give its components, or by

1 Y,
o, = - arctan (Xn> (3.5)
Here, ¢; represents the azimuthal angle of each outgoing particlee sums go over
all particles: used for the reaction plane determination whileare their weights. The
weights are chosen in a way to make the reaction plane rezokag good as possible. It
could be done by selecting the particles of one particulae tgr weighting with rapidity
in the case of the directed flow or with transverse momentuthencase of the elliptic
flow. Another way is to use the flow magnitude itself as a weidghtan be done in the
following way. In the first iteration one can use the weightentioned above to perform
the flow analysis. Then, in the second iteration, the flowymslwill be repeated using
the obtained flow intensities as weights. It is obvious tlatif = 1 andw; = pr EQ.
(3.2) appears as a special case of the Eq. (3.4).

This is the general method for the reconstruction of theti@aglane orientation. In
practice, several problems appear when one tries to usedlcéan plane reconstructed
with such method to calculate the flow. The reason is thevialg. The flow calculation
is always based on a correlation between a given particle twé reconstructed reaction
plane. When a particle has been used in the calculation afethetion plane, an auto-
correlation effect appears. That effect is in the followinfhenever one measures the
particle azimuthal angle with respect to the reaction pl@eenstructed with Eq. (3.4),
an autocorrelation of the given particle with itself apeifuthat particle is included in
sums of Eq. (3.4). In general, whenever one connects a lgawith a construction in
which that particle is used, the autocorrelation effectesmi The simplest way to remove
such an effect is to exclude such a particle from the aboveiorad sums. That could
be easily done if one saves the sums of sines and cosines for(8BE), and subtracts
the contribution of that particle from these sums. In casewdne uses Eq. (3.2) for the
reaction plane determination, the modified equation [5@kisressed by

Z wsz ) (36)

(§#)i=1

In reality, e.g. in the case of electronic experiments, & aises hits for the reaction
plane reconstruction due to a possible hit splitting thevalaescribed method for re-
moving the autocorrelation cannot help. One way to avoidtistacle is to form tracks
by matching hits from different detectors. The other wayigxchange the method. In
Section 4.1 will be described so called slice method whiaks&d in this analysis. Using
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that method the autocorrelation effect, even in case ot@xte of artificial hit splitting,
could be removed completely.

Another effect, the correlation due to the momentum coradEm which appeared in
the directed flow analysis, could be removed already at tred & reconstruction of the
reaction plane. At small energies, where this effect isenagitrong, this could be done
by redefining of the Eq. (3.6) in the following way [50]. Thessgm that determines the
reaction plane@j is moving in the transverse direction with a momentiim= —pr ;.
Applying a boosty, to each particle,

b= — (3.7)

Mgys — My

means that the system used to evalu@tehas no net transverse momentum. In Eq. (3.7)
mys Stands for the total mass of the system. Then Eq. (3.6) bexome

M
@j = Z w;(Pr,i + myth) (3.8)
(j#)i=1

This procedure leads to a decreasing of the flow magnitudé/fuf relative to the flow
magnitude obtained with Eq. (3.6) [51]. In Eqg. (38)is the number of particles used in
the reaction plane reconstruction.

3.2.2 Flattening of thed N/d® Distribution

Due to the random distribution of the vecioin the transverse — y plane, for an ideal
detector the distribution of the azimuthal angle of the tieacplaned N/d® has to be
flat. In reality, different detector effects like the effio®y in ¢ smaller thani00%, or the
geometrical offset between the position of the beam andeheec of the detector in the
x — y plane make the distributiofV/d® not isotropic. Such an effect should be removed
before doing flow analysis. There are several methods toversiach an effect.

The first one is to recenter tH&,,, Y;,) distributions by subtracting( X,,), (Y;,)) val-
ues averaged over all events [52-54]. The main disadvataigs method is that it is
not sensitive to anisotropies caused by higher harmonicaich harmonics are present
one needs additional flattening ®f, distributions. In the second method, one can con-
struct the laboratory particle azimuthal distributions &l events and to use the inverse
of this as weights in the Eq. (3.4) [52,53,55]. The limitatiof this approach is that it
does not take the multiplicity fluctuations around the mealoue into account. A third
method, the method of mixed events [52,53,55] is the nexidrieh could be used. The
essence of the method is that one could divide the corratd particles with respect
to the non-flat ("raw”) reaction plane by the correlationgafticles with respect to the
reaction plane determined from another event. Such divisam remove the correlations
due to the acceptance. In the fourth method one can fit thdlabdistributions of the
reaction plane angl®,, to a Fourier expansion and to apply an event-by-event shitif
the reaction planes in order to make the final distributisngropic [52,53]. The equation
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for the shift is given by

1 Mmazx

A, = - Z E[—(sin(mncbn)) cos(mn®,,) + (cos(mn®,,)) sin(mnd,)]  (3.9)

m=1

wherem,,,, 1S usually equal to 4.

In this analysis will be used the method of recentering andrieo shifting subse-
quently. The first method will make the raw reaction planérttistion roughly flat. Sub-
sequent applying the Fourier shifting will make the reatitane distribution completely
flat.

3.2.3 The Reaction Plane Resolution

Because the position of the true reaction plane is not kn@wriori, one can only per-

form Fourier decomposition of the invariant particle distition E‘f’TN with respect to the

reconstructed position of the reaction planewheren is the order of the harmonic from
which this position is reconstructed. Due to the finite nuliltity, the difference between
the true and the reconstructed reaction plane is not zeroth8aneasured flow correla-
tion has to be corrected for thegaction plane resolutionThe reaction plane resolution
is given by

(cos[n(®, — D)]) (3.10)

where ® is the azimuthal angle of the true reaction plane. The réisolepends on
the flow harmonic and the flow itself. In order to calculate ¥atie given by (3.10) one
constructs reaction planes from two random subeveatslb. The two random subevents
one gets by dividing the whole event into two pieces with v&ngilar topology. In this
case, the simple relation

(cos[n(®;, — @;,)]) = (cos[n(®} — @)]){cos[n(®, — )]) (3.11)

is valid. An important assumption here is that there are herotorrelations except the
ones due to the flow. Eq. (3.11) allows to calculate the reagilane resolution given by
(3.10). For example, if one knows the correlations betwagndqual subevents then the
resolution of each of them is

(cos[n(®@; — ®))) = \/{cos[n(® — B)]) (3.12)

If the two subevents are correlated, then the term insidsqare-root in Eq. (3.12) is
positive. In Eq. (3.12) one calculates the reaction plaselution of a subevent. Taking
into account that the multiplicity of the full event is twitarger than the one of a subevent
then

(cos[n(®; — ®))) = /2{cos[n (@ — B)]) (3.13)

3.3 Two-particle Correlations

Wang [43] proposed to use two-particle azimuthal correfetiin order to investigate the
anisotropic flow. The idea is based on the fact that if (in tagecof flow) particles are



3.4. FOURIER ANALYSIS OF THE AZIMUTHAL DISTRIBUTIONS 19

correlated to the reaction plane, then they are also mytualrelated. So, in presence
of non-zero flow, theP,,,..(A¢) distribution, constructed from two-particle correlaton
with respect to the relative angl&¢ = ¢; — ¢, between two particles belonging to
the same event, is not flat. In reality, due to incomple@cceptance in the detector or
due to finite efficiency for detecting particles at differgrg one has also to construct a
backgroundP,,,...-(A¢) distribution in the same way d3,,.(A¢), where nowA¢ is the
difference between azimuthal angles of particles belanpgrntwo different events. One
then constructs the correlation function as a ratio

Pcorr(Aqs)
Puncorr(Aqs)
So, with this mixing technique the physical correlationviztn two particles is extracted

with elimination of the 'detector’ effects. In an ideal casgthout non-flow effects, one
has

C(A¢) = (3.14)

+o0 +oo
C(A¢) = Z p2etm(A9) — Z v2 cos(nAg) (3.15)
n=0 n=0

a Fourier expansion of the measured correlation funafion¢) which gives the inte-
grated floww,, .

For the differential flowp4i//, one has simply to replaeg with the azimuthal angle
¢ of a particle in a narrow phase space window, apdn Eqg. (3.15) is replaced with
vnvgiff.

The crucial limitation of the two-particle correlation rhed is the impossibility to
separate the flow and non-flow correlations.

3.4 Fourier Analysis of the Azimuthal Distributions

The dependence on the particle emission azimuthal anglsureghwith respect to the
(true) reaction plane angl@j could be written as a Fourier expansion [38-42] of the
invariant particle distributiodi%

d*N 1 d°N =
EF— = — 1+ 2u, cos|n(¢p — @ 3.16
Fo = 3 pedoudy ( Z [n(¢ )}) (3.16)

Sine terms vanish due to the reflection symmetry with resjoettte reaction plane. The
main advantage of the Fourier method, with respect to thergpty method, is that the
magnitude of the flow, which is characterized by the Fourgsfiicientsy,,, can be cor-
rected for the reaction plane resolution, caused by thesfmitltiplicity of the event, by
multiplying the observed value of, with the inverse value of the reaction plane resolution
given by (3.13). This correction increases the value of teeoved Fourier coefficients.
Only the Fourier coefficients corrected for the reactiompleesolution can be compared
to the theoretical predictions, or to simulations filteredthe detector acceptance.

The Fourier coefficients in Eq. (3.16) are given by

v, = {(cos[n(¢ — P)]) (3.17)
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where() indicates an averaging over all particles of interest arat all events. A factor 2
in front of eachw,, in EQ. (3.16) is used in order to obtain a transparent phisieaning
of the Fourier coefficients. In a coordinate system in whlaodat axis corresponds to a
projection of the reaction plane to the laboratory transegrlane are valid the following
formulae

cos(¢ — @) = p./pr, sin( — @) = p, /pr (3.18)

Then, according to Eq. (3.17), the coefficientis equal to(p,/pr) and v, is equal
to ((p=/pr)*> — (py/pr)?). Now, it is obvious that the coefficient corresponds to the
directed flow, and, to the elliptic flow.

3.5 The Cumulants

The reaction plan@ cannot be measured directly. As the correlation between pac
ticle and the reaction plane induces correlations amongadhntcles themselves,, co-
efficients could be experimentally measured from the aznadutorrelations between the
outgoing particles. These correlations are calldoW correlations. Both methods, the
reaction plane and two-patrticle correlations are in usatatinediate and ultrarelativis-
tic energies, but in both methods one usually assumes thairly source of azimuthal
correlations is the flow. However, this assumption esplgdmhot valid at SPS energies,
where "direct’, non-flow two-particle correlations become of the same niagle as the
flow correlations itself. Standard methods extract flow friovo-particle azimuthal cor-
relations, either directly [43, 56], or through the cortigla with respect to the reaction
plane [37, 38, 41]. However, the correlation between twegiparticles is not only due
to the flow but also due to the other sources of correlatioruastym Bose-Einstein ef-
fects, momentum conservation, resonance decays, jetdVatn the flow is small, these
effects may dominate the measured signal. The impact ofrtbe-flow’ correlations
on the flow analysis might be minimized by cuts in phase-spdtdeh could be used to
avoid the influence of quantum effects and resonance dewdyte the contribution of
momentum conservation can be calculated and subtracieabsteriori[57]. However,
these various prescriptions require saar@iori knowledge of non-flow correlations. So,
it is necessary to assume tladk such sources of correlations are known and accounted
for, which may not be true. A new method of flow analysis, baged cumulant ex-
pansion of multiparticle azimuthal correlations can owvene these difficulties [45]. The
principle of the method is that when the cumulants of higheepare considered, the
relative contribution of non-flow effects, and thus the egponding systematic errors,
decreases. Denote By, wherej = 1, ..., M, the azimuthal angle of the particle detected
in an event with multiplicityd/. Multiparticle azimuthal correlations could be generally
written in the form(e(¢1+-+éx—ér+1—~dk1)) "wheren is the Fourier harmonic under
study and the brackets indicate an average over all possibibinations of: + [ particles
detected in the same event and over all events. Correldiietmgeert + [ particles could
be decomposed into a sum of terms involving correlationséen a smaller number of
particles. For instance, two-particle correlatigag(®:—¢2)) can be written as:

(eM(P1-82)) = (ind1) (e indz) L ((e(P1-92))) (3.19)
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where ((e™(#1=92)}) is by definition the second order cumulant. In order to urtders
the physical meaning of the cumulant, consider a 'perfeetédtor, i.e. a detector with
an isotropic acceptance. Then, the average’:) vanishes due to the symmetry since
¢, i1s measured in the laboratory, not with respect to the reagilane. The first term in
the right-hand side (r.-h.s.) of Eq. (3.19) vanishes ancttireulant reduces to the mea-
sured two-patrticle correlations. The importance of cumigd@appears at a more realistic
case of a non-perfect detector. Then the first term on ther.di the Eq. (3.19) can be
non-vanishing. But the cumulant vanishesifand¢, are uncorrelated. Then the cumu-
lant ((¢™(¢1-%2))) isolates the physical correlation and disentangles it firivial detector
effects. There are several physical contributions to theetations((e™(#1=#2))) which
separate into flow and non-flow correlations. When the soisrésotropic (there is no
flow), only direct correlation remains. Direct correlatiscales with the multiplicityl/
like 1/M [57,58]. So, the correlation between two arbitrary pior@portional tol /M.

If there is a flow, a correlation between emitted particles @@ reaction plane, it gener-
ates azimuthal correlations between any two outgoinggesti and gives a contribution
v? to the second order cumulant. One can measure the flow usinggerder cumulant
if this contribution dominates over the non-flow contrilmtji.e. ifv, > 1/v/M [57,58].
This is the domain of validity of the standard flow analysikjah is based on two-patrticle
correlations.

3.5.1 Integrated Flow

The main benefit of the use of cumulants is in constructiorigiidér order cumulants and
separation flow from non-flow correlations. To illustrateansider a perfect detector and
decompose the measured four-particle correlation as:

<em(¢1+¢2_¢3_¢4)> _ <em(¢1_¢3)><ein(¢2—¢4)> + <6in(¢1—¢4)><ein(¢2—¢3)>
+<<6in(¢1+¢2*¢3*¢4)>> (3.20)

where two first terms in the r.-h.s. comes from possible tadigle combinations. The

remaining term((e'™(¢1+¢2-93=¢4))) is the fourth-order cumulant by definition. Although
it is insensitive to two-particle non-flow correlations dud be sensitive to higher order
non-flow correlations, i.e. direct four-particle corrédais. Fortunately their probability

is very small. Due to the symmetry betwegnandg, (¢3 andg,) the Eq. (3.20) can be

rewritten as:

<ei”(¢1+¢2—¢3—¢4)> - 2<ei”(¢1—¢3)>2 + <<ein(¢1+¢2—¢3—¢4)>> (3.21)

So, in principle it is possible to construct an expressiarttie 4 order cumulant which
eliminates both detector effects and non-flow correlations
Generating Functions

Even without assuming a perfect detector, cumulants coeldXpressed via generating
functions. The generating functi@i, (z) is a real valued function of a complex variable
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z = = + iy defined as:
M W,
Gn(z) = H[l + M](z*em‘bf + ze™M9i)] (3.22)

Jj=1

in each event, where* = = — iy is the complex conjugate aof andw; is a statistical
weight chosen in some way. This function could be averaged events with the same
multiplicity M. The expansion of such a function into power series gerecateelations
to all orders:

) ) M -1
(Gp(z)y=..=1+ z<6_2”¢1> + z*(e’”¢1> + i X
Z? ) Z*Q ) )
% (5<e—m(¢1+¢2)> + 7<ezn(<151+<152)> + ZZ*<em(¢1—¢2)>) + . (3.23)

In this way theaveragedgenerating functioG,(z)) contains all the information about
multiparticle azimuthal correlations.

In the case of the perfect detectofs, (2)) does not depend on the phasezopbut
only on its magnitudez| = /z2 + y2. If one changeg into ze™*, the only effect is
a shift of all angles by the same quantity. But, as the prdibalhat one event occurs
under a global rotation is unchanged, one concludes(that:)) is invariant under such
a transformation.

Thegeneratingunction of the cumulants is defined as:

Co(2) = M((Gy(2))™ — 1) (3.24)

and its expansion into power serieszodndz* defines the cumulants

*k 1
Col2) = Z %<<ei"(¢1+---+¢k*¢k+1*---*¢k+l)>> (3.25)
k.l o

If particles are uncorrelated, all the cumulants beyon@omhe are vanished. Indeed, if
all ¢; in Eq. (3.22) are independent from each other, then the malae wf the product
is the product of the mean values

1 , :
(Ga(2)) = M(1+ 27(H (™) + 2(e ")) " (3.26)

Then the generating function of the cumulants reduces to
Cn(2) = 2*(eM?) + 2(e™"?)) (3.27)

Comparing it with Eq. (3.25) all cumulants of order higheariii vanishes, as it is ex-
pected in the case of uncorrelated particles.

The interesting cumulants are the diagonal terms with [ which are related to the
flow. They will be denoted witla,, {2k} :

cn{Qk} = <<ein(¢1+~~~+¢k*¢k+1*---*¢2k>>> (3.28)
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In practice, it is rather difficult to expand the generatingdtionC, (z) analytically be-
yond the ordeR. The simplest way to extraet {2k} is to compute7,(z) and therC,, (z)
for various values of in order to tabulate it. Then one has to interpolate theicsssive
derivatives from the obtained matrix. For example, one w8ayp use the points:

Zpg = Tp,g + Wp,gs (3.29)
2qm
Tpq = To\/D COS(q a ) (3.30)
. 2qm
Yp.g = To4/Psin( ) (3.31)

maxr

forp = 1,..., kne: @ndg = 1, ..., Gmaz — 1 Whereg,o. > 2k.,4.. Typical values are
kmae = 3 @andgq,,q. = 7. As one wants to know the behavior@f,(z) andC,(z) near the
origin, ry has to be a small number. Averagifig z, ,) over phase of one obtains

dmaz — 1

Z Cr(2p.0); p=1, . kmaz (3.32)

qmam

It is shown [45] thatC,, is related to the cumulanig {2k} through the linear system

k; 2
C, = Tof ' cn {2k} (3.33)

=1

which can be resolved in order to extract the cumulants. With 3 it gives

Cn{2} = %(301 - —CQ + 03) (334)
To
To

The relations between the cumulantg 24} and the integrated flow},, or to be more
precise their estimatds, {2k} are given by

Va{2}? = {2}, (3.37)
Vo {4} = {4}, (3.38)
V,{6}5 = @ (3.39)

Statistical Errors

Due to the finite number of evenfs, the reconstructed integrated flow has a statistical
fluctuation which could be calculated from the covariancérives (V,,{2k}V,,{2(}) —
(Vn{2k})(V,{2l}). The covariance matrices contain information on the stahdeor.



24 CHAPTER 3. METHODS IN FLOW ANALYSIS

In [45] it is shown that in the case of a huge flow, i.€, > 1/v/M, the following
equation is valid

(Vo {2k}VR {21}y — (V. {2k})(V,{21}) = ﬁ

In this limit, reconstructed flow from different cumulanters coincide and the error is
1/v/2M N independently of.. This is easy to understand: when flow is large compared
to 1/v/M the reaction plane can be reconstructed with a high accuracy

In the general case, when, and 1/v/M are of the same order of magnitude the
statistical deviations are given by

(3.40)

1 142y
Va{2})? = —~

(OVa{2}) IMN  2y2

T 14424+ x4 2x5
(OVal4})” = 377 o (3.41)

1 3418+ 9x* 4+ 28x% + 12x® + 2410

(6Vn{6})2: + X + X + X + X + X

2MN 2410

where(6V,, {2k})? = (V. {2k}?) — (V,,{2k})? andx? = MV 2. In the limit of a very large
flow (x > 1) all three equations reduce to Eq. (3.40).

In the case of a very weak flow, i.6/, < 1/v/M, different estimates o, are
uncorrelated, and hence flow cannot be reconstructed atistist errors loose their
sense.

3.5.2 Differential Flow

When the integrated (over phase space) flow val(i¢&k} are known, one can measure
the "differential flow”, i.e. flow value in a narrower phaseasp window. Following the
notation in [45], let's call a particle belonging to the givearrower window a ’proton’
(although it can be anything else). It's azimuthal angleasaated withy, and it’s dif-
ferential flow asv, (pr,y) = (¢™¥=®)). The particles used for the integrated flddy
are ’'pions’. Once the integrated floW, is known, one can reconstruct the differential
flow v,, from the correlations between the azimuttand 'pion’ azimuthsp,. In order to
do that, first one constructs a generating function betweerproton’ and 'pions’. This
function is the average value over all 'protons e’ G, (z), whereG,, (z) is defined with
Eq. (3.22) evaluated for the event to whom the ’proton’ bgkonNote that the average
procedure is not exactly the same as in the case of the in¢elgilaw. One must first
average over 'protons’ in the same event (i.e. with the séiyle)) and then to average
over only those events where there are 'protons’.

Expanding in power series efandz*, one obtains:

(PG (2)) = (€PY) 4 2(iPVTno)y 4 o5 (eiPvindy 4 (3.42)

which generates azimuthal correlations between the 'ptaiiod arbitrary number of 'pi-
ons’. The generating function is then

(€™ Gn(2))

(3.43)
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Note that the ’proton’ should not be one of the 'pions’ in artte avoid of autocorrela-
tions, and while the number of 'pions’ in Eq. (3.22) is fixelde thumber of 'protons’ is
allowed to fluctuate from event to event.

The cumulants are, by definition, the coefficients in the paeeies of the generating
function, i.e.

Z*kzl ] .
Dp/n(z) = W<<611”w+’m(¢1+~~~+¢k*¢k+1*---*¢k+l)>> (3.44)
k,l

The physical meaning of these cumulants is the same as imsi@sof the integrated flow.
They eliminate the detector effects and the lower orderfltam-correlations, so only the
direct (non-flow) correlations of ordéd/ —*~! remain.

If the "proton’ is not correlated with the ’pions’, then EdB3.43) becoméD,,,(2) =
(e'P¥) for any z and all cumulants are vanishing. In the case when the ctimel&s

present, expanding Eq. (3.43) up to ordemd comparing to Eq. (3.44) one obtains
(el PPNy = (HPV=ndL)Y _ (V) (pind1) (3.45)

what is analogous to Eq. (3.19) and has the same intermeta@mely that the cumulant
method gives exactly the same result as the two-particieledions.

In the case of a perfect detector all cumulants defined in B)44] are real, be-
cause reversing the sign of all azimuthal angless —, ¢; — —¢; leavingD,,(2)
unchanged. Also the transformation — —¢; changes into z* in G,,(z), so

(e~ PG (24))
(Gn(2%))

Comparing it with Eqg. (3.43) one sees thahas been changed intd and+) into —1.
SinceG,(z) is a real function one finally obtair®,,,(z) = Dj,(z*). From that one
concludes that the coefficients in Eq. (3.44) are real. Inctse of a real detector, they
are complex, but only the real part has a physical meaningtin/m = mn the relevant
guantities are:

Dyn(z) = (3.46)

Aoy {2k +m + 1} = Re[((emmvTortF0u—dts1 =" d2iim)) )] (3.47)

whereRe denotes the real part, aq@k + m + 1} denotes correlations between one
‘proton’ and2k+m 'pions’. The cumuland,,, . {2k+m+1} has a contribution from flow
proportional tov,V,2¥*™. In that way one can calculate the differential floyfrom the
cumulantd,,,,, {2k +m+1} knowing a previously calculated value of the integrated flow
V... In order to avoid the trivial autocorrelation effect, tipedton” must not be one of the
'pions’. The same problem is well known in the Standard Flomaksis where the way
to exclude it was to reject the particle under the study (is thse the 'proton’) from the
definition of the sums (Eq. (3.4)) which were used for the tieagplane reconstruction.
In the method of cumulants one simply removes the 'protowistribution by dividing
Gn(2) with 14 (2*e™¥ + ze~"¥) /M in the numerator of the Eq. (3.43). As in the case of
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the integrated flow, a practical way to determine the dified flow consists in tabulating
the generating functio®,, (z) at the 'pions’z, , given by Eq. (3.29)

Qmamfl
m 2 2
D, 7(7“0\/]5) Z [cos(m an )X, g+ sin(m il )Y, ] (3.48)

Q’H’LQI qZO Qmaz Qmaz

with

% Zev.w.prot.[zprot. COS(p'I,/})Gn(Z)p,q} +
ﬁ Zevts Gn(ZPaQ)
—|—Z % Zev.w.prot.[z;m*ot. Sin(pw)G“(z)P,q}
ﬁ Zevts Gn(zpyl]>

where N’ is the total number of 'protons’. There is a relation betwées cumulant
dmn/n{2k + m + 1} and number$, via the system:

Xpg+i1Ype = Dp/n(zp,tﬂ =

(3.49)

kg—1

(TO\/I—))Qk-i—m
D, = kz mdp/n{% +m+ 1}, 1<p<ky (3.50)
=0

which can be solved in cumulantg,, {2k +m+1}. For instance, witlk; = 2 andm =1
which is used fow, ;; andwv,/,, one has:

1 1
U 2
1
dnnid} = (=2D1+ Dy) (3.52)
0

while for k; = 2 andm = 2 is used to calculate,

1 1
T'o
1 3
donm{5} = T—ﬁ(—GDl +5D2) (3.54)
0

When the cumulants are determined in that way, then they beuslated to the differen-
tial flow v,,,,/,. In the case of a perfect detector following equations alie va

vyuf2) = Piot2) (3.55)

vy} = - ot (3.56)

don/mi3
Van/n {3} = %2{} (3.57)

. dQn/n{5}

o (3.58)

v2n/n{5} -
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Statistical Errors

Although, as in the case of the integrated flow, the recoostd.differential flow depends
on the number of event¥.,,;; (denominator in Eqg. (3.49)), this depends additionally on
the number of 'protonsN' (numerator in Eq. (3.49)) in a narrow phase-space window
where it is measured. Hence, one can neglect the contnbtroon the denominator to
the statistical error of the differential flow.

Again, in the case of the weak flow, i.e;, < 1/v/M, correlations between the
estimations from the different orders vanish and the stegiserrors loose their sense.
Whenuw, > 1/v/M (large flow), covariance matrix reduces to

(Vmn/n {2k +m + 1} vmnm {20 + m + 1}) —
1
2N!

W {25 + A+ 1} Uy {20+ + 1) = (3.59)

In the general case, wheny and1/v/ M are of the same order of magnitude, the
following equations are valid. Fon = 1:

(i {2F) — {2017 = 52 (3.60
(/{2 {41 = (o {21 (g {41) = 5 (3.61)
(i {4F) = {4} = 5 AN (362
wherey? = Mv2. Form = 2:
(eminl3)) — Cmiaf3)) = 532 EL 363)
(a3 omia51) = o B mia31) = 512 (364)
O T B e

In the limit of very large flow { > 1) all six equations reduce to Eq. (3.59).

3.6 The Lee-Yang Zeroes

The Lee-Yang zeroes method [46, 47] derived by J.-Y. OliittaN. Borghini and R.S.
Bhalerao is based on the genuine correlation between a tangder of particles. It is
more natural and more reliable than all other methods whésle lneen used so far. Since
the anisotropic flow appears as a collective effect, inva\all particles produced in an
event, itis indeed natural to characterize it by means obbajlmultiparticle observable.
All previously used methods were practically based2érparticle correlations (where
2k < M) and so they are not the appropriate tool to probe a collett®havior. Espe-
cially, in all these methods, except the cumulant methodflaw effects were neglected.
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3.6.1 Integrated Flow

In order to measure genuine anisotropic flow one first definesgntegrated flow as

Vo= (3 w; cosfn(@; - @) (3.66)

where the sum goes over all particles detected in an eventaack appropriate weights.

In the Eg. (3.66)® is the azimuth of the impact parameter vedkor The integrated
flow is connected with an average of the Fourier coefficigntia: V,, = M,v,, where
Mw = Z]]Vil U}j.

In order to compute the integrated flow one has to computeafdr event the complex-
valued function:

M
=[]t + irw; cos(n(¢, — 0), (3.67)
7=1

for various values of the real positive variabland of the anglé (0 < § < w/n) 3. The
¢; is the measured laboratory azimuthal angle of a particletla@groduct goes over all
detected particles.

Then, one has to averagé(ir) over events for each value ofand®:

@(ir) = (¢"(ir) = 3 oG (3.68)

events

where N is the number of events used in the analysis. For éathe position ofr}
of the first minimum of the modulugz?(ir)| has to be found. Then the estimate of the
integrated flowV,, is given by:

V/{oc} = 1% (3.69)
To

wherejy,; ~ 2.40483 is the first zero of the Bessel functioh. If the distribution of the
laboratory azimuthal angle is rather flat, thEfi{oc} does not depend ofi up to the
statistical fluctuations. Then one can perform an averagfing { oo} overf which gives
Vo {oo} with smaller statistical error. That quantity is then usedalculate the resolution
parametery. The resolution parameter is defined gs= V,,{oc} /o and it measures the
relative strength of the integrated flow with respect to thdimultiplicity fluctuationsr
which is given by

o= (@2 +Q2) — (Qu)? = (Q)? = Vafoo)? (3.70)

In the above formulay), and(, are defined as

M M
Q= ij cos(ng;), Qy = Z w;j sin(ng,) (3.71)
j=1 j=1

3In practice, 4 equally spaced valuedadre enough
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and() means the averaging over many events.
The finite number of the available events makes the relatatesscal error o/, {oc}
finite. That statistical error is given by

((AVa{oc})?) 1 T
Valoo))2 ~ aNGE ARG & T ™ o) (3.72)

3.6.2 Differential Flow

When an estimation of the integrated flow is obtained, oneusarit in order to calculate
the differential flow. As in the case of the cumulant analysie differential flow is flow
of particles of a given kind in a definite phase-space regidrich will be again called
'protons’ for the sake of brevity. Azimuthal angle of suctpacton’ will be denoted with
v and the corresponding differential flow with(pr, ). For the given anglé, calculated
V9{} andr! determined in a way how it was described in the previous Gectn
estimation ofu? {oc} is given by

. cos(n(y—0
<g(9(Z 9) (n(—-0)) )

' r irgwy, cos(n(yp— 0
v {oc) :Vf{oo}jl(j,m)?%e( e @ Ny (3.73)

0(;r0 w; cos(n(¢; —6))
(]01) <g (ZTO) Zj 1+ir]gwj cos(ri((bj—ﬂ)))e”ts)

In the denominator sum is over all detected particles in flkergevent averaged over
events. The average.),, in the numerator is over "protons”, and varies from one "pro-
ton” to the other, even for "protons” within the same event.

Denoting with N the total number of "protons” in the (differential) phagsase win-
dow under study, the statistical error on td oo} is given by

(0106 1?) = T el (B )] @74

Averaging overv’{cc} for different # values results in a new,{co} with a smaller
statistical error. Statistical fluctuations could prodacspurious flow even there when
real flow does not exist. These fluctuations could produceranmim of |G,,(z)| and
corresponding spurious flow satisfy the following non-digya

0 Joi
W< 3.75
"~ VoMInN ( )

whereN is the total number of events aid is the multiplicity. From (3.75) is obvious
that if flow is too small even with a huge statisti¢g)(due to the logarithmic dependence
itis impossible to measure the flow. This is the main limdatf the method of Lee-Yang
Zeroes:v, can be successfully determined only if it is larger then.s.-lof (3.75). The
main advantage of the method is that it is stable againstftbetg like multiple hits or
showering, which strongly bias the results of other meth@&its one should not refrain
from using all detected particles and combining infornrafimm different detectors: in-
creasing the multiplicity results in a smaller statistiealbr on the flow estimation.



30 CHAPTER 3. METHODS IN FLOW ANALYSIS

3.7 The Method Used in this Analysis

In this thesis due to the rather small magnitude of the @lifw it was difficult to ap-
ply the method of cumulants and the Lee-Yang zeroes methadth&r problem which
caused inapplicability of the two above mentioned sofistéidanethods was an insuffi-
cient statistics. These statements are a consequence ¢8B4) and (3.75) . So the
reaction plane method, described in Section 3.4, was appliéhe analysis of the ex-
perimental data. In Chapter 5 will be given more details eoning the selection of the
method which is going to be applied in the analysis of the erpental data.

4The cumulant method was applied successfully in [55] busénicentral collisions where the magni-
tude ofwv, is enough big. Similarly, due to the huge magnitude of thedaded flowv; the Lee-Yang Zero
method was applied in [59]



Chapter 4

EXPERIMENTAL SETUP AND DATA
USED

In this Chapter the CERES experimental setup will be preskr special attention will
be devoted to the description of those detectors featuréshvane especially important
for the measurements of the momentum anisotropy. In theddeti2, the calibration of
the raw data will be shortly presented. The ballistic defiotrection and the efficiency
of silicon detectors in which | was personally involved viaé explained in detail. A short
presentation of data used in the analysis of the anisottogmisverse flow in the CERES
experiment is the contents of the Section 4.3. The last &edii this Chapter concerns
the centrality determination.

4.1 The CERES Experimental Setup

The main goal of the CERES/NA45 experiment is the measurenfdow-masse™ e~
pairs produced in heavy-ion collisions at SPS energies. ekperimental setup, shown
in Fig. 4.1, consists out of the target system, two radiat&il Drift Detectors (SDD),
two Ring Imaging CHerenkov (RICH) detectors and a cylinalriime Projection Cham-
ber (TPC) with a radial drift field. With older experimentatgps (without the TPC),
the measurement of low-mass$e™ pairs produced in Pb+Au collisions at the top SPS
energy showed a significant enhancement compared to thelxditns originating from
the hadronic decays [60]. The new experimental setup, degrwith the TPC, achieved
a mass resolution ofm/m ~ 3.8% atm =~ 1GeV/c*> which additionally allowed
distinction between different models of in-medium modifica and spectroscopy af
mesons [5, 61]. Although designed for the measurement ofn@sse™ e~ pairs, the
CERES experimental setup has abilities to detect chargdetlpa and measure their
momenta. Hence, allows performing of various 'hadroniclyses’ like identical, non-
identical, two and multiparticle correlations, fluctuat$o reconstruction of different par-
ticle species like\, K2, ¢ and etc., and flow and jet physics.

31
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4.1.1 The Target and the Beam/Trigger Detectors

During the last data taking period (the year 2000), 13 goldisks with a diameter of
600xm and a thickness afsum were used as a target system. The distance of 1.98 mm
between them was chosen in order that particles producecatligion will not travel
through other disks before they reach the detector systemthE electron analysis this
is important because in that way the conversion of photailescine~ pairs is suppressed.

A system of different beam/trigger detectors, located i bieam line before and
after the target was used to detect the occurrence of aioall[62]. If any kind of
collision happened, the trigger condition is callathimum bias The collisions could be
characterized via the value of the impact parameter. Tlsare way to measure it directly,
but that variable is correlated with the multiplicity. Senmany physical variables strongly
depend on the impact parameter, the multiplicity had to basued in some way. In
CERES, as in many other heavy-ion experiments, only chamgdtplicity is measured
which also can be connected with the impact parameter. THagicity Counter (MC)
was used to fulfill that purpose. The MC is a scintillationedror.

TPC coils

. - 150

80

voltage divider
UV detector 2

N\

HV cathode
beam
—

TPC drift volume

TPC read-out chamber

Figure 4.1: The CERES/NA45 experimental setup in year 2000 the datagaieriod.

4.1.2 The Silicon Drift Detectors

The SDDs as 4 inch silicon wafers with a thickness of 280are located approximately
10 cm behind the target. They haeazimuthal acceptance and cover the pseudorapidity
region between approximately 1.6 and 3.4. That overlapsghtral rapidity region which

is very interesting for the elliptic flow measurement. Thghhiesolution of these detectors
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is used for the reconstruction of the position of the inteoacvertex. The SDDs were
also used for the centrality determination. Together whn TPC they were used as the
tracking devices also. The precise determination of theagmy vertex position and a
precise reconstruction of the tracks is very important irfgening a flow analysis, as
well as a good enough centrality determination.

N | ®
S Si-bulk £ 3
R-implant. . SR
anode p-implant. &3
-+ {7+ {3} U
HV

il charged particle

1IMIP# 25,000°ev 4fC

Figure 4.2: The Silicon Drift Detectors operate on base of electrorftidigiin a radially symmetric elec-
tric field towards the edge of the detectors.

Fig. 4.2 shows the working principle of the SDD. The SDDs wirkhe following
principle. When a charged particle passes the detectagates electron-hole pairs along
its trajectory. In a radially symmetric electric field, ctee electrons drift towards the
outside edge of the detector. The edge of the SDD is dividexl360 anodes which
are reading out the signal. Knowing the drift time (typigadkound3.8.s) it is possible
to reconstruct the hit position in the radial direction. mHeom the exact position of
the given SDD it is possible to obtain the polar anglef the hit. The¢ position of
the hit is obtained via knowing the anode at which the sigeakteived. The precise
measurement op and@ is determined from the center of gravity of the correspogdin

A A A

T UB

1122 61 <—— 366 pm—= 61122

o I
I

1

Figure 4.3: An interlaced structure of the anode divided into 5 pieces.

charge distributions shared by adjacent time bins and anotee high precision in the
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measurement af is achieved using anodes with an interlaced structure showig. 4.3.
For more details see [63, 64].

4.1.3 The RICH Detectors

The purpose of the two RICH detectors, placed behind the SBBHectron identifica-
tion. The working principle of the RICH detector, proposed65], is the following.
A particle created in the collision emits Cherenkov photander a constant angtg:
with respect to the trajectory of the particle. The relatimtween the refraction index
n, particle’s velocitys and Cherenkov anglé- is given byf. = arccos(1/5n). From
the previous relation is obvious that Cherenkov radiatian bappen only iy > 1/n.
The emitted photons are reflected from the mirror and fornm@ image at the mirror’s
focal plane. The diameter of the ring corresponds to a ce@herenkov angle and hence
to a certain velocity of the particle. The photons which faime ring are detected at
the plane and the signal, after amplification, is read out @@0B individual pads cov-
ering the geometrical acceptance. A complete descriptiagheoRICH detectors can be
found in [66—68]. The information obtained from the RICHel®brs was not used in this
analysis.

4.1.4 The Time Projection Chamber

The main aim of upgrading the CERES experimental setup WwehPC was to achieve
an enough high mass resolution at the intermediate massrggorder to study/w and
to perform a spectroscopy gfmesons. The TPC was designed according to the needness
of preservation of the azimuthal symmetry and matching tieetance in pseudorapidity
roughly between 2.0 and 2.7. The perspective view of the CERBC is shown in
Fig. 4.4. It is a cylindrical drift chamber with a radial drifield and segmented pad-
readout. The length of the TPC is 2 m and the sensitive voldrabaut 9 ni. 16 readout
chambers are distributed in a polygonal structure arouadhtirer electrode with diameter
of 0.972 m. In total there are 15360 individual channels.heg#d¢hem has 256 time bins.
The z-axis of the TPC, which coincides with the beam axis,ivgldd into 20 planes.
Each of them has6 x 48 = 768 readout channels. The TPC was placed insidefeld.

The electric field is defined by the inner electrode at a pakof ~ —30 kV and
the cathode wires of the readout chambers at ground pdteBtiah electric field shows
roughly al /r dependence. With drift velocities between 2.4 and 0.7usrttie maximum
drift time is about 71us.

The magnetic field is generated by two warm coils with thetalecurrents floating in
the opposite directions. The radial component of the magfietd is maximal between
the coils and it deflect charged particles mainly in the ativaudirection. The mean
value of the magnetic field integralis18 Tm atf = 8° and0.38 Tm atf = 15°.

With such a performance, the TPC allows a precise measuteshenhit position
determined by radius, azimuthal angle and polar anglé in a coordinate system where
the z-axis of the TPC coincides with the beam direction. gdhe reconstructed hits,
tracks left by particles which passed the TPC are recortstluwith a high precision.
The presence of a magnetic field in the sensitive detectiomwleads to curved tracks.
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Figure 4.4: The cylindrical Time Projection Chamber operates in a faitiét field.

The curvature allows the determination of the sign of thegdd particle detected in the
TPC. Operating inside a magnetic field, the TPC provides eiggaletermination of the
momentum in a huge range from few tens MeV/c up to more than@d/&

A more detailed description of the CERES/NA45 experimentloafound in [69].

4.2 The Calibration and Production of Data

In order to do a physics analysis one needs to receive theingéahinformation from
the detector signals. The raw data, i.e. the data recorded thhe detectors are difficult
to handle. They are also not calibrated, which means that @re not corrected for
the different changes like temperature, gas compositiapgrfectness of the detectors
and etc. during the data taking. From the raw data via thegoare callegproduction
measured ADC values obtained from the detector systemamsftrmed into hits. The
next step is grouping of hits in order to make tracks. Finddlyfitting tracks, momenta
and sign of the charged particles are obtained. The outpiltegbroduction is stored in
shape of files with a ROOT Tree format.

Approximately 30 M events at the highest SPS energy, predessthe production,
are used in the anisotropic transverse flow analysis. Duhagroduction, the amount of
data is significantly reduced. The events are groupedit60 units. Each unit consists
out of approximately 200 bursts.
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Concerning the calibration of data | was personally invdlie the ballistic deficit
correction and the efficiency of the SDD. In the next two sebeas these topics will be
presented in detail.

4.2.1 The Ballistic Deficit Correction
The energy loss of;,, in the SDD can be approximated by a Landau distribution [70].

dN
dEdx

~ —exp(

R

+e ),

X

o Eloss

- Emax

g

(4.1)

whereF,, .., ando denote the most probable energy loss and the width of thesjwond-
ing distribution. In a SDD detector, the measured numbeAME counts decreases with
the radial position of the hit. From the other side, the riagidth of the electron cloud

increases with the drift time due to the diffusion accordimgy/ 1]

2
r
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2o T 2Dtaripi(r)

(4.2)

whereo, ,, and D are initial radial width of the hit and diffusion constantin&e the
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Figure 4.5: The ballistic deficit before (top) and after (bottom) thereation in the case of SDD1 (left)
and SDD2 (right). Data are fitted with a second order polynom.
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response of the SDD depends on the width of the input signatehéhe output signal
decreases for hits at the lower radius. Such behavior isleisi Fig. 4.5. In that Figure is
drawn the sum of amplitudes of the signakadial distance for both SDD detectors. One
can see that before the correction the sum of amplitudegdses going to smaller values
of . This effect is known as the ballistic deficit. After the amtion for the ballistic
deficit, the distribution of the sum of amplitudesr becomes flat as it should be.

4.2.2 The SDD Efficiency

In order to determine the efficiency of the SDD detector systeselection of high quality
TPC tracks was done. Then, the efficiency of the SDD detegsiem is defined as a
ratio between the number of SDD tracks which are matchedimvdome window, with
the selected 'good’ TPC trackd/(%¢s") to the number of the selected 'good’ TPC tracks
(NZ7E)-
6SDD — Ng’ngtDCh (43)
NiFe

As a selection of 'good’ TPC tracks are chosen those TPC dragdkch satisfy the

high quality criteria listed here below

the number of TPC hits has to be bigger than 17 out of 20 plessi

to have momentum bigger thar2.0 GeV/c

the polar anglé to be betweef° and13°

the measured energy la$B /dx to be smaller than 250 (81.2% of EpP

a r 0 b PE

radial distance from the track to the vertex position iath— y plane had to be
smaller thar0.6 cm. In that way a huge part of non-vertex tracks is eliminated

In that way only a small fraction of TPC tracks are extracted ased as 'good’ TPC
tracks.

SDD track segments are constructed by connecting the vpdex to the hits in
SDD2. Atrack segmentis accepted if there is at least ona BDD1 within a predefined
window around the point of intersection. The sizes of thedigluvindows are expressed
as multiples of thems widths of the corresponding distributions #nand ¢ direction.
Quantitatively, the normalized squared distance betwherclosest hits in SDD1 and
SDD?2 is calculated according to formula

dr:  d¢?
T T

win win

d’ (4.4)
whereR,,;, and¢,;, define a5c,,,.:., Window in which the matching is performed. The
maximal value of/? has to be smaller than 1. The closest hits in SDD1 and SDD2 then
define the SDD track segment used for the matching to the 'gide@ tracks.

lwhere FP stands for the Fermi plateau
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Figure 4.6: Top: The signal (S) and normalized combinatorial backgdo(#,,,,) of matched SDD
tracks to the referent TPC track éh(left) and¢ (right) direction. Middle: The ratio between the signal
and normalized combinatorial background. Bottom: Theeddhce between the signal and normalized
combinatorial background.

In order to calculate the efficiency one can construct theildigions of number of
SDD tracks matched to a TPC tragk the difference ird or ¢ direction between the
TPC track and the SDD tracks. Such distributions are madealféogood’ TPC tracks
over many events. In Fig. 4.6 (top) are shown such distonsgtvs the difference irg
or ¢ direction depicted with a red line. Among the real matcheglviare represented
with a peak positioned at zero could appear the fake matcatesebn a SDD and a TPC
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track. These fake matches correspond to entries Withc — 6spp| > 4 mrad and
\brpc — dspp| > 20 mrad as well as to entries underneath the peak. In order tinget
pure signal, these fake matches have to be removed. One waydtate for a random
angle all TPC tracks around the beam axis and to repeat tloegwoe for making the
signal distribution. In that way all real matches are de&doand only fake matches can
survive. This distribution is shown with a black histograntig. 4.6 (top). In the middle
of the Fig. 4.6 is shown the ratio between the signal and tlmmakized combinatorial
background. In the region of fake matches it has the value dt wteans that the nor-
malization is done in a proper way. Then the subtraction @hibrmalized combinatorial
background from the signal distribution in order to get tegpsignal can be performed.
The corresponding distributions are shown at the bottorngfahe Fig. 4.6. In bottd
and ¢ direction they have a nice Gaussian shape. Fitting it, onefiod the number of
real matches and then to calculate the efficiency.

Table 4.1: The Gaussian width value of the pure signal distributiol and¢ direction.

oag [mrad] | oag [mrad]
0.73 3.83

The Table 4.1 shows the Gaussian width value of the pure Isdistaibution in ¢
and ¢ direction. The smaller value it direction with respect to the one ifdirection
is a consequence of the fact that the determination of theigo®f the track in radial
direction is better than in azimuthal direction for a faatmughly equal ta / sin 6.
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Fig. 4.7 shows the obtained values for the SDD efficiencyyapgla matching win-
dow with R,,;,, = 0.03 cm andg,,;,, = 0.02 rad between SDD1 and SDD2. The SDD effi-
ciency is not 100% and it shows a centrality dependence.Heégoeripheral events where
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the population of SDD tracks is not big, a huge part (88%) oDStcks are matched to
the corresponding TPC tracks. Going from the peripherahéomore central collisions,
the population of SDD tracks becomes bigger and hence treeeify decreases. For
the most central events, the SDD efficiency is 80%. In ordeyetinl00% efficiency of
the SDD detector system, a matching window between SDD1 Bxi2PSvas optimized.
That requirement was achieved applying a matching winda Wj,;, = 0.051 cm and
dwin = 0.04 rad.
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Figure 4.8: The efficiencye*PP vspolar ¢) and laboratory azimuthal anglé)(
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Figure 4.9: The efficiencye*PP vsmomenturp.

We investigated also, how the SDD efficiency looks like défgially. In Fig. 4.8 are
shown dependences of”” vspolar @) and laboratory azimuthal angle)( There is a
weak increase of the’”” with increasing of) as a consequence of higher occupancy at
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smallf, but values are quite close to 100%. The distribution®® vs ¢ does not show
any dependence. The values are scattered around 100%. K %ig shown dependence
of PP vsmomentunp. As in the case 0f*PP vs ¢, e°PP vsp distribution does not
show any dependence.

4.3 Data Used

In this Section, the main features of data used in the dllifdiv analysis, will be shortly
presented. In Subsection 4.3.1 will be explained how a adgparticle identification is
performed. The!N/dn, dN/dpr anddN/d¢ distributions of particles used in the elliptic
flow analysis are shown in Subsection 4.3.2. The contentseofast subsection of this
section concerns the momentum resolution.

4.3.1 Particle Identification

In order to perform the elliptic flow analysis it is importanthave a sample of particles,
as pure as possible, which will be used. This is especialpomant for the determination
of the reaction plane due to the fact that the informatiorualbioe reaction plane origi-
nates from the flow and the flow itself is different for diffateparticle species. In this
subsection the sample of particles used in the analysideitlefined.

Charged particles which passed the CERES detectors withiacceptance made
tracks. In order to accept the track as a source of informatidghe corresponding parti-
cle, that track has to survive several simple quality aatésted here below:

1. to have pseudorapidity) betweer2.05 and2.75
2. to have transverse momentpmbigger thar).05 GeV/c

3. the minimal number of hits per track, which depend$ dmas to be between 8 and
12 hits per track. On average it is more than 50% of the maxmaaiber of hits
per track (20).

4. radial distance from the track to the vertex position i@th— y plane had to be
smaller thar8.0 cm. In that way non-vertex tracks are suppressed

5. TPC and SDD track segments have to match wittar window

In that way the 'good’ tracks were selected, but still thexao information about
the particle specie represented by the track. The CERESimgmal setup does not
allow full particle identification. Using the TPC, partiahpicle identification is done
with help of 2-dimensional momentur® /dx particle distribution. In Fig. 4.10 is shown
momentumd E'/dx distribution of all, positive and negative, detected . Asr* are
chosen positive and negative particles which satisfy tHeviing condition:

dE, ,. _dE dE, |
85— < —<1.15— 4.
085dx(7r)_dx_ de(ﬂ) (4.5)
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Figure 4.10: The momentum¢E /dx particle distribution for all detected charged particléaill lines
represent a nominal energy loss calculated by using theeBRibch formula. Within dashed line (which
corresponds te-1.50 confidence) are chosert. The same is in the case nf . Even moregq patrticles as
well as low momentum protons and deuterons are clearly atgghby theidE/ dz.

independently of the momentum. This selection corresptmdsl .50 window (dashed
lines) around the nominal energy loss for pic%%s(wi) calculated according to Bethe-
Bloch formula (full line). In the region of low momenta, ugithe dE/dz allows to
identify the protons, deuterons andgarticles.

4.3.2 ThedN/dn, dN/dpr and dN/d¢ distributions

The pseudorapidity (left) ang (right) distribution of particles detected in the TPC are
shown in Fig. 4.11. Only those TPC tracks which satisfy duatriteria listed in the
previous subsection were used. The covered pseudorapegiiyn is quite close to the
midrapidity region which, at an incident energy of 158 AGeM$ 2.92. The TPC covers
a hugep; range from few tens of MeV/c up to more than 4 GeV/c with a meanes of
(pr) ~ 0.5 GeVlc.

Fig. 4.12 shows the distribution of laboratory azimuthailam,,;,. As it was already
mentioned, the TPC has full azimuthal coverage fremto 7. But the efficiency of de-
tection of particles at any,,; is not the same. Due to that one can see very narrow holes
at certaing,,, angles. Their distribution is rather regular. The wholeg Ny d¢,,, distri-
butions originate from the edges of the TPC chambers whereffitiency of detection
of particles quickly decreases. Also,@t, ~ —3, there is a big whole which appeared
due to the fact that 1/3 of a chamber’s electronics did noghlag low voltage supply.
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Figure 4.11: The pseudorapidity (left) angl (right) distribution of particles detected in the TPC. TPC
and SDD track segments are matched withfwavindow.
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Figure 4.12: The distribution of the laboratory azimuthal anglg; in the TPC.

4.3.3 The Momentum Resolution

The momentum resolution is determined by the spatial résolwf the detector as well
as multiple scattering due to the material from which theedietr consists. The relative
momentum resolutiodp/p as a function of the momentumcan be parameterized in a

following way
(Pyp = (g2 (), (4.6)

ms res

p p b
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with the following assumptions [72, 73]

dp 1 1
— )ms X =4/ 7o 4.7

(%)res xXp (4.8)

L is the measured track length ang the radiation length. Theasandresstands for the
multiple scattering and for the spatial resolution of theedeor.

MC additional smearing (N ;c>=19)
Q12
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Figure 4.13: The momentum
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It is possible to specify the momentum resolution using a tdddarlo simulation
of the detector. By comparing the reconstructed momentuansafnulated particle with
its true momentum, the resolution of the detector can beesdudn Fig. 4.13 is shown
the momentum resolution as a function of momentum obtairyeasing a Monte Carlo
simulation of the detector [5]. The two parameter fit deflcie a red histogram provides
better results at high momenta, while the three paramet@eficted as a blue histogram
gives better results at small momenta. The combinationedehwo fits leads to a better
momentum resolution over the whole momentum range.

The obtained results suggest that the momentum resoluti®a Inegligible influence
on the elliptic flow measurement. For examplepat 1 GeV/c which corresponds to
pr ~ 0.2 GeV/c, the momentum resolutiondsp ~ 5 MeV/c. The smallest bin size used
for the elliptic flow analysis in this thesis is 50 MeV/c (sescfon 6.3) which is 10 times
larger than the momentum resolution.
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4.4 Centrality Determination

Events detected by CERES in the year 2000 data taking pereye wot taken with
the same trigger conditions. Three triggers were used. Amum bias trigger con-
tributed with only 0.54% to the total amount of events. Unither trigger condition with
0/o40 ~ 20% have been collected 8.25% of the total amount of events. Tdgebt
part of data (91.21% of events) were taken with a trigger tmrdwith o /oy, ~ 7%.

The corresponding TPC multiplicity distributions are smoiw Fig. 4.14. Events wiht
TPC multiplicity smaller than 70 were cutted-off. The TPCltiplicity distributions are

. 100.0 3?.4 2‘27 196 li‘L.7 7}7 4.‘4 lA‘B OA‘45 0.‘05 0}01 9.00 O/Ogeo (%)
= 10" E
; C
z i . .
210 Figure 4.14:The TPC multi-
© F plicity distribution for all events
L used in the elliptic flow analy-
10° & sis. The distributions, obtained
E with different trigger conditions,
L I are normalized to the minimum
10° b contrbutes 0.54% § bias distribution in the high TPC
E contributes 8.25% Lq mUIt|p||C|ty region.
C contributes 91.21%
L li
5 all triggers ‘\'
0 1l T b
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TPC multiplicity

formed from the TPC tracks which satisfy quality criterisidid in the Subsection 4.3.1.
All of the distributions are normalized to the minimum biastdbution in the region of
the high TPC multiplicity. At the top of the plot is drawn aniswith o/c,., values to
make a correspondence to the TPC multiplicities.
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Figure 4.15: Left: the correlation between the TPC and SDD multipliciBight: The Gaussian mean
value of the projection to the SDD multiplicity axiss the TPC multiplicity. A linear fit describes the
obtained correlation.
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The centrality of the event is determined via the correfatietween the TPC and
SDD multiplicity. Fig. 4.15 (left) shows the correlationtiaeen the TPC multiplicity and
the SDD multiplicity. The TPC multiplicity distribution iglentical to the one shown in
Fig. 4.14. Projecting the distribution at the given TPC nipliltity to the SDD multiplicity
axis and fitting it with a Gaussian around the maximum of thggmtion one gets the
one-to-one correspondence between the TPC multipliciiyta@ SDD multiplicity. This
correspondence is shown in Fig. 4.15 (right) together witmear fit to the obtained
result. The fit describes the data very well and the valuebefit are used in the next
step of the centrality determination.
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Figure 4.16: The cor-
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Fig. 4.16 shows the correspondence between the SDD mailtydind the geometrical
cross sectiow /o, [74]. For an event with a given TPC multiplicity one can, wsthe
correspondence shown in Fig. 4.16 find out what the correipgrgeometrical cross
section is.
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Theo/o,., values shown as the upper axis in Fig. 4.14 are determineukinvay
described above.
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Fig. 4.17 shows two centrality bins in which the differehediptic flow analysis of
A and K particles is performed. These two centrality bins are atiarzed with the
weighted mean centralityo /o,.,) calculated as an averaged centrality weighted with
do/dNrpciracks. The corresponding values @f /o,.,) for two centrality bins mentioned
above as well as for all events taken together are shown ipithere.
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Chapter 5

FLOW ANALYSIS OF SIMULATED
DATA

5.1 Flowmaker

In order to check the feasibility of different methods foe ttiow analysis presented in
Chapter 3 in application to the CERES data, several setedithulated data have been
produced using Fortran 77 computer code [75] and a paralleRSoftware library STAF
package, called MEVSIM [76]. For the sake of brevity it wikk lzalled simplyFlow-
maker The Flowmaker simulator is a new event generator whichigesva fast way of
producing a large number of uncorrelated A+A collision @égehe user can select the
number of events, the detector acceptance ranges, thelpaypes, the multiplicities and
the proper one-body momentum space distributions withe@sio the transverse mo-
mentum {r), the rapidity (/) and the azimuthal angle) distributions from a menu of
the model. In addition one can include the reaction plandeagugd to specify different
harmonics of the anisotropic flow. The particle multiplie# were allowed to vary from
event-to-event according to the Poisson statistics. Al parameters of the one-body
momentum space distributions were randomly varying froenéo-event according to
a Gaussian distribution in order to simulate dynamical élatbns. Finally, the produced
events are assumed to be in the A+A center-of-momentum frémue to that, in order
to use the produced events, the kinematic variables arsftramed into the laboratory
system which corresponds to the CERES experiment at thef e &PS energy.

5.2 The Data Simulated by the Flowmaker

For the purpose of this thesis only 3 particles species wenemted: positive and nega-
tive pions ¢*) and protons. The* andn~ contributes each with 45% to the total multi-
plicity, while the protonsix) contributes with 10% to the total multiplicity. Other pate
species which have a quite small contribution in the reahes/kke electrons, kaong,s
etc. are neglected in the simulated data. As the feasibilitfge method of cumulants and
the Lee-Yang Zeroes method strongly depends on the maltipéind the flow magnitude
itself, for the purposes of this thesis were simulated sdwbiferent sets of data. For the

49
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first and largest one, 20 M of the very central events whichespond to the experimen-
tal data were simulated. The shape and the mean value of thiplnity distribution are

dN/d NTrack

102

m’f %‘:’m
p )
S
W M
50 HMO 150 200 50 300”H } 350

400

multiplicity (Ny,c)

Figure 5.1: Multiplicity distribution from the Flowmaker simulated ta

similar to the experimental values and they are shown in Eity. Although in the ex-
perimental multiplicity distribution (see Fig. 4.17) etds part of semicentral events they
were not simulated using the Flowmaker. The simple Gausigamultiplicity distribu-
tion was simulated by the Flowmaker due to the fact that themntaof the experimental
events (above 90%) belong to the class of central events.
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Figure 5.2: dN/dn (left) andd N /dp (right) distribution from the Flowmaker simulated data.

The input values for the Flowmaker are chosen in such a wayif¥ain andd N/ dpr
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have a similar shape as in the case of the experimental dsga=(g. 4.11). The corre-
sponding distributions are shown in Fig. 5.2.
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Figure 5.3: dN/d¢ distribution from the Flowmaker simulated data.

As the inefficiency in thé N/d¢ distribution strongly influences on the position of the
reconstructed reaction plane, #h¥/d¢ distribution in the Flowmaker simulated data had
to follow the corresponding distribution in the experinedrdvents. The Fig. 5.3 shows
the dN/d¢ distribution obtained from the Flowmaker generator. It \yaserated using
the proper weights from the experimental distribution (Sige 4.12).

The input values for the integrated anisotropic transvéose werev; = 0.5% and
vy = 2.0%. They are quite small just like that what is expected in theeaaf the ex-
perimental data. In the case of the directed flow, the valud®?, is not independent
onn andpr. The pseudorapidity dependencevpfis simulated in a way to show a pion
directed flow for the central collisions at the top SPS en¢b§y. A similar statement is
also valid for the simulateg dependence af;. As the CERES detectors cover a rather
small (pseudo)rapidity interval, the dependence was simulated in a way that it does
not depends on, but it has a typicab; dependence not corrected for the HBT effect. It
grows quickly withp for smallpr and then much slower in the region of high transverse
momenta.

In each simulated event, the position of the reaction plarieown. Using that in-
formation one can easily calculate the 'true’ flow. In thatveme is just reproducing the
input values.

5.3 Flow Analysis of the Simulated Data Using the Reac-
tion Plane Method

Although in a real event exists only one reaction plane,gsition is not known and
one has to reconstruct it from the emitted particles. In otdecheck the codes which
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have been developed for the anisotropic flow analysis appliehe experimental data,
these codes were applied on the simulated events in exhetlyame way as in the case
of the real data. The procedure consists out of several.stefke fist one, theX,,, Y,
(n=1,...,4) values were calculated in each event according to the E4). (3sing them
one can obtain a "rough” position, determined with the azimbangled,,, of the reaction
plane using Eq. (3.4). The calculation has been done for@athlices'separately. Also,
at the end of the first step, files with mean valyés), (Y,) (n = 1, ...,4) obtained by
averaging over events for each 4 slices have been created.

The main characteristic of the obtainéd'/d®,, distributions is that they are not flat
as it should be. In the second step of the analysis the methshilifting is performed
in order to make these distributions flat. In each event otaulzdes.X,, andY,, and
then from the obtained sums one needs to sub{régt and(Y;,) values found from the
first step of the analysis. Obtained "shiftedN/d®,, distributions are flatter, but not
enough. Together with determining the "shifted” distribus, in the second step was
also calculated Fourier coefficients for flattening base&gn(3.9).

In the third step the final flattening was performed. Agairg values of( X,,, Y,)
were calculated, and then the valueg @X,,), (Y,,)) were subtracted. In order to correct
®,,, in each event values af®,, were calculated using Fourier coefficients obtained from
the second step and Eq. (3.9). The fi#al/d®,, distributions became completely ffat
This is the best possible estimation of the reaction plamg dBe to the finite multiplicity
it does not coincide with the true reaction plane. So, theti@a plane resolution is not
infinitely small and consequently the flow correction fastare bigger than 1.
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1System of slices will be explained in the next Chapter
2Figures which show the shape of rough, shifted and#f\td®,, distributions are essentially the same
as those shown in Section 6.2)
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In the final, 4, step the "observed” Fourier coefficients n = 1, ...,4 are calcu-
lated with respect to the reconstructed reaction planesd Reurier coefficients weie
posterioricorrected for the reaction plane resolution according to:

vp, = vl /{cos[n(Ad,)]) (5.1)

As in this thesis the elliptic flow was investigated, heresiinteresting to show the
reconstructed, dependences on the pseudorapidifyand the transverse momentpm
In Fig. 5.4 are shown the reconstructed Fourier coefficients pseudorapidity as closed
circles. In order to compare that with the input values, wipien circles are shown the
vy Fourier coefficientyspseudorapidity calculated with respect to the true reagilane
(which is known in the Flowmaker simulator). Input valuesldanctional dependences
of vy vspseudorapidity are fully reconstructed. Tievalue does not depend gras one
should expect for a narrowcoverage in the case of the CERES experiment. It is constant
and roughly equal%. The relative deviation from the trug value is smaller than 10%.

N L
> C
0.061~
0.05—
0.041~
C Figure 5.5: The true (open
0.031 circles) and reconstructed
N (closed circles) second
0.02- Fourier coefficienvspr .
TF « reconstructed v ,
0.0117" o truev,
OF
:llllllllllllllllllllllllllllllllllllllllll
0 05 1 15 2 25 3 35

5 4
p; (GeVic)

The pr dependence of the elliptic flow is also fully reconstructétie reconstructed
vy VSpr values are shown in Fig. 5.5 as closed circles while thedyues p; values are
shown as open circles.

A perfect agreement between the true and reconstructe@lues insures that the
procedure which is applied on the experimental data is cborre

5.4 Cumulant Analysis of the Simulated Data

Here, the results of the cumulant analysis applied on thellsied data are presented.
The analysis is performed in order to reconstruct only thegrated elliptic flow, and it
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follows the procedure described in Subsection 3.5.1.

As, according to Eq. (3.41), the feasibility of the cumulargthod strongly depends
on the multiplicity M, available statisticsV, and the flow magnitude itself, the new set
of events created with the Flowmaker simulator was made ellipgic flow magnitude is
3% and the directed one is 0.5%. The mean multiplicity waseiseed up to 300. Fig. 5.6
shows the obtained results. On the left plot are shown obdainvalues and on the right
one thew, values.
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Figure 5.6: The integrated, (left) andv, (right) dependence on multiplicity obtained from the fitsiete
cumulants.

From all three first cumulants, {2k}, £ = 1,2,3, the elliptic flow value of 3%
was reconstructed. The exception is th¢6} at the smallest multilpicities. As in the
simulated data the only correlations are those which caigifrom the flow, it is naturally
that flow reconstructed from different cumulants is the sambe difference is in the
statistical errors which grow with increasing of the ordecamulant.

The directed flow is not reconstructed at all due to the quitalvalue. The non-zero
vy values appear as a spurious flow. Here one should emphasizi tihe anisotropic
flow is small one needs, according to Eq. (3.41), a huge statend multiplicity in order
to be able to reconstruct the flow magnitude. For the CERE&S alalysed in this thesis
thew, is smaller than 0.012 at/o,., < 5% where the population of events is highest (see
Fig. 4.14). If one wants to have a relative statistical ematrbigger thari /3, according
to Eq. (3.41) one needs at le&st 10° events. Considering the fact that the generating
function can be averaged only over events with the same phiaity, the above found
requirement is not fulfilled.
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5.5 Lee-Yang Zeroes Analysis of the Simulated Data

Again, as in the case of the cumulant analysis, the Lee-Yanges analysis has been
performed only for the elliptic flow reconstruction. Thisdge to the fact that only flow
with magnitude greater thajg, /v/2MInN could be safely measured. From this formula
one can see that a huge statistics has a most important rtie ieconstruction of the
anisotropic flow magnitude if the flow itself is small. Due twmt, a new set of events
created with the Flowmaker was simulated with higher edifiow magnitude ¢; =
0.056) and without the directed flow.
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Figure 5.7: Top: the absolute values of the generating functiGpsn the case of the directed (left) and
elliptic (right) flow plotted against the value. Bottom: the same as at the top but zoomed at the positio
the minimum.

In order to reconstruct anisotropic flow using the methodex-lyang zeroes the pro-
cedure described in Sec. 3.6 was followed. First, we caiedland tabulated the complex
valued functiory’ (ir) for 4 equally spaced values éfand for appropriately chosen dis-
crete values of. As ¢’(ir) has to be a smooth function efwe calculated its values at
enough high number of discrete points-idirection in order that the obtained distribution
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looks like a function. This is necessary for a precise deteation of ther{ position of
the minimum ofg? (ir). Using Eq. (3.69) the integrated flo\j; has been calculatéd

At the top of the Fig. 5.7 are shown the absolute values of #reating functions
for the directed (left) and the elliptic (right) flow. As anample values ofG,(r)| at
6 = 67.5° are shown. In the case of the directed flow the absolute vdlire@enerating
function does not have a real minimum necessary for the flaaraenation. Fluctuations
can produce a very shallow and broad minimum@®f(r)| which position differs from
one to another value ¢f. The corresponding value of the 'spurious flow’ satisfies-non
equality (3.75). On the right top plot is visible a clear minim in the|G,,(r)| produced
by the existence of the significant elliptic flow. At the bettpart of the Fig. 5.7 are shown
the absolute values of the generating functions for thetice(left) and the elliptic (right)
flow zoomed around the position of found minima.
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Figure 5.8: The reconstructed value o vsn (top) andvspr (bottom) for different values (left) and
averaged over differetvalues (right).

3In the method of Lee-Yang zeroes, the integrated figwis defined as a product of the flay inte-
grated overy andpr and then multiplied to the mean number of particles averagedmany events used
in the analysis
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In the next step, obtained values for the integrated atlifdiv 15 has been used for the
reconstruction of the differential flow via Eq. (3.73). IrgFb.8 are shown the obtained
results. The reconstructed values of thevs pseudorapidity are shown at the top part
of the Fig. 5.8, while the, vstransverse momentum are shown at the bottom bottom
part of the Figure. On the left side of the Fig. 5.8 are shownlis obtained at differet
values, while on the right part are shown the correspondiaglts averaged over different
f values. One can see that reconstructed flow is in a perfeeeagmt with input flow
values. At the end of this Chapter one has to stress that icabe of a limited statistics
(even if it is measured in million of events) if the magnituafethe anisotropic flow is
small enough, the cumulant method and the method of Lee-Yargp are unapplicable.
Only the spurious flow can be produced by these methods. &gnifrthe magnitude of
the anisotropic flow is big enough, then it can be safely retrasted. Because of such a
limitation and due to the fact that in this thesis is analigedelliptic flow in rather central
collisions (i, ~ 0.015) the method of Lee-Yang zeros were not used in this tHesis

4According to the non-equality (3.75), with the availablatistics, only an elliptic flow with the magni-
tude bigger tha.2% can be measured
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Chapter 6

FLOW ANALYSIS OF CHARGED
PARTICLES

In this Chapter will be presented the results of the anipitroransverse flow measure-
ments of charged particles using the Standard Flow Analkish is described in Sec-
tion 3.4. Some specific features of the charged particlptalflow analysis performed
using the CERES data will be presented in detail.

6.1 Particle Selection

|
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Figure 6.1: The momentumiE /dx particle distribution for the selected pions, protons aedtdrons.
Full lines represent a nominal energy loss calculated byBestae-Bloch formula. Within dashed lines
(which correspond te-1.50 confidence) are chosert. The same is in the caseof. The low momentum
protons and deuterons are clearly separated by éi&irz.
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Charged particles mostly consist of and a small admixture of protons and kaons
which survived the dE/dx selection (see Subsection 4.31t)Fig. 6.1 is shown the
momentumd E'/dz distribution where the positive pions are selected usingrallwhich
corresponds te-1.50 confidence level (denoted with the dashed lines) aroundahemal
energy loss for the positive pions calculated by using thia&&loch formula (denoted
with the full lines). In Fig. 6.1 one can see that in the redietween 1 and 3 GeV/c and
the dE/dx values around 220 a part of protons cannot be removed fromitimeesam-
ple. In Section 6.4 the elliptic flow of the identified low montem protons is presented.
These protons are clearly visible Fig. 6.1.

6.2 Determination of the Reaction Plane

The first step in the Standard Flow Analysis which uses theti@aplane method is to
calculate the position of the reaction plane. The positidh@reaction plane is calculated
(see Section 3.2.1) using® selected as described in the previous section. In order to
avoid the autocorrelation effect and partially the HBT efffthe 27 azimuthal coverage
was divided into 4 groups of slices. In total there &6 slices distributed regularly in

4 groups which are denoted with 2, 3 and4. So each group consists out 2if slices,

and each slice covefs6° in ¢. The autocorrelation effect is removed by correlating a

4 L 2 3
4
1
Figure 6.2: The distribution of slices inp
space. The size of a slice3s6°. Each fourth

of them forms a group denoted with 1, 2, 3 or
4.

particle from one slice with the reaction plane determineanfthe non-adjacent slice
(see Fig. 6.2). For example, if a particle of interest betotagthe slice numbeythen one
has to correlate it with a reaction plane determined fronstioe number. Concerning
partial removing of the HBT effect see Section 6.5.

So, although in an event exists only one real reaction plae, ltas to reconstruct
its position in each slice separately. Additionally, in @rdo calculate the magnitude
of the anisotropic transverse flow which corresponds teergfiit Fourier harmonics one
reconstructs the position of the reaction plane separfieach harmonic. Together with
the reconstruction of the position of the reaction plane lnaeto calculate the reaction
plane resolution in order to correct the observed flow mageitfor the finite reaction
plane resolution. As it depends on multiplicity the positiof the reaction plane was
reconstructed for different centralities also. So, indtehone reaction plane per event
one calculated (slices)x 4 (harmonicsk 6 (centralities) =96 different reaction planes.
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Of course, they are actually correlated. That feature isl iseorder to calculate the

corresponding reaction plane resolution. In order to perfeuch a calculation, each
event/slice was randomly divided into two subevents/soéshand corresponding reaction
planes were calculated.

slice 2 slice4
22|€} ZZ|€}:
Tlo Tlo

30000F 30000
25000F 25000

20000} 20000f

15000 15000f

Figure 6.3: Raw reaction plane distri-
bution calculated fromX,, andY,, co-
efficients forn = 1 (top) andn = 2
(bottom) in the second (left) and fourth
(right) slice.
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In Fig. 6.3, as an example, are shown the reaction planeldistmsdN/d® for the
first two harmonics = 1, 2 (top and bottom) in sliceé and4 (left and right). Due to the
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ZZ|€} Z|€3“:
elye] oo
30000F 30000
25000 25000;
20000F 20000;
15000:J)r)uyﬁ1ﬁLH*“"”A/4nthjjf\ 15000%‘fffrﬂHLL““ﬁﬂn;ui“rIAEAHH“‘“
100001 -t fmmm ooy 100005‘3‘”‘_‘2””_‘1””5”‘“1””‘2”“5 Figure 6.4: The reaction plane distri-
® ® bution after applying the shifting method

>l ~lor for n = 1 (top) andn = 2 (bottom) in
©lo olof the second (left) and fourth (right) slice.
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non-flat distributions of particles in the laboratory aztimal angleg, these distributions
are not flat as it should be. One should notice that there igla diifference between
the shapes af N/d® distributions derived from two slices due to similar toppjaf the
slices. From the other side, there is a clear differencearsttape ofl N/d® distributions
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slice 2 slice 4
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S ORI T 100005_”MMMWMH_M Figure 6.5: The reaction plane distri-
2202 g 2028 bution after applying the shifting and the
Fourier method of flattening for = 1
Zle Zlef (top) andn = 2 (pottom)_ in the second
30000 30000F (left) and fourth (right) slice.
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for different harmonics. So, one has to make them flat. Inraatulfill it, it is enough to
apply successively first the method of shifting, and thenRbxarier method of flattening
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Figure 6.6: Shifting coefficientsX,, andY,, for n = 2 in the first two centrality bins (up and down) for
the whole event (left), and subeventécenter) and (right) versus the unit number.
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(for the description see Section 3.2.2). The results oftinesthods are shown in Fig. 6.4
and Fig. 6.5 for the same harmonics/slices as in Fig. 6.3erAfhifting, which makes
rough flattening, the reaction plane distributiéN/d® became more flat (Fig. 6.4) but
not completely. In order to make it completely flat, the Feumethod of flattening was
applied (Fig. 6.5). Due to consistency, the procedure oféletion plane determination
was done for all slices, harmonics and for all centralitysbin

In order to check the stability of the shifting and the Foufiattening coefficients for
different units, in Fig. 6.6 are shown the shifting coeffitgeX,, andY;, (for n = 2) and
for 2 different centralities for the whole event (left) subever{iiddle) and subeverit
(right). One can see that these distributions do not depemiasounit number exceptin the
region between unit25 and265 which corresponds to the negatiBefield data. Also, the
shifting coefficients for the whole event are twice largertin the case of the subevents.
This is a consequence of the fact that the whole event hag taiger multiplicity than
the multiplicity of one subevent.
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Figure 6.7: Reaction plane resolution in case of the second harmonadifoentrality bins/sunit number.

From Fig. 6.7 one can notice that the reaction plane resolltecomes smaller with
increasing of the centrality as it is expected because flatddecrease with centrality.
Also, the width of the distribution of the reaction planeaiesion with respect to the unit
number becomes bigger with increasing of the centralitytiersame reason.
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Before the continuation of the charged elliptic flow anadyshe other way of the
reaction plane determination and the charged elliptic floalysis used in this thesis will
be shortly presented. As the charge of particles is well ddfin the CERES experiment,
one can instead of dividing the event into four subevents &hice’ method) to divide
the event into two subevents. Positive pions, defined in &uilm 4.3.1, form the first
subevent and negative pions form the second one. Again ttoeatelation effect is
removed by correlating the pion from one subevent to theti@aplane constructed from
the other one. The advantage of this approach with respehbetlice’ method is that
the reaction plane resolution is better due to the biggetipligity used for the reaction
plane reconstruction. In Fig. 6.8 are presented the val@i¢iseocorrection factors in

° 2' sube\)ents

O 4 slices

1\nCcos[2(P,-D,)] O
(o]

[
II|IIII|IIII|IIII|IIII|IIII IIII|IIII|IIII|IIII

80 100 120 140 160 180 200 220 240
TPC multiplicity

Figure 6.8: The correction factorss centrality expressed via TPC multiplicity for the 2 subegeand
the ’slice’ method. Due to the roughly double multipliciegrrection factors in the 2 subevents method are
~ /2 times smaller then in case of the 'slice’ method.

different centrality bins for both, above mentioned, meéthdn both cases, the correction
factors grow with the TPC multiplicity because the elligtm~; and hence the resolution,
decrease with the multiplicity. Due to roughly two times lieg multiplicity in the 2
subevents method with respect to the ’slice’ method, theection factors arex /2
times smaller then in case of the 'slice’ method.

6.3 Elliptic Flow of Pions

In this section the results ort" elliptic vs pseudorapidity, rapidity, transverse momentum
and centrality obtained from the two methods will be showlsoAa comparison between
the results obtained from the 2 subevents method and thiksrebtained using the 'slice’
method will be presented. All results which are going to bespnted in this Section are
not corrected for the Hanbury-Brown and Twiss (HBT) effeifferences between the
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Figure 6.9: Thew, valuesvsn (left) andy (right) for pions from all centralities taken together. Tresults
are obtained using the 2 subevents method.

results derived from these two methods can give an estimatidhe systematic errors in
ther™ elliptic flow analysis.

In Fig. 6.9 are shown the results ait elliptic flow vs pseudorapidity (left) and ra-
pidity (right) obtained using the 2 subevents method. Tiselte are obtained from all
centralities taken together. The rapidity and pseudoigpittpendence of, is reason-
able flat as one should expect in such a small rapidity windbie previous statement
is practically completely fulfilled in the regiothl < y < 2.6. A little bit bigger devia-
tions from a flat behavior is at the edges of the rapidity/pseapidity distributions. The
integrated magnitude of the pion elliptic flow4s1.4% in that rapidity region.

The Plot in Fig. 6.10 shows thg- dependence of* elliptic flow from all centralities
taken together. The values of grow with pr going from 0 atp;r = 0 up to~ 4.0% at

0.06]—
0.05 +
004; . Figure 6.10: The pion
e = H**++ + vy (pr) from all centralities
0.03— o~ 20 taken together. The results
- R are obtained using the 2
0.02F K
E o T® subevents method and not
0.01f " corrected for the HBT effect.
of
I‘:HXHHXHHMHX ol b L 1y
“0.04 0.5 1 1.5 2 25 3

3.5 4
pT(GeV/c)

the highespr. It is observed that the pion elliptic flow saturatepat, 2 GeV/c. The
elliptic flow values at smalpr do not have a2 like behavior due to the fact that the
results are not corrected for the HBT effect. The topic ofribet section is the influence



66 CHAPTER 6. FLOW ANALYSIS OF CHARGED PARTICLES

of the HBT correlations on the flow measurements. There wiljiven an explanation of
the procedure for the correction as well as the results ctaudor the HBT effect.
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E Figure 6.11: Thew, valuesvscen-
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E o« © . independent) analysis. The result is
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In Fig. 6.11 is shown the, dependence on centrality. With closed circles is presented
the result of the pion elliptic flow analysis done in 2005, hwith open circle is rep-
resented a completely independent analysis done in 20Q1 Thére is a clear smooth
transition between the results of these two analysis. tkhe&alues, shown in Fig. 6.11,
increase with centrality going from = 1.2% at very smalb /o, up to 4% for semicen-
tral events witl20% < 0/04e, < 40% 1. As the results are not corrected for the non-flow
effects (for example, for the HBT effect), the offset=f1% ato/o,., — 0% can be
explained as a consequence of these effects.
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Figure 6.12: The pion elliptic flowvsrapidity (left) andpr (right) for central (closed circles) and semi-
central (open circles) collisions.

In Fig. 6.12 are shown differential values of the pion eiipgtow vs y andpr in
semicentral and central collisions as discussed in Secdfigh The trend of increasing
of vy with centrality, which is already shown in Fig. 6.11, is Wig in the differential
distributions too. It seems that the shapef,) distributions changes with centrality in

Points are plotted at the center of gravity of the given @ityrbin
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a way that it becomes more flat with increasing:@é,.,. In the case opr dependence,

it looks like that thep; threshold where), starts to saturates increases with increasing
of 0/0,4¢0. IN the case of the semicentral events the above mentioneshibid is around

2 GeV/c, while in the case of the central events it is aroubdzeV/c. Similarly as in the
case of Fig. 6.10, the theoretically predicted [58] quadaatdependence af, at small

pr is not present at, (pr) distributions shown in and Fig. 6.12 (left).
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Figure 6.13: The pion elliptic flowvs pseudorapidity (left) and rapidity (right) calculatedngsthe ’slice’
(closed circles) and subevent method (open circles).

Fig. 6.13 shows the values af" elliptic flow vs pseudorapidity (left) and rapidity
(right) obtained using two, above mentioned, methods. Tifierence between them is
rather small. The maximal difference sf0.002 appears i, (), while the difference in
2.1 <y < 2.6 region is negligible.
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Thepr dependences af* elliptic flow, shown in Fig. 6.14 are in a rather good agree-
ment. The biggest difference of 0.004 appears in the middler region around 1 GeV/c.
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In Fig. 6.15 is shown the ratio (left panel) and the differerfigght panel) between
ve(pr) dependences shown in Fig. 6.14. Although with some stracthbe ratio is quite
close to 1 and the difference is close to zero. From the destrtomparison between
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Figure 6.15: The ratio (left) and the difference (right) betweeripr) calculated using the 'slice’ method
and the 2 subevents method.

results obtained from two independent analysis methodscaneconclude that the ab-
solute systematic error in* elliptic flow measurements is not bigger than 0.002. The
corresponding relative systematic errordst7%.
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Figure 6.16: The ™ (closed circles) and~ (open circles) elliptic flowws pseudorapidity (left) and
rapidity (right) for all centralities taken together.

Separately calculated elliptic flow af" and«~, using the 'slice’ method, is shown
in Fig. 6.16. Systematically it appears thatr*) < v,(7~). The averaged difference is
~ 0.003 in bothn andy, what could be attributed to the contamination of protons-in
sample even aftetE /dx selection. From Fig. 6.1 one can see that protons cross the pi
band atl < p < 3 GeV/c and200 < dE/dx < 250. These lowpr protons (.2 < pr <
0.6 GeV/c) contribute to the™ elliptic flow in a way to make it smaller. Assuming the
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equivalence between (7 1) anduvy(7~) and that protons contribute maximally with 0.15
in the total charged multiplicity one obtains that theiilt flow is smaller than 0.004
which is in an accordance with results from the NA49 expenime central collisions
[78].

6.4 Elliptic Flow of Identified Protons

From Fig. 6.1 one can see that the low momentum protons caleaeycseparated from
other particle species. Particles withi< 1 GeV/c anddE /dx > 400 form a band which
represents protons according to the nominal energy losprfions calculated via the
Bethe-Bloch formuld In Fig. 6.17 is showm; dependence of the elliptic flow of these
protons. As it is expected for the elliptic flow of baryons smnallp, thew, of protons

is close to zero [78]. The importance of the proton elliptimflanalysis at thig; region
will become more clear in Chapter 9 where the proton andAthedliptic flow will be
compared. As protons antl have similar masses it is natural to expect that they have
similar elliptic flow too. Due to that, a4 acceptance did not allow to measugA) at
low-pr region we will combine the elliptic flow of protons with the@ifrom A in order
to cover the whole region.
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Figure 6.17: The identified proton el-
liptic flow vspr.
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6.5 HBT Effects on ther* Elliptic Flow Measurements

The methods which are used in the measurements of the pipticefllow assume that the
the only azimuthal correlations between pions are thosengrirom the pion correlation
with the reaction plane. However, there are other, non-flowetations which produce
the azimuthal correlations between the pions. One of thée,ntost pronounced, is
Hanbury-Brown and Twiss (HBT) quantum correlations whicbduce short range az-
imuthal correlations. Even in collisions with = 0, the HBT correlations produce a
spurious flow. This effect is especially important when gi@me used for the reaction

2Although deuterons are visible in the same way, they arenotaded in this analysis due to the small
statistics
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plane reconstruction as it is the case in ultrarelativiséavy-ion collisions experiments
as CERES.

Ollitrault et al. in [58] have shown that the contribution to the flow arisingnfrthe
HBT correlations can be subtracted. That correction sicpnifily changes values and
shape at the lowy region inv,(pr) distribution. After the correctiony, (pr) achieves a
physically proper shape proportionalt at low pr.

In Section 3.3 has already been explained how, from a twbepaazimuthal distri-
bution it is possible to extract the flow magnitude in a given, y) window, or in other
words, how to extract the differential values of the azinalieimisotropic flow. The Fourier
coefficients of the relative azimuthal distributions (3.28 defined as

n(PT1s Y1, Pr2, Y2) = (cos[n(dr — ¢2)]) (6.1)
where¢; and¢, are the laboratory azimuthal angles of particles.
In general, the two-particle distribution can be written as

dN  dN dN

dPp,d®p;  d*pi Pp;

whereC'(p;, p2) IS two-particle correlation function and decomposing ie@an rewrite
the coefficient,, given by Eq. (6.1) as

(1+C(p1,p2)) (6.2)

Cn(pTl: Y1, P12, y2) = Cfllow (pr Y1, P12, y2) + Czonfﬂow(p:m, Y1, P12, y2) (6-3)

where the first term, defined as a product of the Fourier cosfiisv,,

C£low (,’DT1, Y1, P2, yQ) = Up (pTla y1)vn (pTQa y?) (64)

is due to the flow (see Section 3.3). Averagid§”, given by Eq. (6.4), ovefpri, y1)
and(prs, y2) within the experimental acceptance one obtains the intedflow value:

vn(D) = £+/cn(D, D) (6.5)

Finally, integrating Eq. (6.4) ovéprs, y2) One can get a relation between differential
values ofe,, and Fourier coefficients,

Cn (pTl: Y1, D)
cn(D, D)

In the presence of the HBT, the correlation funct©(p,, p») has a non-zero value,
and according to Eq. (6.1) will increase the contributiothidmeasured, value. As this
contribution originates from the HBT effect it will be deedtwith¢/ 57"

Considering only pions, since they are bosons, the coiwelétinctionC(p;, ps) is
positive. Assuming that there is no flow has as a consequbatg®” = 0, butcron—/low
is not zero and hence measurgd# 0. In that way a spurious flow’ 57 appears.

Let us estimate the order of the magnitudev§f”. The HBT effect between two
identical pions with momentg; andp, appears only ifp; — p1| < /R whereR is a
typical size of the interacting zone. Now it is time to strédsat the estimation and the

Un, (pTla ?Jl) ==+ (6.6)
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proper numerical calculation of the HBT correction will beng in the natural system

of unitSwhereh = ¢ = 1. In the 2000 data taking period CERES measured rather
central collisions with a typical value of the ~ 4.5 fm [79]. Thenl/R ~ 45 MeV
which is more than for one order of magnitude smaller thanatrexagep;, which is
about 500 MeV/c. It means that HBT affects only pairs withtglow relative momenta.

So

P2 — P1 ~ P(d1 — ) S 1/R (6.7)

or

(¢1 — ¢2) ~ 1/prR ~ 0.09 = 5° (6.8)

Hence, on average, only pions withseparation smaller tham 5° contribute to the
HBT effect, or in other words the fraction of particlesihwhose momentum lies in a
circle of radiusl/R centered ap,. This fraction is(R*(pr)*(mr)Ay)~! wheremy is
the transverse mass definedras = /p2 + m? wherem stands for the particle mass.
In the case of the CERES 2000 dafgy) ~ (mr) ~ 0.5 GeV/c andAy =~ 0.7 using Eq.
(6.5) one obtains

HBT -~ 1 /2
v (D)| (R3<pT)2<mT)Ay) 0.03 (6.9)
which has the same order of magnitude as the elliptic flow oreaswith the CERES
spectrometer. Therefore, it is important to correct thesuezd flow for the HBT effect.

In order to get a more quantitative estimate of #é&7 in the following shortly the
main points will be quoted of the procedure for the HBT caticetwithout deriving the
corresponding formulde Assuming the standard Bertsch-Pratt Gaussian parameeteri
tion of the correlation function

C(p1,pa) = Ae @fieaolo il (6.10)

after integration one obtains

— A73/2 n2 Ld2 de
cp (1,41, D) = ————exp(— ) S C R (6.11)
! BByl A7, RS [, %appmd?b

At low pr, one must do the following substitution in the previous eume

nQ 2

VT oy X X

wherexy = R,pr and I, is the modified Bessel function of ordér In the case of the
elliptic flow Eq. (6.11, 6.12) become

exp(—

3In natural system of units fm corresponds t6.076 GeV ~!
4For more details, see [58]
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HBT Ad/? 1/x2 Lal2 de
¢y " (pri, 3, D) = R (6.13)
2 RSRORL fD %dQPTQd?D

with the substitution at lowr given by

) ) 2 2
6—1/)(2 s gxe—XZ/Q(I;(X?)_F]g(X?)) (6.14)

Our domainD is defined with:0.05 < pr < 4.2 GeV/c,2.05 < y < 2.75 and
-1 < ¢ < m. Also, assuming that 85% of detected charged particlesiars phalfr*
and halfr—, the right side of the Eqg. (6.13) has to be multiplied witR5 - 0.5 which
gives the probability that a particle i is, let's say;r .

Now, one is ready to evaluate the contribution of HBT cotietss ¢2/57 and to sub-
tract it from the measured correlatiefi°***"*? in order to isolate the correlation due to
the flowc!'¥ in the following simple way

CTJilow (pTl: Y, D) - Cnmeasur6d(pT17 Y1, D) - szlBT (pTla Y1, D) (615)

wherecmeasured (pry gy D) = ymeasured(pr, g Jymeasured (D) The corrected Fourier co-
efficientsv/!°* can be obtained by converting bagk®” into v/'*¥ via Eq. (6.6).

Table 6.1: The input values fon, R, R, and Ry, for the HBT correction of the integrateg.

The input values are obtained by averaging over centsitigh o /o4, < 15% and overk; <
0.6 GeVic.

A | Ry [fm] | R, [fm] | Ry [fm]
0.38 | 4.30 155 179

In Table 6.1 are given the input values & R;, R, and R, taken from [79] for
the HBT correction of the integrated elliptic flow. The valokthe integrated elliptic
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Figure 6.18: Left: the correlation coefficient!’ BT vspr calculated via Eq. (6.13). Right: the apparent
v BT (pr) pion elliptic flow arising only from the HBT correlations callated fromef 27 (p7).
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flow before correction for the HBT effect was 0.0153. Sevaeahtions of the correction
procedure were done until the final value of the integratégitiel flow corrected for the
HBT effect became stable. That value is 0.0137 and it is 10%lemwith respect to the
value before the correction for the HBT effect.

In the left panel of Fig. 6.18 are show# 57 coefficientsvs transverse momentum
calculated using Eq. (6.13). In the right panel of Fig. 6.@8shown values of the appar-
ent flowv! T (pr) due to the HBT effect. The coefficient§ 27 (pr) are calculated using
Eqg. (6.6) where:, coefficients are substituted with th&?”'. The biggest contribution of
the HBT correlation effect is situated around 150 MeV/c.pAt= 0 it has zero value.
Then it is rising quickly up to its maximum, and then it is dessing to the value close to
zero already apr = 1 GeV/c.
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Figure 6.19: The pion elliptic flowvspr before (closed circles) and after (open circles) corredio the
HBT effect. A parabolic ) fit is indicated with a full line.

In Fig. 6.19 the elliptic flow values, corrected for the HBTeet, are plotted against
the transverse momentum (open circles). At the same Figaralso plotted the elliptic
flow values uncorrected for the HBT effect (closed circl@$)e HBT corrected, values
are calculated via Eg. (6.15) and (6.6) whereoefficients are substituted with thﬁ"’”
As was expected, the correction affects only values @it low-r up to 500 MeV/c. For
pr > 0.5 GeV/c it only slightly changes the values of the measurea pitiptic flow.
Forpr > 1.0 GeV/c, the change is negligible. The correction did not atdgrease the
measured elliptic flow values but also it changed the shapleeaf, (p7) distribution. It
changed it into a roughly? like distributions which is physically expected. The péaul
behavior of the pion elliptic flow at low disappears and now; is compatible with a
variation of typev, oc p2 up to~ 400 MeV/c.
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The correction of the,(pr) for the HBT effect could be done separately for each
centrality bin too. In Table 6.2 are given valuesRif, R, and R, at different centrality
bins [79]. Recalculated integrated values of the pion &dliffow corrected for the HBT

Table 6.2: The input values fok, R, R, and Ry, for the HBT correction of the integrated elliptic
flow. The input values are obtained by averaging @wer 0.6 GeV/c in different centrality bins.

R, [fm] | R, [fm] | Ry [fm]
0% < 0/0geo < 5% 4.54 4.84 5.04
5% < 0/0ge0 < 10% | 4.32 4.52 478
10% < 0/0ge0 < 15% | 4.05 4.30 4.56

effect are shown in Fig. 6.20. As it is expected, the coroadior the HBT effect decreases
the elliptic flow values.
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In Fig. 6.21 is shown the ratio between the values of the nated pion elliptic flow
before and after the correction for the HBT effesicentrality. The biggest relative con-
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Figure 6.22: The pion elliptic flowvsthe transverse momentum calculated using the 2 subevettisdne
for 3 different centralities before (closed circles) an@afopen circles) correction for the HBT effect.

tribution is visible in the most central events fiearly 50%). Going from the most central
to the semicentral events, the HBT correction becomes smefid in the last centrality
bin with o /0,4, ~ 12%, the relative decrease of the is only 15%. This observation is
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consistent with the expected physical behavior.

Applying the procedure for the HBT correction for 3 diffeteentralities one obtains
the plots similar to one shown in Fig. 6.19. In Fig. 6.22 arevam the corresponding
plots. One can notice that going from semicentral to mordraknollisions, the HBT
effect becomes more pronounced. That is already visiblehgoat v, (pr) distributions
for different centralities. Fot0% < o/o4, < 15% the uncorrected,(pr) is a linear
function. There is no bump visible in the distribution. Boétdistribution does not have
a shape proportinal tp2. at smallpy. After subtraction the contribution which comes
from the HBT effect the obtained shape at smalbecame proportional t@%.. For more
central collisions, a bump is visible, but after subtractibe contribution from the HBT
effect it disappears completely and corrected distrilmgtivave @72 like shape.

At the end of this section one has to notice thatithealues obtained from the 'slice’
method were not corrected for the effect of HBT correlatidhe reason is that the method
itself removes the HBT effect partly. From the rough estioraigiven in Eq. (6.8),
the HBT affects the data only within a narrag region of +£2.5°. As in the ’slice’
method the pion elliptic flow is calculated via the combinpagticles from non-adjacent
slices where minimal\¢ is 1° it is clear that a big part of the HBT effect is removed
automatically. Taking into account that particles are distributed ind makes the above
spatial separation between particles even bigger. Thasible from Fig. 6.14 where
the vo(pr) values obtained from two methods are compared. At smalsmaller than
150 MeV/c)v, obtained from the ’slice’ method are smaller than thoseiobthfrom 2
subevent method uncorrected for the HBT effect. The mostrab¢xplanation is that the
method itself, just due to the slicing, removes the HBT infeeeat a small enoughy-.
With the increasing op, this advantage of the method slowly disappears.



Chapter 7
FLOW ANALYSIS OF A PARTICLES

Most of the anisotropic flow measurements available in tis¢esgatics are done for non-
strange particles [39,49,55,80-83]. At very low colliserergies directed flow of strange
particles was measured [80, 84—88]. Recently, at very highCRenergies [89] elliptic
flow of strange particlesK?2, A, =, and(2) was measured. At the CERN SPS a few
measurements of transverse radial flow in Pb+Pb collisibggay = 17 GeV/c [90,91]
were done. In order to explain a quantitative differencehi@ transverse radial flow
between multi-strange baryons and non-strange hadronpnepsesed a physical picture
in which multi-strange baryons do not take part in a commguaasion and thus decouple
early from the system [92]. This explanation also suggédsit\ia the investigation of
the elliptic flow of strange particles one can have an insigiat very early stages of the
collisions.

In this Chapter will be presented results of the anisotriq@insverse flow measure-
ments ofA particles emitted in Pb+Au collisions gtsyy = 17 Gev/c using the method
which is partially described in Section 3.4. Some specifatuees of this analysis, like
the reaction plane determination and autocorrelatiorcgft®nstruction of\ elliptic flow
pattern and extraction afbservedlow coefficients, will be presented in detail because
they are not part of the standard reaction plane method.

This Chapter will start with the identification df daughters particles. The main part
of the contents of Section 7.1 is the reconstruction pfrticles and the characteristics of
the obtained signals. In the Section 7.2, the reaction plegunstruction and its resolution
will be presented in detail. Finally, in the last Section @f3his Chapter, the results on
A elliptic flow measured as a function of rapidity, transvarsementum and the collision
centrality will be presented.

7.1 Particle Selection and\ Reconstruction

The A particles were reconstructed via the decay chanel p+7~ withaBR = 63.9%
andcr, = 7.89 cm [70]. In order to estimate a systematic error in the measant of
the elliptic flow of A hyperons, two different analysis were performed. In botkhem
many cuts, listed below, which are applied in order to mazerthe significance, were
the same. One cut, which was used in order to eliminate th&ibotion of 7 in a

77
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proton sample was essentially different. In the first casechvwill be called Run I, was
applied a sharp cut on the transverse momentum of positnelea pr > 0.4 GeV/c)
together with a sharp opening andlg - cut ¢,,- > 0.015). In that way, protons with
dE/dx ~ 200 andp < 2 GeV/c which overlap with positive pions at approximatelg th
samedE /dx and momentum were excluded from the analysis. This as a goesee
had a more pronouncetdsignal above the combinatorial background, but from theioth
side, manyA particles in that case were excluded from the analysis. drsdtond case,
which will be called Run I, in order to increase the numbengjarticles for the elliptic
flow analysis was applied combingg dependent opening angle,- cuts. Using the
kinetic generator [93]A decays were simulated and for all rapidity bins in whickvas
reconstructed two dimensioné).- vs pr distributions were formed. Based on them
was possible to establish a setgf dependent opening angle cuts which were used in
order to partially remove positive pion contribution frohetproton sample. As a price
the A statistics is increased twice, but the signal integratezt gp\andpr has been less
pronounced with respect to the Run |.
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- F I — F i ]
3k S F i ]
8900 S900F i ]
Baook o ]
ESOOE_ —:18 %8005— :
700F ] 700F —510
eoof— RUN | i 6005_ RUN Il ]
5005— . 5005— -

E —10 E .
400F 1 400F —10
300F protons 300 - protons
200F T £ i 200 —_ ‘ "

B . B

- 10 c I
100 g 100F ] S 4

v v b b by I TRl AR PETENEN AR N RTRE SR |: I"T--I‘.I-I.'I-ITI =

8 6 -4 2 0 2 4 6 8 8 6 -4 2 0 2 4 6 8

charge x p(GeV/c) charge x p(GeV/c)

Figure 7.1: Left: Partially identifiedr~ and protons in the case of a sharp cut on the transverse mament
of positive particles and a sharp opening angle cut (Runigh®RPartially identifiedr— and protons in the
case were combineg- dependent opening andlg, - cuts have been applied.

As candidates for\ daughters were chosen only those TPC tracks which satisfied
several simple cutsted below.

1. Due to late decay ok particle, TPC and SDD segment of daughter track should
not match withint-30 window.

2. Radial distance from the daughter track to the vertextjposin thex — y plane
had to be bigger tha®0 cm. This is an additional cut used in order to exclude the

loverall quality criteria on particle track were the samersSubsection 4.3.1
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vertex tracks.

3. Partial identification of particles was determinedddy/dz cut. Protons were se-
lected as positive particles with®' /dx smaller thanl.1 - dE /dxz(protons), which
corresponds te-10 boundary. Negative pions were selected as negative peticl
with dE/dx betweer).85 - dE /dx(7~) and1.15 - dE /dx(7~), which corresponds
to +£1.50 boundary. The nominal energy lo8% /dx(protons) and dE/dx(r™)
were calculated according to the appropriate Bethe-Blacmdilae. In Fig. 7.1
(left) one can see patrtially identified™ and protons in the case of a sharp cut on
the transverse momenta of positive particles and a shammpangle cut (Run I)
after applying the describedZ /dx cuts. On the right side of Fig. 7.1 are shown
partially identified protons and negative pions afterd& dx cuts were applied in
the case of combinga, dependent opening anglg.- cuts (Run II).

4. In order to suppress the contamination/df, an Armenteros-Podolanski cut [94]
with ¢r < 0.125 GeV/c and0.0 < a < 0.65 was applied. In Fig. 7.2, as a 2-
dimensionakx — ¢, distribution, are showrn, A and K? reconstructed from the
experimental data [6]. In the case of thearticle, thex variable is defined as =
(¢f —aq;)/(qf +q;) wheregq) andg; are the longitudinal momentum components
of p* andp~ calculated with respect to the, = p™ + p~. Theqr variable is
defined as the momentum componengofn the transverse plane perpendicular to
thep,. In the case of thé (K3) particle one should exchangg with px (ﬁKg) in
the above definitions.

0_3 T T T l T T= f L I:l-i1'|-l-Li-J:-l'_| LI |

. -

0.25
0.2

gt [GeVIc]

11 IIIIII|

0.15

0.1

0.05

-1 -0.8 -06 -04 -0.2

[P P N B B
-0 02 04 06 08 1
a

0

Figure 7.2: Armenteros-Podolanski plot shows A and K2 reconstructed from the experimental data.
The Figure is taken from [6].

In order to remove the effect of autocorrelation, tracksclihwvere chosen to be can-
didates forA daughter particles were not included into the determinatb the ori-

2For the first and the second item, the opposite conditiongsired in the case of* elliptic flow
analysis (see Subsection 4.3.1)
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entation of the reaction plane. Anyhow, they are well sepdrdecause\'s daugh-
ter particles do not point into vertex due to rather long tiafehalf life of A (7, =
(2.632 £ 0.020) - 1010 s),

For the flow measurements, the topology of the event is impgrespecially the mul-
tiplicity and the position of the reaction plane. In ordectompletely preserve the topol-
ogy, the mixed events technique was not used for the condsiabbackground calcula-
tion, but rather the same event technique. Additionallig tiay is much more efficient
due to consuming much less CPU time and hence faster corgputime combinatorial
background was determined by rotating posithve daughter tracks by80° around the
beam axis and constructing the invariant mass distributi®y such a rotation of posi-
tive daughter tracks around the beam axis all regkrtexes were destroyed. In order to
decrease the statistical errors, instead of one rotatioh8f&y, ten of them by a random
angle were performed. The shape of the combinatorial backgl was unchanged in
both cases.

x102 x10°
© © L
° [ T 4000
2t 2 g
10000}~ 3500~
i 3000; —Signal
8000 o —BG
B — Signal 2500
6000 —BC g
i 2000F
4000~ 15001
r 1000
20001 o
L 500F
L Clc b e e S I IR IR B
P11 115 12 125 13 1.35 Pos—"11 115 12 125 13 1.35
M (GeVic ") M (GeVic ")
102 102
Tt =) E
[T S [7] o H
=t "3,4000F
20001~ 3500
C 3000F
100p 2500F
N _S'Bnorm § _S'Bnorm
L 2000F
1000~ s
L 1500
r 1000F
500(~ F .
L ot 500F Do
F H * o H .
oF— e S K.
S R IR B R I S I BRI I B B
105 11 115 12 125 13 135 105 11 115 12 125 13 135
m;, (GeVic ") m;, (GeVic ")

Figure 7.3: Left: Run I. Top: the invariant mass distribution of the siyand the normalized combina-
torial background. In the region of the mass a pronounced signal is observed. Bottom: the invariant
mass distribution of the signal after subtraction of thenmalized combinatorial background. Right: Run
Il. Top: A small enhancement of the signal is visible in thgioa of theA mass. Bottom: the invariant
mass distribution of the signal left after subtraction & ttormalized combinatorial background.
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For two different ways of\ reconstruction (Run | and Il) in Fig. 7.3 are shown the
invariant mass distribution of the signal and the normalizembinatorial background
as well as the invariant mass distribution of the signalradtébtraction the normalized
combinatorial background. The distributions show thahia tase of Run | the signal is
much more pronounced then in the case of Run Il, but the yieldis twice higher in the
case of Run Il with respect to the case of Run | as it is expthai®ve.
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Figure 7.4: Left: mass ofA in function of pr for different rapidities displayed with different symbols
Right: the same dependences in the case of width of

The pureA signal shown at the bottom part of Fig. 7.3 does not have a <&us
shape (this is a convolution of several Gaussians). This@aequence of the fact that
the observed mass and width dfparticles depend op, andy, because the displaced
secondary vertex is not used for recalculation of the andlee to that, the analysis was
done separately ipr — y windows which are small enough that the mass and width of
particles are practically constant. In each of these smalp; windows the procedure of
A reconstruction was performed in order to extract the madsaagith of A. The signal
distributions were fitted with &aussiar+ a constanand in this case the begt values
were obtainet! In Fig. 7.4 is displayed the mass and width\oés a function opr of A
for different rapidity bins. The mass df particles strongly depends @r and practically
does not depend on rapidity, while in the casé &fwidth both dependences are present.
Once the mass and width df were established for a givenandp; they were kept as
constants for the rest of the analysis.

With the cuts, listed above, the optimal values f9fB ~ 0.04 and S/vB ~ 500
were obtained. Heré& stands for the signal anB for the combinatorial background.
Before continuation of the presentation of theeconstruction one should stress tiaB
and significance (defined &5+/B) strongly depends on the transverse momenturh of
particle. In Fig. 7.5 these quantities are displayed as etilmm of applied cuts. First point
corresponds to the distributions before any cut was appliéw second one represents

3The results obtained by fitting with@aussiar+ a slopewere a little bit less satisfactory
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(for the correspondence be-
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the cut on the acceptance edges. Al p bins, where the number of reconstructed
was extremely small, were cutted off in the analysis. In Fig. it is represented with
non-colored area. The third, main cut was Armenteros-Rostd cut what is visible

with a drop ofS/B andS/+/B values. This cut was necessary in order to suppress the

K? contamination. Last two cuts represent the opening angevsiproton and pion
pr. In Fig. 7.6,S/B andS/+/B as a function op for different rapidities are displayed
with different symbols. There is practically no rapidityg@dence of/ B, while S/v/B
shows significant rapidity dependence. Concerningsthdependence$/B goes from
values close t0 at smallp; up to values close to at the highesp;. The biggest values
of the significanceS//B are situated ap; ~ 1 — 1.5 GeV/c withy ~ 2 what is the
consequence of the fact that it is the most populated arga-irp; distribution of the
reconstructed\ (see Fig. 7.7).
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Figure 7.6: Left: S/B as a function op for different rapidities displayed with different symboRight:
the same dependences in the case of the significihees.

In Fig. 7.7 is shownA acceptance after these cuts were applied. Xhgarticles
used for the elliptic flow analysis are from the kinematicioagl.6 < y < 2.6 and
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0.3 < pr < 3.5 GeV/c. This region does not cover the whole kinematic regimmwn in
Fig. 7.7. TheA particles with smalp; and at small rapidities were not included because
they are reconstructed with a quite small valuespB and significances/v/B.
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The area under the peak in the invariant mass distributiosywsad to measure the
yield of A particles in differeny, pr and¢ bins*. The above mentioned yield was obtained
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by subtracting a normalized combinatorial background ftbexorresponding signal dis-
tributions. In the top part of Fig. 7.8 is shown an exampleuafsa distribution. Plotting
the yield versus) for different p; andy values one can construétV, /d¢ distribution
(Fig. 7.8 bottom). Fitting these distributions with a casfanctionc[1+2v) cos(2¢)], itis
possible to extract the observed elliptic flow valué$or differentp, andy and hence to
obtain differential dependences®fversuspr andy which is the main goal of this anal-
ysis. Of course, in order to get the proper elliptic flow magde, the obtained, coeffi-
cients were corrected for the reaction plane resolutionyia v}/ /2(cos[2(®; — ®,)])
as it was explained in Section 3.2.3.

7.2 Reaction Plane Determination and its Resolution

At the top SPS energy and with rather central events whicle aaalyzed, it is correct
enough to assume that the only significant azimuthally arapa flow is the elliptic flow

of particles. With such a supposition, azimuthal distridmg of particles with respect to
the true reaction plane orientatiow) can be written as a Fourier decomposition where
the only elliptic flow component$) has a non-zero value

d*N d’N 1
= —{1+2 200 — U 7.1
T = 51+ 2umcos(2(6 - W) (7.)

Using that supposition, the reaction plane was determiryechéasuring the corre-
sponding orientation (i.e. the azimuthal anglefrom the second Fourier harmonic

> prisin(2¢;) )
Zi pri 008(2@)

d = 3 arctan ( (7.2)

according to the Eqg. (3.4) and (3.5) As it was already mentioned, in order to avoid the
autocorrelation effect for the reaction plane determaratere used only those particles
which are not candidates fox daughters, i.e. were used only primary vertex tracks.
The flattening of the reaction plane was done by recentemigFeurier Expansion of
dN/d® distribution in exactly the same way as in the case of the pralysis which was
described in Section 6.2. The results of subsequent afiplicaf the flattening procedure
mentioned above are shown in Fig. 7.9. Again, as in the capeafflow analysis, big
non-uniformity in the 'raw’ reaction plane distributionasconsequence of a deepdn,
distribution due to the fact that in the case of one TPC charh3eof its electronics did
not work. The flattening procedure is performed for 9 (6) ity bins in the case of
Run I (I1). The obtained results (in the case of Run I) are showFig. 7.10.

In order to find the resolution of the measured reaction pkaeh evenfwas ran-
domly divided into two subevents. The corresponding reagbianes reconstructed from
these subevents were correlated usingth(®,—, )] variable. Here®, and®, stands
for the azimuthal angles of the reaction planes recongductthe subevents. From this,
using Eq. (3.13) the resolution was calculated. As the utwol depends on centrality

“Here¢ is the azimuthal angle of the reconstructecheasured with respect to the reaction plane.
SFor the weight is chosepyr;, transverse momentum of the givérth, particle.
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Figure 7.9: Example of flattening of the calculated reaction pléhgin one of 6 centrality bins (Run I1).
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(via the elliptic flow which decreases with centrality), iretabove described way the res-
olution was calculated for each centrality bin separat&lye resolution goes from 0.16
(semicentral events) to 0.31 (very central events).

The correction factor, which one has to use in order to cotrexobserved Fourier
harmonics for the finite reaction plane resolution, is defiag an inverse value of the cor-
responding reaction plane resolution. In Fig. 7.11 arelaysul values of the correction
factorsvs centrality (expressed via TPC multiplicity). The correctifactors grow with

O 8
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Figure 7.11: Correction factors, as the inverse values of the reactiangtesolutions calculated using
the Eq. (3.13) are presented as a function of centrality.

centrality as a consequence of the fact that the elliptic,flovd hence the reaction plane
resolution, decreases with centrality. The values of thieection factors were calculated
in three different ways. In Fig. 7.11 with open (closed) leiscare depicted the correc-
tion factor values calculated from the correlation of thacteon plane angles obtained
from a random division, iy space, of the event into two subevents in Run | (Run II).
The difference between them is practically negligible. Métars are shown the correc-
tion factor values calculated from the correlation of reatplane angles obtained from
a division, inn (pseudorapidity) space. In order to make a big differendevinways of
calculation (division inp and division iny), the event was not divided randomly into two
n subevents but in two separate subevents which correspahdio< n < 2.375 and
2.375 < n < 2.70 region.

The information which Fig. 7.11 contains is later used foreatimation of the sys-
tematic errors in the elliptic flow measurements which cofras a finite precision with
which the reaction plane resolution can be calculated.

8In this caseeventmeans a set of particles which were used for the reactioreptsaonstruction.
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7.3 Elliptic Flow of A Particles

In Fig. 7.12 are plotted the values of measured as a function df particle transverse
momentum (.3 < pr < 3.5 GeV/c) integrated over all centralities. Theelliptic flow
shows a typicap;r dependence characteristic for baryon elliptic flow. It hasnall mag-
nitude in the region of smal; and with increasing, the v, values slowly increase.
When it reaches high; values, the baryon elliptic flow achieves big values.
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Such a behavior can be seen better in the case of semicasilisibos. In the left plot
of Fig. 7.13 are shown the results of theelliptic flow vsthe pr(A) in the semicentral
collisions. Theuy(A) grows withp and reaches values larger than 10% for the highest
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Figure 7.13: A elliptic flow vspr for the semicentral (left) and central (right) collisions.
pr. On the right plot of Fig. 7.13 is shown (pr) dependence foA particles emitted

in central collisions. There is a clear difference in thepélt flow magnitude between
semicentral and central collisions.
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As an example, in Fig. 7.14 is plotted theelliptic flow (integrated over alpr bins)
versusy in the case of semicentral collisions. As one can exped disiribution should
be flat’. But, the fact that,(y) is not completely flat in rapidity could be explained by
the A acceptance. The mean transverse momentum af timereases with rapidity (as
one can see from Fig. 7.7) and hengencreases.

The analysis performed in this thesis, as was already nreediowas done in 9(6)
centrality bins in the case of Run | (Run Il). Integratily / d¢ distributions (like that one
shown in Fig. 7.8 at the bottom) over whaige and rapidity range in a given centrality bin
gives the possibility to obtaif elliptic flow vs centrality. Such distributions are shown
in Fig. 7.15. The\ elliptic flow decreases with centrality.
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As the A elliptic flow analysis was performed in two different waysufRl/Il), the

"Due to the fact that the rapidity interval in which the anays done is rather narrovxy = 0.65
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differences between these two analysis could be used taastithe systematic error of
this study. In order to visualize the size of the systematiars, in Fig. 7.16 are shown on
the top of each other results of vs p; obtained in the two, above mentioned analyses.
There is a very good agreement between them which meanshinatdtistical errors
dominate over the systematic ones. The overall absoluteragsic errorAv is estimated

as the difference between values integrated overr, y and centrality and its value is
+0.001 “One can notice that the systematic error is not indeperafent. For smallp,

—0.009 "
values fr < 1.6 GeV/c) the estimated absolute systematic etxeris *00., while in

the case of highyr values fr > 1.6 GeV/c) the estimated absolute systematic error is
+0.00
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Figure 7.16: A elliptic flow vspz from Run | and Run Il calculations.
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Chapter 8

FLOW ANALYSIS OF K}
PARTICLES

The second strange particle which its anisotropic flow has lievestigated in this thesis
is the K2 meson. The study of th&?, elliptic flow is important due to getting the system-
atics from different particle species. It is especially ortant for the comparison with*
and A elliptic flow which can establish the mass ordering effeat tluthe fact that the
mass ofK’}} particle is bigger than the pion mass and smaller than the ofas particle.
Having one patrticle specie more in the elliptic flow systeosatan give better insight in
the properties of different scaling scenarios. Chapter garsially devoted to the mass
ordering effect and the scaling properties.

This Chapter is organized in the following way. In Sectionl,&s a possiblé?
daughters, the™ andr~ selection will be discussed as well as the method bfrecon-
struction. The method dk? reconstruction is entirely different from the one used Far t
A reconstruction. The reaction plane determination andéiterdhination of its resolution
are the contents of Section 8.2. In the last Section of thisp@r the obtained results
will be presented.

8.1 Particle Selection andk’? Reconstruction

The K} particles were reconstructed via the decay chafel> =+ + 7~ with BR =
68.95% andcr = 2.6739 cm [70]. The first step in the extraction &f) daughters was the
selection ofr* andr~ particles as possible candidatesrof daughters. The selection
was done in the same way as in Subsection 4.3.1 with oneadiifer In order to increase
the K? statistics, in the momentum® /dz distribution, instead of-1.5¢0 window around
the nominal Bethe-Bloch value, particles withi2o window around the nominal Bethe-
Bloch value were chosen.

Impossibility to make a perfect particle identification the TPCJE /dx value results
in a big combinatorial background. A powerful tool for theckground suppression is
provided by the secondary vertex reconstruction. The spmeding codes used for the
secondary vertex reconstruction were developed by W. lpigol6]. The method is able
to separate tracks originating from the primary vertex fritvose originating from the

91
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secondary one. The detectors used for this purpose are th®2i&tectors and the TPC.
The first step in the procedure is the fitting of a particleknaith a straight line in the3
field free region between the SDD detector system and the RI@irror. The straight line
fitis based on 3 points coming from the 2 SDD detectors and Bt ffack extrapolated
to the position of the RICH2 mirror. The deviations from theaght line can occur by
multiple scattering what is accounted for by the momentupeddent errors of these 3
points. The second step of the procedure is that each twkstras possible candidates
for the K2 daughters, are combined and the point of the closest applmeeen them
is calculated. Assuming that tHe2 particle comes from a primary vertex, a possibility
to suppress fake track combinations is given by a cut on tii@lrdistance between the
momentum vector of th&? candidate and the primary vertex in the- y plane. This
variable will be callecbep In the case of possibly tru€? candidate théepparameter
has to be small in contrast to the case of the fake combinafitracks. The more details
about the procedure for the secondary vertex reconstruotie can find in [6].

The following list of cuts was applied in order to suppress tombinatorial back-
ground

1. ay? probability value for a linear fit applied on 3 points has tddigger than 0.01.
2. thebepparameter has to be smaller than 0.02 cm.

3. the opening anglé,+ .- > 0.05 rad.

4. the value of the z-coordinate of the secondary vertexdhe bigger than 1.0 cm.

5. Inorder to suppress the contaminatiohandA particles, an Armenteros-Podolanski
cut withgr > 0.12 GeV/c was applied (see Fig. 7.2).

6. ax? probability of finding the secondary vertex has to be biggant0.01.

The combinatorial background is reconstructed by usingrthxed events technique.
In order to preserve the topology of the event, only eventts similar multiplicity and the
orientation of the reaction plane were allowed to mix withteather. Similar multiplicity
means that the difference in the multiplicity must not begeigthan 10%, while the
similar reaction plane orientation means that the diffeeebetween the reaction plane
orientations from the two events which are used in the mixeth&s analysis must not be
bigger than22° what corresponds to the half of the reaction plane resaiutla order
to make the combinatorial background smooth enough thet®weiring procedure was
repeated 10 times.

In Fig. 8.1 is shown the invariant mass distribution of thgnsil and the normalized
combinatorial background (left) and the invariant masgrithstion of the signal after
subtraction of the normalized combinatorial backgrourghf). A huge part of the back-
ground is suppressed if one recalculates the momenta abpmdaughter particles with
respect to the reconstructed secondary vertex and makercthg position of the vertex.

Similarly as in the case of th& elliptic flow analysis, thek? elliptic flow analysis
was done differentially in small enough— p7 bins. The characteristics (the mean value
and the width) of the signal after subtraction of the normedicombinatorial background
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Figure 8.1: Left: The invariant mass distribution of the signal (recelirand the normalized combinato-
rial background (black line). Right: The invariant masdriisition of the signal after subtraction of the
normalized combinatorial background.
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Figure 8.2: Left: mass ofK2 as function ofpr for different rapidities displayed with different symbols
Right: the same dependence in the case of the widfkibf

vsy andpr are shown in Fig. 8.2. The signal distributions were fittethwi Gaussian +
a constant The mass of2 which is obtained as the mean value of the Gaussian fit has a
weak dependence agrandp, while in the case of the width both dependences are strong.
Once the mass and the width AT, were determined for a givepandpr bin they were
kept as constants for the rest of the analysis. In the apprfmache K reconstruction
described above the values®fB ~ 0.92 andS/v/B ~ 500 were obtained.

Fig. 8.3 shows the — pr distribution of the accepted” particles after all applied
cuts. TheK? particles used for the elliptic flow analysis are from theekiratic region
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In order to measure the yield & particles in a giveny — pr — ¢ bin, the area under
the peak in the invariant mass distribution, which is ol#difrom the Gaussian fit, was
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used. Fig. 8.4 (top) shows an example of such a distribufbotting the yieldvs ¢ for
differenty andp; values one can constrwi:NKg/dqﬁ distributions. One example of such
a distribution is shown at the bottom of the Fig. 8.4.

The observed elliptic flow valueg are obtained by fittingNKg/dqﬁ distribution with
a cosine functior|1 + 2v} cos(2¢)]. After the correction for the reaction plane resolution
one gets the information about the differential elliptiaflmagnitude.

8.2 Reaction Plane Determination and its Resolution

Again, as in Section 7.2, assuming that the only significargaropic flow is the elliptic
flow, one can decompose the azimuthal distribution& bfparticles constructed with re-
spect to the reaction plane in a Fourier decomposition diyeaq. (7.1). The orientation
of the reaction plane is derived from the second Fourier barousing Eq. (7.2). In order
to avoid of the autocorrelation effect, tracks used for Affereconstruction are excluded
from the set of tracks used to calculate the reaction plargair as in the case of*
andA elliptic flow analysis, the flattening of the reaction planaswdone by recentering
and the Fourier expansion of the ra\W/d® distribution. After the flattening procedures
were applied the flat N/d® distributions were obtained and they are essentially thresa
to the one shown in Fig. 7.9 (right).
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Figure 8.5: Correction factors in th&? elliptic flow analysis using the Eq. (3.13) are shown as ationc
of centrality.

The determination of the resolution of the measured reagii@ne was done using the
two random subevents method which is already describeddtid®er.2. The correction
factors for the reaction plane resolutiescentrality are shown in Fig. 8.5. Again, they
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are growing with the centrality because the magnitude okthtic flow and hence the
reaction plane resolution decreases with the centrality.

8.3 Elliptic Flow of K¢ Particles

Fig 7.12 shows thé&? elliptic flow vs K% transverse momentum for all centralities taken
together. As in average the elliptic flow analysis was pentet for rather central colli-
sions (see Fig. 4.17) where theis expected to be small, and as thi statistics is rather
poor has as a consequence huge statistical errors in thenpeddistribution. Still, there
is an indication thats (pr) grows with transverse momentum of the.
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Figure 8.6: K? elliptic flow vsp7 for all
centralities taken together.

In order to see the elliptic flow signal, in the left plot of F8g7 are shown,(pr)
dependences for thg? particles emitted in the semicentral collisions. In théatiglot of
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Figure 8.7: K2 elliptic flow vsp for the semicentral (left) and central (right) collisions.
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the same Figure is shown the corresponding dependenceefoettiral collisions. In the
case of semicentral collision&’? elliptic flow grows withpr and reaches roughly 10%
at the highespr. There is a difference in th&?, elliptic flow magnitude between these
two classes of events.

semicentral events
F2—= 10.5%

geo

\Z]

0.2

0.15

0.1

Figure 8.8: K elliptic flow vsy in the case
of semicentral events.
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-0.05

21 22 23 24 25 26
y

N —

As an example, in Fig. 8.8 is plotted? elliptic flow integrated over alp bins as a
function ofy in the case of semicentral collisions. Similarly as in thescaf theA elliptic
flow analysisv, grows withy due to the fact that the mean transverse momentufi’of
increases with rapidity (as one can see from Fig. 8.3). Itnsethat the effect is not so
strong as in the case of theelliptic flow analysis. Also, smalK?} statistics does not
allow to make a strong conclusion abaeyty) dependence.
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Chapter 9
COMPARISONS AND SCALINGS

The elliptic flow of mesons#«(* and K'%) and baryons (protons and) will be mutually
compared. Also, the obtained results will be compared vighitydrodynamical calcu-
lations and to other SPS and RHIC results. At the end of thespp@hr the results scaled
to the number of constituent quarkg and to the flavor transverse rapid'pjzgaS will be
presented.

9.1 Comparison with Hydrodynamical Model

A system can be described within a hydrodynamical theorgafttme scales of the mi-
croscopic processes within the system are significantl\llenthan the time scale of the
macroscopic evolution of the system. In the heavy-ion sigltis it means that the aver-
aged time between two successive interactions betweeongag much smaller than the
life time of the system. Only under that condition partons gaeract enough times in
order to equilibrate the system. Then the hydrodynamicah&éism can be applied in
order to describe the system.
The covariant equation for the energy-momentum conservaigiven by

0,T" =0 (9.1)

where the energy-momentum tensor is defined as

T" = (e + p)utu” — pg"” (9.2)

wheree, p andu™ are the energy density, pressure and four-velocity resedet

The hydrodynamical equations are valid from the early tifnde collision when the
system became thermalized until the time when the intenastbetween partons become
so weak that they cannot maintain the equilibration reachékle previous stage of the
collision. When the initial conditions for a given type ofawy-ion collision is provided
one needs to specify the EoS which relates thermodynamieatijies of the system.

Basically, the elliptic flow is a consequence of the rescaiteof the particles pro-
duced in a heavy-ion collision. For a given initial size of thverlapping region between
the colliding nuclei, the hydrodynamical description giviee highest flow magnitude due
to the most intense rescattering incorporated into theddydramical formalism.
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In this thesis the obtained results on the elliptic flow amnpared with the hydrody-
namical calculations done by P. Huovinen based on [95, 9&. CRlculation was done in
2+1 dimensions assuming a boost-invariant longitudinal.flbhe initial conditions were
fixed via a fit to thepr spectra of negatively charged particles and protons in Blooi-
sions at the top SPS energy [97]. The used EoS assumed tlredesphase transition to
a QGP at a critical temperature 6f = 165 MeV. The hydrodynamical predictions were
calculated with 2 freeze-out temperaturés = 120 MeV and7; = 160 MeV.

N N
> > 0
[| —— Hydro, T,=120 MeV [| —— Hydro, T,=120 MeV
0.2H 0.2H
I P Hydro, T =160 MeV / 1| P Hydro, T,=160 MeV

0.15
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R 0 1: central events
++ t 06/ G ge, = 3.5%
++ 0.05}
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01f
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pT(GeV/c) pT(GeV/c)

Figure 9.1: Comparison between the hydrodynamical calculation an€CERES experimental results on
A elliptic flow in semicentral (left) and central (right) ewsn

In Fig. 9.1 is shown a comparison betweeltpr) for A hyperons emitted in semi-
central (left plot) and central (right plot) collisions atiee hydrodynamical calculations
described above. The model prediction with a lower freazetemperature of ; =
120 MeV overpredicts the data at apy value. A better agreement between the theory
and the data can be achieved with a higher freeze-out tetopeef 7, = 160 MeV. The
same behavior is observed comparing the pion flow from CEREB& same hydrody-
namical model [98].

The higher freeze-out temperature may as well be consigtiéimthe freeze-out pa-
rameters extracted from the inclusive transverse masshadisons [99]. Similar results
can be obtained by combining the hydrodynamical model @jth= 120 MeV together
with a transport model [100] or by a hydrodynamical model ahhincluding viscos-
ity [101].
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9.2 Comparison with STAR and NA49 experiment

A comparison of the CERES data with the results from the NA4®2[ 103] at the same
energy (/syy = 17 GeV) and with the STAR results [104] fsyy = 200 GeV are
shown in Fig. 9.2. The NA49 and CERES results are in a very ggoeement.

N 7\ 1T ‘ T 1T ‘ L ‘ T TT L T TT T TT L
r e A CERES data |
0'2: *  ARHIC data, 5-30% T
- | 0 ANA49data, 5-23.5% o ]
0.15 £ .
C * o |
0.1 * F . Figure 9.2: Comparison ofA elliptic
L * 7.97.‘7 : flow measured by CERES, STAR and
i o | | 1 NA49.
0.05- « 0 -
B —e— ]
i . ! ]
ok l +_{ -~ semicentral events
It I
[ e [0/0,q, [=10.5%
7\ L1l ‘ I | ‘ I | ‘ | ‘ I | ‘ | ‘ | ‘7
0 05 1 15 2 25 3 35

pT(GeV/c

The v, values measured at the RHIC energy 2ie- 50% higher. Partly, this is due
to an effectively higher centrality (i.e. smalleyo,.,) in CERES as compared with the
STAR experiment. From the other side it is expected thatthelues measured at the
RHIC energy are higher than those at the SPS energy due toéngyedependence of
thevy. If one rescales STAR data to the centrality range close tREE data {% <

N 7\ L ‘ LI ‘ LI ‘ L ‘ LI TTTT LI \\\\7
F e K CERES data E
0'2: «  KSRHIC data, 5-30% 1
L \ 1
0.15[ 1 -
i 47 | ]
0.1~ L e - Figure 9.3: Comparison of K2 el-
- . . liptic flow measured by CERES and
; | : STAR.
0.05- T N
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0/040 < 17%) they become fors 25% smaller with respect to one plotted in Fig. 9.2,
but still they are higher than those measured by CERES an®MAthe SPS energy.

Fig. 9.3 shows a comparison of tié&, elliptic flow measured by CERES and STAR
experiment. Similarly as in the case of thgA), the v,(K?2) measured at the RHIC
energy is higher than the one measured at the top SPS endmgyish consequence of
the energy dependence of as well as of the fact the CERES experiment has a higher
centrality as compared to the STAR.

9.3 Mass Ordering Effect

Fig. 9.4 shows the elliptic flow magnitude of the, low momentum protons), and
K? emitted in semicentral events. Farhyperons as well as for* and K2 mesonsy,
increases monotonically withy-.

N O_ZL—T T 1T ‘ T T 1T ‘ T T 1T ‘ T T 1T ‘ TV T T T 1T T T 1T 1
> L | e ACERESdata -
i = proton CERES data ]
0.15[- | o m*CERESdata B
L | « K CERES data —e— 1
0.1 ] B Figure 9.4: Comparison between
i e, L ] the elliptic flow magnitude of the
i 0%30%@%}#0‘5 T—— ] 7+, low momentum protonsy, and
0.05 3o 7 K2 emitted in semicentral events.
semicentral events -
Eb/ogeo [=10.5% ]

25 3 35
pT(GeV/c)

At small pr, up tox 1 GeV/c, heavier particle species have a smaller elliptic flow
magnitude with respect to the lighter ones. In the regionigh -, abovex 2 GeV/c it

is the opposite. A rather clear mass ordering effect is ofeskrlt is not possible to give
a clear statement about(K?2) at highpr due to poor statistics.

Table 9.1: The mass ordering effect betweenof A, K2, andr™ at the top SPS energy.

smallpr highpr
Uz(A) < UQ(K%) < U2(7Ti) U2(7Ti) < ’UQ(A)

As proton andA hyperon have similar masses, theof low momentum identified
protons was used as a natural continuation of (pr) dependence at region of smajl.
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9.4 Scaling to the Number of Constituent Quarks

Comparing the intensities of the meson and baryon ellipbw fjives the possibility to
get some knowledge about the mechanisms responsible fbatirenization of the dense
matter created in the heavy-ion collisions. Due to that tealisg scenarios were pro-
posed. In the first one, scaling to the number of the constitgearks {,) [105-107],
one needs to scale both, andp.

o L L L B N
\i 0.1 | e ACERESdata .
> - = proton CERES data R
0.08- | o T CERESdata .
L | « K CERES data ]
0.06[ scaled flow B Figure 9.5: Comparison between
r \ ] elliptic flow magnitude scaled to the
0.04+ — j‘i — number of the constituent quarks
i | (io 0oo ] for then*, low momentum protons,
0_02; ooooigg \ *‘* N A, and K¢ emitted in semicentral
r 0000°% = ‘ ] events.
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i lﬁf* |:|O'/O'geo (= 10.5% ]
0.02F | )
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Fig. 9.5 shows the scaled elliptic flow magnitudgn, for 7=, A, and K2 against
pr/nge. The results are obtained from the semicentral class oftevefthile thev, is
significantly different for all three kinds of particles atyap,, except at the intersecting
region aroundx 1.5 GeV/c, within errors, /n, vSpr/n, is the same in the case 4f and
K? particles. There is an indication that high pions (r > 1.1 GeV/c) shows scaling
behavior. A similar behavior is observed by the STAR experitat RHIC [104].

Such a scenario is consistent with the coalescence meamaere co-moving quarks
with highp; forming hadrons. In this case scaling to the number of thettmient quarks
shows the original momentum space azimuthal anisotropyddrat the early stage of the
collision. This scenario also argue for the existence of@ngly interacting parton sys-
tem formed at the early stage of the heavy-ion collision. dé&e@ation from the scaling
behavior in the case of the low momentuarh may reflect the break-down of the coales-
cence mechanism at lops-. This deviation may be also caused by the contribution of
pions from resonance decays [108, 109]. Alternatively, atymeflect the difficulty of a
constituent quark coalescence model to describe the piioduaf pions whose masses
are significantly smaller than the assuemed constituemkgnasses [105].
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9.5 Scaling to the Flavor Transverse Rapidityy;”

An important scaling prediction of the hydrodynamical thyeis the so called flavor trans-
verse rapidityy{f scaling [110-112]. In this scaling scenarig, of different particle
species should scale wi{tj:ﬁS = kny2m. Herem is the mass of particleyr is the trans-
verse rapidity defined ag- = sinh'(py/m) andk,, is a mass dependent factor with a
value approximately equal to 1. In Table 9.2 are givenithevalues forr®, K2 andA
particle.

Table 9.2: Thek,, values forr, Kg andA patrticle.

nE K} A
km | 1.2965 | 1.0415 | 0.9980
N O_2ET 1T ‘ T T ‘ T 1T ‘ T T TT ‘ 1T TH T T T 1T 1T ]
= _ [ e ACERESdata ]
i m  protons CERES data ]
0.15 | « KICERESdata —
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L, fs i
0.1~ yT scaled ﬂ?W “L 7] Figure 9.6: Comparison between
L ° ‘ ] elliptic flow magnitude scaled to the
i \ O#Q’Tlé‘} ] transverse rapiditxy%iS for the =¥,
0.05 ‘ ‘ % - A, protons andx'2 emitted in semi-
i MOO ] central events.
- ‘ —
OHOOO%OOE o | semicentral events ]
T T
° Do/ogeo [~ 10.5% ]
ql 11l l - l L1 l L1l l 111l l - l L1 l 11l lA
0O 05 1 15 2 25 3 35 fls4

Fig. 9.6 shows the values of for 7+, A, protons and¢? emitted in semicentral events
scaled to they;” variable. Within statistical errors a rather good scalimglserved for
all particles. This can indicate a hydrodynamic behaviomatter created in heavy-ion
collisions at the highest SPS energy.
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CONCLUSIONS

In this thesis the elliptic transverse flow of particles mead by the CERES experiment
was investigated and discussed. A detailed investigatisndeen done for charged*{(
and proton) and strangé\ @nd K) particles emitted in rather central Pb+Au collisions
at the highest SPS energy. The data, collected by the CERESiment which covers
n = 2.05 — 2.70 with full 27 azimuthal acceptance apg sensitivity up to 4 GeV/c, are
very suitable for the elliptic flow investigations.

The huge statisticsy{ 5 - 10°) of detected pions allowed very precise measurements
of their elliptic flow. After subtraction of the HBT correlan effect, the obtained, (pr)
dependence achieved a proper shape.vf lggows quadratically with, at lowp region.
At the intermediate region it has a lineay dependence and it saturates at the high
region. The integrated pion elliptic flow smoothly decreagdth the centrality. Only
protons with very low momenta (below 1.2 GeV/c) could be tdfesd unambiguously
via the energy loss and the elliptic flow of these protons vea®mstructed in order to
have a continuation of thé& elliptic flow at the lows; region due to the similar masses
of protons and thé hyperons.

The elliptic flow of A particles emitted in the semicentral collisions shows acslp
behavior. Thes, value is close to zero up for = 1 GeV/c and then it quickly rises up
to more than 10% at the highgst. The integrated\ elliptic flow decreases with the
centrality. Thev, of the K particles grows withpr in the semicentral collisions.

The elliptic flow of mesonsa* and K%) and baryons (protons ang has been com-
pared. A mass ordering effect is observed. At smallup tox 1 GeV/c, heavier particle
species have a smaller elliptic flow magnitude with respedhée lighter ones. In the
region of highpr, abovex 2 GeV/c it is opposite. Due to the podf? statistics it is not
possible to give a clear statement aboytx?) at highpr.

In order to test the hydrodynamical models and the senyitvithe EoS the measured
A elliptic flow was used. The hydrodynamical calculation waselin 2+1 dimensions
assuming a boost-invariant longitudinal flow and the Eo® wit-st order phase transition
to QGP at a critical temperature @f = 165 MeV. The model prediction with a lower
freeze-out temperature @ = 120 MeV overpredicts the data, while a better agreement
between the theory and the data is achieved with a highezrdreat temperature df; =
160 MeV. The same behaviour is observed comparing the pion flom {€CERES to the
same hydrodynamical model [98].
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The measured elliptic flow was compared with,; values observed with the STAR
experiment at RHIC and with the NA49 results. A very good agrent between two
independent measurements of thelliptic flow at the top SPS energy was found. The
values measured at the RHIC energy are higher than those 8R8. Partly, this is due
to an effectively higher centrality in the CERES experimastompared with the STAR
experiment. From the other side it is expected thatalues measured at the RHIC energy
are higher than those at the SPS energy due to the energydigenof thes.

The most interesting part of the results concern the scaliogerties of the elliptic
flow of different particle kinds. In order to get better insignto the origin of the collec-
tive flow a scaling to the number of the constituent quarkstaedransverse rapidityés
scaling predicted by hydrodynamics was performed. Withendrrors the elliptic flow of
A and K particles scales well. At small-, pions do not scale, but it seems that at high
pr the elliptic flow of pions is scaled to the number of the cdastit quarks. Concerning
the other scaling scenario, so cal@,/d scaling shows that within the statistical errors all
three particle kinds are scaled reasonably well. Here gusstions. If particles obeyed
theys’ scaling, does the thermalization occurs at the top SPS ghdfgen more, is the
QGP formed already at this energy?



Appendix A
VARIABLES

A.1 Rapidity and Pseudorapidity

A particle is characterized with the massand the momentunp = p; + pr which
could be decomposed into a longitudinal and transversapooent with respect to the
direction of its movement. Someone can try to find anothertislesystem in which
p| = 0, i.e. p' = pr. The velocity of that system (denoted with a ) is connecteith w
rapidity. In order to find that connection one can write tfansation formulae for energy
and momentum as

E' =~(E~V-p)=vE~-Vp)) (A1)
p, =(p— VE) (A.2)
Py = Pr (A.3)

As the system of the interest is a system in whi¢h= 0, thenV = p/E with -1 <
V < 11 Asthe functiortanh satisfies the inequality 1 < tanh y < 1 one can write
V =tanhy = p|/E = y = atanhV = atanh(p/E) (A.4)

what is a definition of rapidity for a particular particle.dan the following mathematical
identities

1+V 1 1+p||/E

1
tanhV = —1 =—1 A.5
S R T A R R0 (A-5)
1 FE 1. FE E
N e i (A.6)
2 E-p 2 E-pE+p
1., E E
- 1n(ﬂ)2 _ 2P (A.7)
2 mr mr

!Note that in the natural system of unitss equal tol
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one obtains the geometrical definition of rapidity.
In the ultra-relativistic casep. >> m?) the rapidity could be written as

pr
P+
and with that one obtains the expression for the pseudatapid

0
y~ —In = —In(tan 5) (A.8)



Appendix B

FINITE GRANULARITY IN

B.1 Correction for the Finite Granularity in dNA(Kg)/dgb
distributions

In order to increase the statisticsdand K particles indNA(Kg)/dqﬁ distributions, these
distributions are made in only & bins spanned fromMi° to 90° measured with respect to
the reaction plane. The problem of the finite granularityld@appear in this case due
to the fact that the center of the bin does not correspondea@tavity center due to the
non-zero elliptic flow value. If that correction is large egh, the results have to be
corrected.

As a positive elliptic flow of\ and K2 particles was observed (see for example Fig. 7.8
bottom) one can call the left side of tiebin as¢y;,, and the right side ag,,,. Theoret-
ically, in the case ofi-th harmonic, one can write the following relations

Dhigh
Noc/ (14 20, cosjn(é — )))dé  (B.1)
é

low

= Gniah = o+ {50l (Bnign — )] = sinln(dron — W]} (B2)

”(¢hz‘gh2— ¢low)} COS[”(%z‘gh + Q;zow) - 2n\If}

2Un, .

From the other side, one has the measuyeghich is not corrected for the granularity
effect. The value of,, can be expressed with

Dnish 2008 )] By~ 1) (B.4)

Correlating Eq. (B.1) and Eqg. (B.4), one dets

N o (14 23, cos[n(

Note that in the case of smal$, the measured valug, goes into its limit value,,.
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2u,

n(¢hz’gh - ¢zow)

. N TAUJ
7 s1n[ 2 } = Un(¢high — ¢low) = Up = % (BS)
WhereA¢ = Qshigh - Qslow-
In the case of the elliptic flown( = 2) the final equation becomes simplier:
Ap

In the case of\ elliptic flow, according to the Eqg. (B.6) and the fact that bire in
the analysis was\¢ = 90°/6 = 15° = 0.2618 rad it is easy to see that the correction
factorA¢/ sin(A¢) is equal to 1.0115152 what is negligible in this case.
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