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Streszczenie

Korelacje cząstek nieidentycznych przy niskich prędkościach względnych mierzą asymetrie

czasowo-przestrzenne pomiędzy punktami emisji cząstekw czasie wymrȯzenia.Źródłem ob-

serwowanych asymetrii czasowo-przestrzennych mogą być rezonanse, kolektywne zachowanie

się wytworzonej materii czy ró̇znice w procesie wymrȧzania ró̇znych rodzajów cząstek.

Przedstawiona praca zawiera analizę korelacji mezon-barion (pion-proton) w zderzeniach

jąder złota przy energii w układziésrodka masy równej 200GeV/nukleon. Dane doświadczalne

pochodzą z eksperymentu STAR, znajdującego się w Brookhaven National Laboratory w USA.

Program naukowy eksperymentu STAR jest dedykowany do badania włásciwósci plazmy kwar-

kowo-gluonowej, a analiza zawarta w tej pracy jest elementem tego przedsięwzięcia.

W rozdziale pierwszym zawarto wprowadzenie do fizyki ciężkich jonów oraz podstawowe

sygnatury plazmy kwarkowo-gluonowej. Formalizm matematyczny funkcji korelacyjnych oraz

oddziaływán w stanie kóncowym wprowadzony został w rozdziale drugim. Rozdział trzeci

został póswięcony dotychczasowym analizom korelacyjnym wykonanym głównie w ekspery-

mencie STAR oraz nielicznym wcześniejszym próbom wyznaczenia asymetrii czasowo-prze-

strzennej układu pion-proton. Kompleks eksperymentalny zderzacza cię̇zkich jonów RHIC oraz

eksperyment STAR zostały opisane w rozdziale czwartym. Technika analizy eksperymental-

nej, zastosowane metody analizy i uzyskane wyniki przeprowadzonych badán zawarte są w

rozdziale piątym. Rozdział szósty poświęcony został symulacjom, których wyniki odniesione

do danych eksperymentalnych ułatwiły interpretację zaobserwowanych efektów i wyciągnięcie

wniosków. Rozprawę kónczy rozdział siódmy, w którym przedstawione zostały najistotniejsze

wnioski z przeprowadzonych badań.

Analiza korelacji pion-proton wymagała zbadania wpływu produktów rozpadów rezonan-

sów delta oraz słabo rozpadającego się barionu lambda na obserwowane funkcje korelacyjne

oraz czasowo-przestrzenne rozkłady źródła. W tym celu wykonane zostały stosowne obliczenia

z użyciem modeli.
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Analiza eksperymentalna wymagała przezwyciężenia trudnósci związanych z ograniczoną

akceptancją detektora. Duża ró̇znica mas między pionem a protonem sprawia,że wybór pionu i

protonu o bliskich prędkósciach wymaga wyboru cząstek o dużej ró̇znicy pędów. W rezultacie

piony u̇zyte w analizie wybrane zostały z dolnej granicy akceptancji pędowej komory projekcji

czasowej, protony natomiast wybrane zostały z obszaru górnej granicy akceptancji pędowej de-

tektora (a nawet nieznacznie ją przekraczając). Dodatkowym czynnikiem utrudniającym anal-

izę jest fakt,że krzywadE/dx pionów w wybranym do analizy zakresie pędu przecina się z

krzywądE/dx elektronów. Równiėz krzywadE/dx protonów w wybranym do analizy zakre-

sie pędu przecina się z krzywą elektronów. Powoduje to iż skorelowane pary elektron-pozyton

pochodzące z konwersji w materiale detektora kwantów gamma mogą zostác błędnie zidenty-

fikowane jako pary pion-proton. W celu eliminacji takich parzastosowano dodatkowe topolog-

iczne kryteria selekcji cząstek.

Kryteria selekcji pionów i protonów wymuszone znaczną różnicą mas powodują,̇ze pewne

orientacje z przestrzeni wektorak∗ (pęd pierwszej cząstki w układzie spoczynkowym pary) nie

są rejestrowane. Dotychczas stosowane metody obliczaniafunkcji korelacyjnych, ze względu

na wysoką czułósć na ten brak akceptancji nie pozwalały na określenie parametrów badanego

źródła. Problemy te przezwyciężono po zastosowaniu nowatorskiej metody, opracowanej w

2008 roku, wyznaczania funkcji korelacyjnych bezpośrednio rozłȯzonych na sferyczne funkcje

harmoniczne.

Na podstawie otrzymanych funkcji korelacyjnych wyznaczono parametry gaussowskiego

źródła. Wyniki wskazują,̇ze średnie punkty emisji pionów i protonów są różne. Asymetria

pomiędzy punktami emisji dwóch rodzajów cząstek jest skorelowana z rozmiarem źródła i za-

leży od centralnósci zderzenia.

Badania z u̇zyciem modeli potwierdzają obserwacje dokonane w danych eksperymental-

nych. Obserwowana asymetria ma charakter czasowo-przestrzenny. Piony emitowane są później

niż protony, ásredni punkt emisji protonów jest przesunięty na zewnątrz źródła względeḿsred-

niego punktu emisji pionów. Asymetria czasowa i przestrzenna są ze sobą skorelowane - więk-

sze przesunięcie przestrzenne pociąga za sobą większ ˛a ró̇znicę w czasach emisji. Obszar źródła,

z którego emitowane są protony jest mniejszy niż obszar źródła, z którego emitowane są piony.

Obserwowane włásciwósci źródła utworzonego w zderzeniach jąder złota przy energii 200GeV

na nukleon w układziésrodka masy wskazują na kolektywne właściwósci wytworzonej materii.
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Abstract

Correlations between non-identical particles at small relative velocity probe asymmetries in the

average space-time emission points at freeze-out. The origin of such asymmetries may arise

from long-lived resonances, bulk collective effects, or differences in the freeze-out scenario for

the different particle species.

This thesis presents study of meson-baryon (pion-proton) femtoscopy in Au+Au collisions

at
√

sNN = 200GeV. Data used in this work was registered by the STAR (Solenoidal Tracker at

RHIC) experiment in Brookhaven National Laboratory in 2004. Scientific program of the STAR

experiment was dedicated to search for Quark Gluon Plasma and investigation of its properties.

Analysis presented here is an element of this exciting and pioneering scientific adventure.

This work was done at the most advanced experimental facility, dedicated to heavy ion

collisions, in the World . Obtained experimental results proved that average emission points of

pions and protons are not the same. Source of protons is smaller than the source of pions and is

shifted to the edge of the system created in heavy ion collision.

This dissertation is organized as follows. Short introduction to the heavy ion physics, basic

concepts of the signatures of the quark gluon plasma can be found in the chapter 1. Formalism

related to the correlation functions or final state interactions FSI is presented in the chapter 2.

Chapter 3 shows overview of the HBT analyzes done by the STAR collaboration for the Au+Au

collisions. It contains also overview of the attempts to thepion-proton femtoscopy made so far

by a few other collaborations. Description of the experimental setup RHIC complex and STAR

experiment can be found in the chapter 4. Experimental analysis, technique and obtained results

step by step are described in the chapter 5. Discussion and interpretation of the results is done

via comparison to the similar studies performed withTherminator andUrQMD models and is

presented in chapter 6. At the end the whole work is summarized in the chapter 7.
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Chapter 1

Introduction

1.1 Relativistic Heavy-Ion Collisions

Heavy-Ion collisions at relativistic energies gives possibility to study properties of nuclear mat-

ter at extreme conditions of temperature and density. Nuclei under such conditions passes to a

new state of matter called Quark Gluon Plasma (QGP). According to the Big-Bang theory this

state of matter existed in the first microseconds after the Big-Bang. In QGP quarks and gluons

are not bounded into hadrons. They can freely move over the whole volume of the plasma.

Process of a space-time evolution of the system created in two relativistic nuclei collision

is presented on figure 1.1. Just after the collision (center of the z− t coordinate system) during

the pre-equilibrium phase, partons bounded into nucleons interact with each other. Fragments

of the nuclei which did not interact move away along the lightcone. According to the current

state of research, energy cumulated in the mid-rapidity region is sufficient to create a quark

gluon plasma QGP which achieves a local equilibrium at the proper timeτ0=1fm/c. QGP phase

evolves according laws of hydrodynamics. During this phasesystem expands what results in

drop of its temperature. Plasma begins to hadronize what is depicted as a mixed phase. After

crossing chemical freeze-out line all quarks and gluons arebounded into hadrons which finally

streams out of the collision region after thermalization (temperature of the system drops below

the thermal freeze-out temperature).

Properties of matter created in heavy ion collisions are extensively investigated in experi-

ments performed in two World’s leading laboratories, Brookhaven National Laboratory in USA

at Relativistic Heavy Ion Collider (RHIC) and CERN in Europeat Super Proton Synchrotron

(SPS) as well as recently started Large Hadron Collider (LHC).
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Figure 1.1: Schematic light-cone diagram of a heavy ion collision.

1.2 QCD calculations - energy density and phase diagram

Due to characteristics of the strong force quarks and gluonscan exist only in states bounded

into hadrons. However under condition of high temperature or baryon density it is possible to

achieve an asymptotic freedom in which partons do not interact with each other and can freely

move over the created system. Figure 1.2 represents latticeQCD (quantum chromodynamics)

calculations [2] of a phase diagram of a nuclear matter,T versusµB, the baryonic chemical

potential. AtµB = 0 the transition from hadron resonance gas to quark gluon plasma takes place

at the critical temperatureTc = 164±2MeV. Curvature of the crosover transition is given by

T
Tc

= 1−Cµ2
B

T2
c

,C = 0.0032 (1.1)

The solid line which starts from the endpoint atTE = 162±2MeV, µB = 360±40MeV is a first

order phase transition.

The only one experimental way to create quark gluon plasma isthrough increasing temper-

ature of the system in ultra-relativistic ion collisions. Limits of existence of hadronic phase is

not only reached by exceeding critical temperatureTc but also by increasing density of matter,

the so called "cold compression". Deconfined quarks and gluon at low temperature and high

baryonic density create state called Color Superconductorwhich possibly exists in the interior

of the neutron stars. Mechanism of deconfinement at low temperature and high baryon density
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Figure 1.2: Phase diagram of a nuclear matter (lattice QCD calculations) [2].

is called Debye screening. Due to compression of matter quarks and gluons cannot be localized

in nucleons. This phenomena is achieved when long range interactions are screened, Debye

screening radiusrD is shorter than the nucleon radius.

Figure 1.3 shows QCD calculations by Frithjof Karsch [1] for2-flavour (u,d) and 3-flavor

(u,d,s) quarks as well as two light (u,d) and one heavier (s) quark mass of energy densityε/T4 as

a function of temperature normalized to the critical temperatureT/Tc. Transition to quark gluon

plasma is seen as a sudden increase of energy density atT/Tc about 1. All three calculations

gives consistent results of estimated energy density atTc, εc = (6±2)T4
c .

For high temperature regimeT & 1.5Tc the equation of state, the temperature dependence on

energy densityε/T4 and pressurep/T4, asymptotically approach the free gas limit for gas of

gluons andnf quark flavors.

εSB

T4 =
pSB

T4 =

(

16+
21
2

nf

)

π2

30
(1.2)

Equation 1.2 can be used for descriptions of systems with lownet baryon density (close numbers

of quarks and anti-quarks) and non interacting quarks and gluons.

Figure 1.4 presents recent calculations of energy density and three times pressure as a func-

tion of temperature calculated by A. Bazavov et. al in [3]. Although sudden increase of energy

density is observed, it is not the first order phase transition but a smooth cross over. The band

of the transition region is for temperatures from 185MeV to 195MeV.
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1.3 Signatures of Quark Qluon Plasma

1.3.1 Elliptic flow and scaling with the number of constituent quarks

In non-central collisions anisotropy of particle distribution in transverse plain occurs. This phe-

nomena is called anisotropic flow. The transverse single particle distribution in the azimuthal

angleφ is often expressed in Fourier expansion:

E
d3N
d3p

=
1
2π

d2N
pTdpTdy

(

1+2
∞

∑
n=1

vncos[n(φ−ΦRP)]

)

(1.3)

whereΦRP is the angle of the reaction plane defined by impact parameterand longitudinal

direction. The most exciting observations are for the second order harmonic coefficientv2 which

characterizes the ellipticity of the azimuthal distribution of the produced particles thus it is

called "elliptic flow".

Figure 1.5 depicts how spacial anisotropy and different gradients of pressure for different

orientations of azimuth of the particle with respect to the reaction plane results in momentum-

space anisotropy of produced particles.

Figure 1.6 showsv2 measurements done at RHIC by Phenix and STAR experiments [4]. Left

group of panels showsv2 as a function of transverse momentum case (a) andv2 as a function

of KET - transverse kinetic energy.v2(pT) shows mass ordering forpT < 2GeV/c, for higher

values of transverse momentum mass ordering is broken and quark composition of the particles

dominates over their masses. Plot (b) on the left panel of figure 1.6 showsv2 as a function of
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Figure 1.5: Elliptic flow phenomena. Pressure gradients in spacial anisotropy in non-central

collision results in momentum-space anisotropy.
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Figure 1.6: Left: (a)v2 vs pT and (b)v2 vs KET . Right: (a)v2/nq vs pT/nq and (b)v2/nq

vs KET/nq. Both left and right for identified particle species in minimum bias Au+Au colli-

sions [4].

KET . v2 of presented particle species do not show mass ordering but scales up toKET ≈ 1. In

two discussed cases forpT & 2 andKET & 1 v2 split into two separate branches of mesons and

baryons. Elliptic flow of baryons reaches higher values thanelliptic flow of mesons.

Quite different observations are forv2 scaled by the number of constituent quarksnq what is

presented on right panel of figure 1.6.v2 for both mesonsnf = 2 and baryonsnf = 3 follow the

same curve over the full range ofKET/nq. This result suggests that thermalization is connected

with quark level rather than hadronic level. Plot (a) of the right panel does not show as good

scaling ofv2/nq with pT/nq as withKET/nq due to effect of hydrodynamical mass ordering.

This suggests that mass ordering is preserved over the rangeof linear increase ofKET .
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1.3.2 Suppression of high transverse momenta hadrons

Nuclear modification factorRAA is defined as a ratio of the particle yield in nuclei-nuclei col-

lisions to the particle yield in proton-proton collisions normalized by the number of binary

collisions in nuclei-nuclei collisionsNAA
coll.

RAA(pT) =
1

NAA
coll

d2NAA/dydpT

d2Npp/dydpT
(1.4)

If the medium created in A+A collisions has similar properties like in p+p collisions nuclear

modification factor is constant and equal one. Any deviations from unity suggest that created

media created in proton-proton and nuclei-nuclei collisions have different features. By anal-

ogy toRAA RCP - central to peripheral ratio is defined to compare central and peripheral A+A

collisions.

RCP(pT) =
Nperipheral

coll

Ncentral
coll

d2NcentraldydpT

d2NperipheraldydpT
(1.5)

If matter created in central heavy ion collisions has similar properties to matter created in pe-

ripheral collisions no deviation from one should be observed.
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Figure 1.7: Left: inclusivepT distribution for central and minimum bias d+Au collisions and

non-diffractive p+p collisions. Right: Nuclear modification factor for d+Au collisions as well

as central Au+Au collisions (minimum bias d+Au shifted 0.1GeV to the right for better visual-

ization) [7].

Figure 1.7 shows results obtained by STAR Collaboration [7]. Left panel presents inclusive

pT distribution of charged hadrons for central and minimum bias d+Au collisions and non-

diffractive p+p collisions. Right panel shows nuclear modification factor for the same d+Au

data and central Au+Au data scaled by the p+p spectrum. Au+Aucollisions reveals strong
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suppression of hadron production for large transverse momenta and are significantly different

than d+Au collisions which shows Cronin effect, inclusive yield is enhanced in 2GeV/c< pT <

7GeV/c. Suppression seen in Au+Au collisions is due to final state interactions with the dense

matter created in high energy collision.

1.3.3 Jet quenching

Jet is defined by group of highpT particles having similar momenta orientation. Jets are created

at level of quarks and gluons when high energetic parton travels through matter. Its energy loss

is sensitive to properties of created matter. If the matter is dense enough energetic partons may

loose enough energy due to hard scattering to prevent emission of the jet what has been observed

by STAR experiment in Au+Au collisions [7]. This phenomena is called jet quenching.

Figure 1.8 shows obtained results for central Au+Au, minimum bias p+p as well as mini-

mum bias and central d+Au collisions. Plotted two particle azimuthal distribution of back-to-

back jets is defined as

D(∆φ) =
1

Ntrigger

1
ε

dN
d∆φ

(1.6)

whereNtrigger is the number of trigger particles with 4GeV/c < pT < 6GeV/c and ε is the

tracking efficiency of the associated particles. As each trigger particle are correlated with all

associated particles distributions shows peak at∆φ = 0. Second "away-side" peak, opposite to

the trigger jet at∆φ = π is observed only forp+ p andd + Au collisions. Medium created in

central Au+Au collisions is dense enough to quench the "away-side" jet. The "near-side" jet

observed in central Au+Au collisions is believed to come from partons produced close to the

surface of the surface of the medium and outward directed.

1.3.4 J/psisuppression

In 1986 it was suggested by T. Matsui, H. Satz [6] that production of J/ψ particle (cc̄) could be

suppressed in the quark-gluon plasma because of the screening of the confining potential.

First spectacular measurements ofJ/ψ suppression was done at SPS. Figure 1.9 shows the

J/ψ over Drell-Yan cross-section ratio as a function of the average lengthL of the nuclear matter

(traversed by thecc̄ state compared to the normal nuclear absorption pattern (left panel) [5].

Right panel of this figure shows the same data but divided by the normal nuclear absorption

pattern [5]. Both panels of figure 1.9 show clear suppressionof J/ψ above theL ≈ 8 f m what
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corresponds to energy density of the mediumε ≈ 2.5GeV/ f m3.

1.3.5 Strangeness enhancement

Strangeness is absent in the colliding nuclei so any strangehadron must be produced in the

created source. Strange quarks can be produced in hadronic or partonic reactions, gluon fusion

or quark-anti-quark annihilation. Ass quark is relatively heavy (104+26
−34MeV1) high energy

is required for its production. Energy threshold for production of strange quark in hadronic

channel is much higher than energy threshold in partonic reactions thus possible enhancement

of the production of strange hadrons has been proposed to be asignature of existence of QGP.

Figure 1.10 presents enhancement of production in mid-rapidity region of strange baryons

Λ(uds), Ξ−(dss), Ω(sss) and their antiparticles as a function of number of participants Npart

measured at the SPS and RHIC energies. Clear enhancement canbe observed for all presented

particles. Measured enhancement grows linearly for strange baryons with number of partic-

ipants and its strength depends on strangeness of the particle (S= 1,2,3) and is higher for

1Particle Physics Booklet, July 2008
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particles with higher number of strange quarks. Data from RHIC is within the error bars at the

same level as data from SPS. Enhancement of production of inclusive protons which are shown

for a reference is constant over the investigated region of number of participants.

1.3.6 Dynamical fluctuations of strange particles multiplicities - "horn"

structure

Methods of localizing the region of transition from hadron gas to quark gluon plasma have

been proposed in [9]. The most spectacular is energy dependence of the ratio of strange particle

multiplicities to pion multiplicities and an increase of the event-by-event fluctuations what can

have characteristic behavior in the deconfinement transition region.

At energies lower than energy needed for a QGP formation the strangeness to entropy ratio

increases with energy of the system due to the fact that mass of the strange degrees of freedom

is higher than temperature of the created system. At the critical temperature this ratio is higher

in the state which exists in the lower lower temperatures than in the state which exists above

TC. Thus in the mixed phase strangeness to entropy ratio decreases to value specific to QGP.

This behavior has been called "horn" structure and is considered to be signature of the phase

transition and a very good tool for a critical-point search.
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Figure 1.10: Yield enhancement of strange baryonsΛ,Λ̄, Ξ−,Ξ̄+ andΩ,Ω̄ as a function of num-

ber of participants. Solid markers are for Au+Au at
√

sNN = 200GeV, open markers are for

Pb+Pb at
√

sNN = 17.3GeV. Black and red arrows indicate predictions forΛ andΞ. Blue trian-

gles show inclusive protons to illustrate effects of non-strange baryons [8].

Figure 1.11 shows energy dependence of the relative strangeness production measured by

the NA49 Collaboration[11] in Pb+Pb collisions at the SPS, data are also supplied with recal-

culated results from AGS. RatioES = (〈Λ〉+ 〈K + K̄〉)/〈π〉 plotted as a function of collision

energy reveals the "horn" structure predicted in the SMES (Statistical Model of the Early Stage)

model [10]. Fast increase of theES ratio is followed by the turn out and decrease at about
√

sNN30GeV. Reference data from proton reactions shows only monotonicincrease over the

measured collision energy.

Recently two World’s leading heavy ion facilities SPS and RHIC began their projects of

search for critical-point with energy and system scanning.The idea is to move in two dimen-

sions with energy and baryon density on the phase diagram andlocalize the critical point (see

figure 1.2).
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Figure 1.11: Energy dependence of the relative strangenessproduction as measured by the

ES = (〈Λ〉+ 〈K + K̄〉)/〈π〉 ratio in central Pb+Pb at SPS (red markers) and Au+Au at AGS

(blue markers) collisions. Data from proton-(anti-)proton reactions (open circles) is plotted for

comparison [11].

1.4 Models

Since the beginning of heavy ion collision physics scientists develop various models which are

intended to describe particles production mechanism and interactions between produced parti-

cles. In this thesis two models UrQMD and Therminator are used for discussion and comparison

with experimental results.

1.4.1 UrQMD - Ultrarelativistic Quantum Molecular Dynamic s

The Ultrarelativistic Quantum Molecular Dynamics [12][13] - UrQMD - model is a microscopic

transport model used for simulating heavy ion collisons in awide range of collision energies

from about
√

sNN = 1GeV (SIS) up to top RHIC energy
√

sNN = 200GeV. UrQMD is a mul-

tipurpose model for studying physical phenomena such as: creation of dense hadronic matter

at high temperatures, multi-fragmentation processes, elliptic flow, electromagnetic probes, pro-

duction of resonances or particle correlations. UrQMD model supports hydrodynamical evolu-
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Figure 1.12: Particle production via baryon string fragmentation. Two quark-antiquark pairs (uū

andss̄) are created in the color flux-tube between constituent diquark and the constituent quark.

tion of hot and dense stage of the collision. It also includesthe Pythia for hard pQCD scatterings.

In UrQMD projectile and target are modeled by Fermi-gas ansatz. Nucleons are repre-

sented by Gaussian shaped density functions. A nucleon nucleon interaction is based on a

non-relativistic Skyrme-type equation of state with additional Yukawa and Coulomb potentials.

Hadron hadron collisions are performed stochastically. Cross section has geometrical interpre-

tation as an area and collision between particles occurs when the relative distance between them

dtrans is lower or equal
√

σtot/π, whereσtot is a total cross section and depends on particle type

and collision energy.

Production of particles takes place via decays of resonances or via strings excitations and

fragmentations. At lower collision energies in c.m up to about 8-10GeV/nucleon production of

particles is dominated by decays of resonances. For energies considered in this work strings ex-

citations and fragmentations dominates process of particles production. An example of baryon

string fragmentation excitation is presented on figure 1.12where two quark-antiquark pairs are

created. The leading diquark combines forms a hyperon with newly produceds quark, newly

produced ¯s andu quarks form a kaon and newly produced ¯u quark with leading quark forms a

pion.

UrQMD has implemented decay channels of all nucleon-, delta- and hyperon-resonances

up to 2.25GeV/c2 as well as meson decays. It is possible to prevent UrQMD from decaying

selected particles.

UrQMD model is very flexible what helps in understanding of interactions and the dynamics

of heavy ion collisions. It allows user to specify various parameters of the collision like energy

of the collision, type of the collision head-on or fixed target, type of target and projectile or

impact parameter. Among many parameters it is also possibleto define equation of state or time

of the evolution of the system.
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1.4.2 THERMINATOR: THERMal heavy-IoN generATOR

Therminator[14] is an event generator based on Monte-Carlogenerator which implements sin-

gle freeze-out thermal models. Its primary goal is to study particle production in relativistic

heavy ion collisions at the energies of SPS, RHIC or LHC.

Therminator implements a few expansion models based on Buda-Lund parametrization or

Blast-Wave parametrization. All particles from Particle Data Tables are take into account during

generation process. Positions and momenta of the particlesare generated using Bose-Einstein

or Fermi-Dirac distribution on the hypersurface. Producedparticles do not interact with each

other. Stable particles stream away along classical trajectories. Unstable particles are addition-

ally decayed. Therminator supports two-body and tree-bodydecays. Decays of cascade particles

proceed until only stable particles are present.

In this work emission function with quasi-linear velocity profile (equation 1.7)[15] was

used:

dN
dydϕpTdpTdα||dφdρ

=
τmT cosh

(

α||−y
)

(2π)3 ×
{

exp

[

β
mT cosh

(

α||−y
)

− pTνr cos(ϕ−φ)
√

1−ν2
r

−βµ

]}−1

(1.7)

where the freeze-out hypersurface is defined as:

τ̃ = τ = const,

νr = tghα⊥(ξ) =
ρ/ρmax

νT +ρ/ρmax
(1.8)

andτ, ρmax, νT are parameters of the model.

A new version ofTherminator+Lhyquid (Therminator 2.0 beta) with implemented hy-

drodynamics was also used for calculations done in this work. Although this version is still not

officially released it can be considered as reliable as a number of publications based on its

calculations were already published [16][17][18][19].

In this version hydrodynamical equations implement ideal-fluid, baryon free, boost invariant

hydrodynamics. Initial energy density has a Gaussian form:

n(x,y) = exp

(

− x2

2a2 −
y2

2b2

)

(1.9)
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wherex andy are transverse coordinates anda andb are parameters (estimated from the GLIS-

SANADO Glauber Monte Carlo calculations [21]) that depend on centrality of the collision.

Evolution of the system begins with formation of the massless partons and collisionless

partonic free-streaming followed by a sudden equilibration. In the next step fully thermalized

fluid begins its hydrodynamical evolution which starts at the emission proper timeτ0 = 0.25fm.

System freezes at the freezeout temperatureTf =145MeV, then statistical hadronization at the

freeze-out hypersurface (hadrons are generated accordingto the Cooper-Frye formalism [22])

takes place and then all hadrons steams freely. Rescattering between hadrons is neglected. Un-

stable hadrons decay.

Figure 1.13: Diagram of the particle’s velocityβ decomposition into flowβ f and thermalβt

components. [19]

Investigating emission asymmetries is the main aim of this work. In hydrodynamical evo-

lution of the system source can be divided into fluid cells. Each cell has its flow velocityβ fβ fβ f .

Particles emitted from such cell have the same flow velocity.In addition toβ fβ fβ f each particle gets

its own thermal velocityβtβtβt which have random directionφt (see figure 1.13. Component of the

emission point, of a single particle, parallel to its the velocity has the form [19][20]:

xout =
xβxβxβ
β

=
r
(

β f +βt cos
(

φt −φ f
))

β
(1.10)

whereβββ is a single particle velocity.

Mean emission point, averaged over particles at fixedβ, for Gaussian density profile exp
(

−r2
t /2r2

0

)

can be expressed as:

〈xout〉 =

〈

rβ f
〉

〈√

β2
t +β2

f

〉 =
r0β0β

β2
0+T/mt

(1.11)
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wherer0 is a radius andβ f = β0r/r0. The local thermal momentum distribution is characterized

by temperatureT.

Equation 1.11 has explicitly given element of a thermal velocity. We can see that maximal

possible shift between emission points inout is for zero thermal velocity.

As explained in [19], in general when two particles, lighterand heavier emitted from the

same fluid cell have the same flow velocity but different momenta. Total velocity of them is

additionally increased by thermal, momentum dependent component. Thus for the samepT

thermal velocity obtained by lighter particle is higher than a thermal velocity obtained by heav-

ier particle. Total velocity of a lighter particle is less correlated with its emission point than in

case of heavier one. In the system with no flow mean emission point of any particle is zero.

When thermal (random) component dominates over flow (correlated) component of the particle

velocity than mean emission points are also zero. Whenβ f dominates overβt then shift of the

mean emission point is observed but as theβ f of both particles is the same, centers of the source

of the lighter particle is very close to the center of the source of the heavier particle. Asymme-

try in theout direction between average emission points of lighter and heavier particles can be

observed when flow and thermal components of the particle velocity are comparable.
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Chapter 2

Two particle correlations with small

relative velocities

In the 1950s R. Hanbury Brown and R.Q. Twiss proposed the new technique of measuring

angular dimensions of bright visual stars [23][24]. It was based on the idea that the time of

arrival of photons in coherent beams of light is correlated and this phenomenon can be used an

interferometer to measure the apparent angular diameter ofstars. Information about the size of

the emitting source can be calculated from opening angle of momentum vectors which can be

extracted from the two photon correlation function as a function of a space-time distance of the

detected photons.

A few years later correlation effect in angular distributions of pions, related to the Bose-

Einstein statistics was observed in the antiproton-protonanihilation process [25]. Later on

Kopylov and Podgoretsky formulated a method of extracting space-time characteristics of the

source [26].

Both techniques use measurable momentum-space structure for description of non measur-

able space-time structure of the investigated object but incase of the astronomy the effect that

causes correlation between photons takes place in the detector and in case of nuclear collisions

the correlation between particles has its origin in the source.

2.1 Identical particles correlations

The momentum correlations of non-interacting particles emitted in nuclear collisions are in-

fluenced by the quantum statistics effect. If the particles are bosons they obey Bose-Einstein
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Figure 2.1: Identical particles are indistinguishable thus two scenarios of registering them are

equally probable.

statistics and if the particles are fermions they satisfy Fermi-Dirac statistics. Interacting par-

ticles are also influenced by final state interaction which may come from Coulomb or strong

forces.

Identical particles are indistinguishable therefore the plane wave function (Eq. 2.1) of the

pair needs to cover two scenarios - depicted on the figure 2.1.The first one when particles with

momentap1 and p2 are emitted from pointsx1 andx2 respectively and the second one when

they are emitted fromx2 andx1 respectively. Quantum mechanics requires the wave function to

be symmetrized for bosons and anti-symmetrized for fermions.

Ψ12(x1x1x1,p1p1p1,x2x2x2,p2p2p2) =
1√
2

[exp(ip1p1p1 ·x1x1x1+ ip2p2p2 ·x2x2x2)±exp(ip1p1p1 ·x2x2x2+ ip2p2p2 ·x1x1x1)] (2.1)

The probability of registering two particles in such state can be expressed by

P2(p1p1p1,p2p2p2) = E1E2
dN

d3p1d3p2
=

Z

d4x1d4x2S(x1,p1p1p1)S(x2,p2p2p2) |Ψ12|2 (2.2)

whereS(x, p) is the single particle Wigner space-phase density. One-particle spectra are defined

by

P1(p1p1p1) = Ep
dN
d3p

=

Z

d4xS(x,ppp) (2.3)

Two particle correlation function is defined as a ratio of two-particle and one-particle spectra

(Eq. 2.4)

C(p1p1p1,p2p2p2) = N
P2(p1p1p1,p2p2p2)

P1(p1p1p1)P1(p2p2p2)
(2.4)
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whereN is the proportionality factor which is specified by relatingparticle spectra to inclusive

differential cross sections.

P1(p1p1p1) = Ep
1
σ

dσp

d3p
(2.5)

P2(p1p1p1) = E1E2
1
σ

dσ12

d3p1d3p2
(2.6)

Particle spectra can be also expressed in terms of creation and annihilation operators:

P1(p1p1p1) = E〈â+
p âp〉 (2.7)

P2(p1p1p1) = E1E2〈â+
p1

â+
p2

âp1âp2〉 (2.8)

and they can be normalized by
Z

d3p
E

P1(ppp) = 〈N̂〉 (2.9)

Z

d3p1

E1

d3p2

E2
P12(p1p1p1,p2p2p2) = 〈N̂(N̂−1)〉 (2.10)

whereN̂ is the number operator. Equations 2.9 and 2.10 define proportionality factor used in

equation 2.4

N =
〈N̂〉

〈N̂(N̂−1)〉
(2.11)

If we introduce two vectors of average momentumK = (p1+ p2)/2 and relative momentum

q = p1− p2 than we can replaceS(x1, p1)S(x2, p2) by S(x1,K − 1
2q)S(x2,K − 1

2q) and follow-

ing [27] for small relative momenta we can apply the following smoothness approximation

S(x1,K − 1
2

q)S(x2,K − 1
2

q) ≈ S(x1,K)S(x2,K) (2.12)

Finally the equation 2.4 can be expressed as follows.

C(qqq,KKK) = 1±
∣

∣

R

d4xS(x,KKK)eiqx
∣

∣

2

|
R

d4xS(x,KKK)|2
(2.13)

2.1.1 Gaussian parametrization of the source

In order to extract quantitative information from the measured correlation function the parametriza-

tion of the emission functionS(x,K) needs to be assumed. The simplest is a Gaussian parametriza-

tion of a source:

S(x, t)≈ exp

(

− x2

2r2
0
− t2

τ2
0

)

(2.14)
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Figure 2.2: Decomposition ofk∗ into out,side, longcomponents.

Equation 2.14 does not depend on the average momentumK of the pair and the correlation

function can be written as

C(qqq,q0) = 1+λexp

(

−qqq2R2

2
− q2

0τ2

2

)

(2.15)

whereq0 = E1−E2 is the energy component conjugated to the emission duration. Parameterλ

is the phenomenological parameter which takes values between 0 and 1 and describes strength

of the correlation.

One-dimensional correlation functions are often calculated with respect to Lorentz invariant

variableqinv =
√

q2
0−qqq2. Correlation function then takes the form:

C(qinv) = λexp
(

−q2
intR

2) (2.16)

2.1.2 Out-side-long coordinate system

Often choice of the coordinate system in femtoscopic analyzes is the Bertsch-Pratt[28][29]

out-side-long parametrization wherelong is directed along the beam axis,out and side lay

in transverse plane.Out is along the total momentum of the pair andside is perpendicular

to it. Schematic view ofout, sideand long components is presented on figure 2.2. Vectork∗

decomposed on this figure is half of the vectorq and is used in construction of the non-identical

particle correlation functions which are discussed in thisthesis.

Correlation function can be now rewritten as

C(qqq) = 1+λexp(−q2
OR2

O−q2
SR2

S−q2
LR2

L) (2.17)
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2.1.3 Final State Interaction - Coulomb and strong

Coulomb part of the pair wave function of charged particles which depends on relative distance

between emission points can be written in the following form[30]:

ψc
−k∗(r

∗) = eiδc
√

Ac(η)e−ik∗r∗F(−iη,1, iξ) (2.18)

whereξ = k∗r∗+k∗ · r∗k∗ · r∗k∗ · r∗ ≡ ρ(1+cosθ∗), ρ = k∗r∗, η = 1/(k∗a) anda= 1/(µz1z2e2) is the Bohr

radius,µ= m1m2/(m1+m2) is the reduced mass,δc = argΓ(1+ i/(k∗a)) [34] is the Coulomb

s-wave phase shift,k∗ is half of the relative momentum in pair rest frame PRF,r∗ is the relative

separation between emission points andθ∗ is the angle betweenk∗ andr∗.

Ac is the Gammov factor which describes the Coulomb interaction at 0 relative distance between

emitted particles:

Ac(η) =
∣

∣ψc
−k∗(0)

∣

∣

2
= 2πη(exp(2πη)−1)−1 (2.19)

andF(α,1,z) is the confluent hypergeometric function:

F(α,1,z) = 1+
αz
1!2

+
α(α+1)z2

2!2
+ ... (2.20)

If the particles interact also by strong interaction a pair wave function needs to be supplied

additional term responsible for description of it [31].

ψc
−k∗(r

∗) = eiδc
√

Ac(η)

[

e−ik∗r∗F(−iη,1, iξ)+ fc(k
∗)

G̃(ρ,η)

r∗

]

(2.21)

whereG̃=
√

Ac(G0+ iF0) is a combination of the regular (F0) and singular (G0) s-wave Coulomb

functions.

fc(k
∗) =

f (k∗)
Ac(η)

=

[

f−1
0 +

1
2

d0k∗2− 2h(η)+ iAc(η)/η
ac

]−1

(2.22)

f (k∗) is the amplitude of the low-energy s-wave elastic scattering due to the short-range inter-

action renormalized by the long-range Coulomb forces. Function h(η) is expressed through the

digamma function, but for|η| < 0.3 can be approximated by

h(x) =
1
x2

∞

∑
n=0

1
n(n2+x−2)

−C+ ln |x| (2.23)

and finallyC is the Euler constant.

Interaction between pions and protons is dominated by Coulomb interaction. Strong component

of FSI is negligible thus correlation function at small relative momentak∗r∗ < 1 and forr∗≪|a|
can be approximated by [33]:

C(k∗) = Ac(η) [1+2〈r∗(1+cosθ∗)〉/a+ ...] (2.24)
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Figure 2.3: Kinematical relations between separation of the emission points and momenta of

the particles.

2.2 Correlation function of non-identical particles

Correlations between non-identical particles are sensitive to differences between space-time

emission points of different particle species. Correlation function can be approximated by equa-

tion 2.24. Elementr∗(1+cosθ∗) averaged over space defines space-time structure of the source

but both quantitiesr∗ andθ∗ are not accessible in the experiment. Taking into account that the

final state interaction which determines correlation function depends on the orientation of the

relative 4-coordinates of the emission point through the scalar product ofk∗k∗k∗ ·r∗r∗r∗ we can measure

space-time asymmetry of the source [33][34][35]. Figure 2.3 describes relations between quan-

tities not measurable in the experiment and experimentallyaccessible quantities.

Two particles are emitted with momentap1p1p1 and p2p2p2. Separation between them is defined by

vectorr∗r∗r∗. Vectork∗k∗k∗ is defined as half of the relative momentum of the pair what is momentum

of the first particle in pair rest frame PRF. Velocity of the pair keeps the direction of total mo-

mentum of the pair and creates an angleΨ with vectork∗k∗k∗. θ∗ is an angle betweenr∗r∗r∗ andk∗k∗k∗ and

ϕ is an angle betweenr∗r∗r∗ andvvv.

To access information about such asymmetry in the outward direction (out) one can con-

struct two correlation functionsC+ for cos(Ψ) > 0 andC− for cos(Ψ) < 0 what corresponds to

k∗out = k∗k∗k∗ ·v⊥v⊥v⊥/v⊥ > 0 andk∗out = k∗k∗k∗ ·v⊥v⊥v⊥/v⊥ < 0. If particles are in the average emitted from the

same positions, ratio ofC+/C− measures mean relative emission time. If in the average there

is no delay between emission of two particles the ratioC+/C− measures spacial shift between

average emission points. In general combination of these two cases:

< r∗ >= γT(∆r −βT∆t) (2.25)
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which cannot be separated is measured.∆r and∆t are quantities in centrum mass system CMS.

Relation between PRF and CMS is defined by the Lorentz factorγT = 1/
√

(1−vT). Once the

relations from figure 2.3 are defined the equation 2.24 can be rewritten as [33]

C(k∗) = Ac(η)[1+2〈r∗〉/a+

2cosΨ〈r∗out〉/a+

2sinΨ
(

sinφ〈r∗side〉+cosφ
〈

r∗long

〉)

/a+ · · · ] (2.26)

Then forr∗side= r∗long = 0 andk∗ → 0 "double-ratio"C+/C− takes the form [33]

C+

C− ≈ 1+2
(

〈cosΨ〉−−〈cosΨ〉+
)

〈r∗out〉/a (2.27)

where+ and− subscripts indicates averaging over positive and negativeorientations ofk∗out.

Deviation from unity (peak or dip) for smallk∗ is conjugated with space-time asymmetry of the

source.

2.3 Constructing experimental correlation function

Experimental correlation function is constructed as a ratio of two particle distribution of par-

ticles coming from the same eventN(q) (correlated particles) to the two particle distribution

of particles coming from different eventsD(q) (uncorrelated particles). Correlation function is

required to satisfy the condition that it is constant and equal 1 for largeq so denominatorD(q)

should be properly rescaled. Constantc is the correlation function normalization factor.

C(q) =
N(q)

cD(q)
(2.28)

Two particle distributions are constructed as a functions of pair relative momentumq in case of

identical particles or half of the relative momentumk∗ for non-identical particles.

2.4 Correlation function constructed in spherical harmonics

Structure of the source can be much more efficiently exploredby constructing correlation func-

tion using spherical harmonic decomposition [36]. Acceptance of the detector does not cover

full phase space of vectork∗ what results in difficulties in calculating harmonic moments from

3-dimensional correlation function. To resolve such problems method of constructing raw pair
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distributions directly in spherical harmonics has been used in this work [37] and will be briefly

described below.

Correlation functionC(k∗k∗k∗) is defined as a ratio of two particle distribution of correlated particles

T(k∗k∗k∗) do the ratio of two particle distribution of uncorrelated particlesM(k∗k∗k∗)

C(k∗k∗k∗) =
T(k∗k∗k∗)
M(k∗k∗k∗)

(2.29)

each of the elements of this equation can be decomposed into SH

T(k∗k∗k∗) = 2
√

π∑
lm

Tlm(k∗)Ylm(θ,φ) (2.30)

where

Tlm(k∗) =
1

2
√

π

Z

dθdφT(k∗k∗k∗)Y∗
lm(θ,φ) (2.31)

experimental conditions require following approximation

Tlm(k∗n) ≈
2
√

π
N

N

∑
i=1







Y∗
lm(θk∗i ,φk∗i ) if k∗i in bin n,

0 otherwise
(2.32)

whereN is the number of pairs in calculated distribution. ThenTlm takes the form

Tlm(k∗) = ∑
l ′′m′′

M̃lml′m′(k∗)Cl ′′m′′(k∗) (2.33)

where matrixM̃̃M̃Mk∗ is written as

M̃lml′′m′′(k∗) = ∑
l ′m′

Ml ′m′(k∗)

(−1)m
√

(2l +1)(2l ′+1)(2l ′′+1)




l l ′ l ′′

0 0 0









l l ′ l ′′

−m m′ m′′



 (2.34)

Such defined equation 2.33 can be used for direct computing ofClm(k∗) components.

Due to symmetry reasons number of relevant components are reduced. Detailed discussion can

be found in [36]. In analysis presented in this thesis collisions of identical ions (Au+Au) are

considered and measurement covers symmetric mid-rapidityregion thus odd(l + m) compo-

nents vanish (polar angle symmetry). Due to the fact that measurement is integrated over the

reaction plane all imaginary components also vanish. Vanishing components of the calculated

function can be treated as an analysis and data quality test.

C00 component directly probes size of the system, is sensitive to FSI interaction and reveals

attractive or repulsive behavior of Coulomb interaction.ReC11 keeps information about asym-

metry of the source.C20 andReC22 elements indicate that size of the system in three directions

out, sideandlongare not the same. Higher order elements are not significant tothis analysis.
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Chapter 3

Overview of femtoscopic analyzes

3.1 STAR results - meson-meson systems

System of identical pions is the most extensively investigated system in femtoscopic measure-

ments. The first STAR measurements of pion-pion correlations were done inyear1 dataset of

Au+Au collisions at
√

sNN = 130GeV then in
√

sNN = 200GeV. Recently such studies have

been supplemented with measurements done in Cu+Cu at
√

sNN = 62.4GeV and
√

sNN =

200GeV as well as Au+Au at
√

sNN = 62.4GeV. Figures 3.1 and 3.2 show the latest results

on pion interferometry published in 2009.

As shown on figure 3.1 femtoscopic radii grow as expected withincreasing centrality for

both colliding systems. No centrality dependence is observed for λ parameter andRout/Rside

ratio. HBT radii andRout/Rside decreases with transverse mass. Decrease ofout andsidecom-

ponents is described by transverse flow. Decrease oflong component is correlated with lon-

gitudinal flow. Parameterλ grows with increasing transverse mass of the investigated system

mT . This is due to decreasing contribution of pions produced from long lived resonance de-

cays at higher transverse momenta [38]. What is not presented on the cited figures but men-

tioned by the authors of [38] is that parameterλ and ratioRout/Rsideare higher for collisions at
√

sNN = 62.4GeV than for
√

sNN = 200GeV.

Left panel of figure 3.2 show ratios of extracted radii for central Au+Au and Cu+Cu colli-

sions at
√

sNN=200GeV and 62.4 GeV. Ratios of Au+Au to Au+Au as well as Cu+Cuto Cu+Cu

are close to unity. Ratios of radii extracted from Au+Au collisions to radii from Cu+Cu colli-

sions are at the level about 1.5. All ratios do not show any dependence on transverse mass what

can be understood in terms of models which assume the radii proportional toA1/3, where A is
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Figure 3.1: Femtoscopic parametersRout, Rside, Rlong, Rout/Rside andλ as a function of trans-

verse massmT and their centrality dependence for Au+Au collisions at
√

sNN = 62.4GeV (left

panel) and Cu+Cu collisions at
√

sNN = 200GeV (right panel) [38].

the atomic mass number of the colliding nuclei [38].

Estimated pion freeze-out volume (Vf ∝ R2
sideRlong, Vf ∝ RoutRsideRlong) as a function of

charged particle multiplicity density for Au+Au and Cu+Cu collisions is presented on right

panel of figure 3.2 [38]. As the system size decreases with transverse mass authors of this anal-

ysis used for the volume freeze-out estimation the lowestmT bin which corresponds tokT region

from 150 to 250 MeV/c. Common linear dependence is observed for all four combinations of

colliding nuclei and energy of the collision.

The energy dependence of the pion freeze-out volume in heavyion collisions calculated for

wide range of energies from energies of AGS up to energies of RHIC is presented on figure 3.3.

AGS measurements show monotonic decrease of the volume while for SPS and RHIC energies

monotonic increase is observed. Authors of the [38] explainthis effect in therms of mean free

path length of pions at freeze-out (eqn. 3.1)

λ f =
1

ρ f σ
=

Vf

Nσ
(3.1)

whereρ f is the freeze-out density described as the number of pionsN in the freeze-out volume

Vf and theσ is the total cross section for pions to interact with the medium.Nσ can be expressed

as a sum of pion-pion and pion-nucleon contributions. At theenergies available at the AGS

pion-nucleon cross section is larger than the pion-pion cross seciton, also number of nucleons

in mid-rapidity region is larger than the number of pions. Thus the decrease of the number of
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Figure 3.2: Left: Ratios of femtoscopic radii at central collisions for Au+Au and Cu+Cu col-

lisions at
√

sNN = 200 and 62.4GeV as a function ofmT [38]. Right: Pion freeze-out volume

estimates as a function of charged particle multiplicity density for Au+Au and Cu+Cu collisions

for
√

sNN = 62.4GeVand
√

sNN = 200GeV [38].
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σ (fm) 〈∆r∗out〉 (fm)

STAR Data 12±0.4+2.2
−3 −5.6±0.6+1.9

−1.3

RQMD 11.8±0.4 −8.0±0.6

Blast-Wave 9.9±0.1 −6.9±0.3

Table 3.1: Gaussian 3-dimensional fit results in pair rest frame for pion-kaon correlation func-

tions for central Au+Au collisions at
√

sNN = 200GeV [39].

nucleons with energy results in decrease of observed freeze-out volume. At the SPS and RHIC

energies contribution to theNσ therm from pion-pion dominates thus monotonic increase of the

Vf with energy is observed.

Figure 3.4 shows pion-kaon correlation functions measuredin Au+Au collisions at
√

sNN =

130GeV - the first results of non-identical particle correlations measured by STAR Collabora-

tion. Presented results suggest that pions and kaons are notemitted, in the average from the

same space-time emission point. Top panels of figure 3.4 showthe average of theC+(k∗) (pions

catch up witch kaons) andC−(k∗) (pions move away from kaons). For like sign pairs coulomb

interaction is repulsive thus correlation between particles in lowk∗ values is suppressed. For un-

like sign pairs coulomb interaction is attractive thus correlation is increased. Middle and bottom

panels show the ratios ofC+/C− for out, side, andlong directions of vectork∗. Ratios calcu-

lated with respect tok∗side andk∗long are equal to unity within the statistical errors what suggest

that the average separation
〈

r∗side

〉

=
〈

r∗long

〉

= 0. Clear evidence for space-time asymmetry is

visible inC+/C− calculated with respect to sign ofk∗out. Ratio is below one for like-sign pairs

and above one for unlike sign pairs. Table 3.1 presents fit results to the experimental data as

well as Blast-Wave and RQMD functions.

The first statistically meaningful femtoscopic analysis ofK0−K0 was done in Au+Au col-

lisions at
√

sNN = 200GeV by the STAR Collaboration [40]. Correlation of neutral kaons is

dominated by quantum statistics and final state interactionwhich do not contain Coulomb part.

Kaon interferometry suffers less than pions from resonancedecays and thus provide cleaner

signal for femtoscopic studies. Figure 3.5 shows measured raw correlation function as well as

corrected on purity and momentum resolution. Fit results give size of the sourceR = 4.09±
0.46± (stat)0.39(sys) f mand chaoticity parameterλ = 0.92±0.23(stat)±0.13(sys) at mean

transverse mass〈mT〉 = 1.07GeV/c2.
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Figure 3.4: Pion-kaon correlation functions measured by STAR in Au+Au collisions at
√

sNN =

130GeV. Top panels: the average of theC+(k∗) andC−(k∗). Middle and bottom panels: ratio of

theC+(k∗) andC−(k∗) defined with the sign of the projections,k∗out, k∗side, k∗long [39].

3.2 STAR analyzes - baryon-baryon systems

Study of proton-lambda system is presented on figure 3.6 which shows measured correlation

functions corrected on purity and momentum resolution. Data shows unexpected difference in

radii betweenp−Λ(p̄− Λ̄) and p− Λ̄(p̄−Λ). This may imply that baryon-antibaryon pairs

are created close in space what is not in baryon-baryon pairs. Authors of this analysis also

suggests that measured difference in system size between radii extracted fromp−Λ(p̄− Λ̄)

andp− Λ̄(p̄−Λ) may arise from the improper treatment of the purity correction. Non-primary

particles may carry residual correlations from their parents. This effect may be relatively strong

in case of protons. Massive particles have smaller curvature thus significant number of protons

which come from weak decays points to primary vertex what makes them impossible to remove

them usingDCAcuts.
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Figure 3.6: Correlation functions (points) corrected on purity and momentum resolution for

p−Λ, p− Λ̄, p̄−Λ and p̄− Λ̄ and corresponding fits (lines) for Au+Au collisions at
√

sNN =

200GeV [41].
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p-p [fm] p̄− p̄ [fm] p− p̄ [fm]

central 0-10% 4.51+0.07+0.15
−0.07−0.19 5.05+0.08+0.22

−0.08−0.21 4.08+0.09+0.12
−0.09−0.13

mid-central 10-30% 3.82+0.09+0.11
−0.09−0.10 4.02+0.09+0.24

−0.09−0.23 3.27+0.10+0.13
−0.10−0.11

peripheral 30-80% 2.71+0.11+0.13
−0.11−0.12 2.59+0.13+0.26

−0.13−0.25 2.22+0.12+0.12
−0.12−0.13

Table 3.2: Extracted source size of proton-proton, antiproton-antiproton, and proton-antiproton

systems in Au+Au collisions at top RHIC energy in STAR for central, mid-central and periph-

eral data sets. Reported errors are statistical (first) and systematic (second)[43].

Extensive study of the effect of residual correlations in baryon-baryon system has been re-

cently done in case of (anti)proton-(anti)proton correlation functions measured in Au+Au colli-

sions at
√

sNN = 200GeV (see figure 3.7). Plots show functions calculated for central events

0-10% (red) as well as for mid-central 10-30% (green) and peripheral 30-80% (blue). Top

panel represents proton-proton functions, middle panel shows anti-proton-anti-proton functions

and bottom panel shows proton-anti-proton data. Presentedfunctions are corrected on purity,

momentum resolution and residual correlations. In residual correlations correction influence

of proton-lambda was taken into account. It was found that residual correlations do not have

significant influence on proton-proton function but in case of unlike sign system of proton-

anti-proton residual correlations play dominant role. Table 3.2 show source sizes for different

proton combinations and various centrality bins for Au+Au collisions at
√

sNN = 200GeV. Cal-

culated values of source sizes show clear centrality dependence and consistency between vari-

ous proton-(anti)proton combinations what was achieved thanks to applied corrections: purity

correction, momentum resolution correction and residual correlations correction.

3.3 Overview of previous attempts to analysis of pion-proton

femtoscopy

Probably the first attempt to analyze pion-proton correlations was done in the A877 experiment

at the AGS facility. Measurement was done for central (4% of the geometrical cross section)

collisions of Au+Au collisions. Figure 3.8 presents results of this analysis. Upper panel show

π−− p correlation functions, lower panels showπ+ − p correlation functions. Experimental

functions are plotted with black points. Solid, dashed and dotted lines show theoretical calcu-
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Figure 3.7: Results of proton femtoscopy corrected on momentum resolution, purity and resid-

ual correlations. Top panel proton-proton functions, middle panel anti-proton-anti-proton and

bottom panel proton-anti-proton functions. Red points (lines) are for central data 0-10%, green

for mid-central 10-30% and blue for peripheral 30-80% [43].
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Figure 3.8:π−− p correlation functions (upper plots) andπ+− p (lower plots) measured in the

E877 experiment in Au+Au collisions at
√

sNN =11GeV [44]. Points - experimental functions,

solid, dashed and dotted lines - theoretical calculations.

lations for system with no asymmetry, system with asymmetryin z direction∆z= 10[fm] and

for system with asymmetry in x and z directions∆x = 5[fm] and ∆z= 10[fm]. ∆x or ∆z is a

distance between average emission points of poins and average emission points of protons inx

andz axis respectively. According to the author the best agreement with the data is for system

with asymmetry 10[fm] inz and 5[fm] inx.

An attempt to study pion-proton femtoscopy was also done in the fixed target experiment

by the NA49 collaboration. Left panel of figure 3.9 showsπ+ − p experimental correlation

function (pink points) compared to RQMD study (blue lines) and right panel of this figure

presents preliminary results of double ratios ofout pion-proton correlation functions calculated

for π+− p (red points) andπ−− p (blue points) systems in central Pb+Pb collisions at
√

sNN =
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Figure 3.9:π+p correlation function (left panel) and double ratios ofπ+ − p (red) andπ−−
p (blue) experimental correlation functions (right panel).Calculation done for central Pb+Pb

collisions at
√

sNN =158GeV from NA49 experiment (points) compared to RQMD calculations

(lines) [45][46].

158[GeV]. Experimental results are compared to RQMD studies (red line forπ+ − p and blue

line for π−− p). Deflection from zero at small values of vectorQ suggest that that pions and

protons are not emitted from the same regions of the source created in nuclear collision. Fit

indicate that RQMD overestimates ther∗-separations by 10-20%. According to the authors

overestimation of the observed asymmetry is the result of underestimation of the collective flow

in the model.

3.4 Summary

Femtoscopic measurements of various systems done at RHIC bySTAR and Phenix experiments

in Au+Au collisions at
√

sNN = 200GeV are summarized at figure 3.10 which presents source

sizeRinv versus transverse massmT . Data show negative correlation between calculated source

size and transverse mass which is universal for all particlespecies. Observed decrease of the size

with increasingmT is connected with the collective behavior of the created system. Measured

sizes varies from aboutRint = 7 f m for pion-pion source atmT = 0.2GeV/c2 up to aboutRint =

1.5 f m for proton-lambda.

A few attempts to study pion-proton correlations in heavy ion collisions was done in the past.

Their results suggest space-time asymmetry of the pion-proton source. However they were only
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Figure 3.10: Source sizeRinv versus transverse massmT for various systems in Au+Au collisions

at
√

sNN = 200GeV measured by STAR and Phenix experiments [42].

presented in preliminary versions. This thesis is intendedto provide the most extensive and the

most advanced study of pion-proton correlations.
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Chapter 4

Experimental Setup

4.1 RHIC - Relativistic Heavy Ion Collider

Relativistic Heavy Ion Collider RHIC [47][48] situated in Brookhaven National Laboratory

in USA began its operation in the summer 2000. RHIC is the firstheavy ion collider. It is

constructed in 3.834 km long ring tunnel. The collider consists of two accelerator rings with

six intersection points. Heavy ion (up to Au) beams can be accelerated up to 100 GeV/nucleon.

Proton beams can be accelerated up to 250 GeV.

Heavy ion beams are generated in pulsed sputter ion source atthe Tandem Van de Graaff

and accelerated up to 1MeV/nucleon. At the exit they are partially stripped of their electrons (up

to charge +32 for Au). Positively charged ions are deliveredto Booster Synchrotron where are

accelerated up to 95MeV/nucleon. Before injection to AGS Alternating Gradient Synchrotron

ions are stripped again (up to charge +77 for Au). AGS accelerates ions up to RHIC injection

energy which is 10.8GeV/nucleon. Before final injection to RHIC ions are finally stripped of all

electrons. RHIC complex overview as well as acceleration scenario is depicted on figure 4.1.

RHIC began its operation with four experiments STAR, PHENIX, PHOBOS and BRAHMS

which are briefly described below [49].

PHENIX The Pioneering High Energy Nuclear Interaction eXperiment[50][51] is designed

to measure direct probes of the collisions such as electrons, muons, and photons. This detector

consists of four instrumented spectrometers or arms and three global detectors. Electrons, pho-

tons and charged hadrons are detected by east and west central arms centered at zero rapidity

region. East and west central arms cover 2×90◦ of azimuthal angle. North and south forward
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Figure 4.1: RHIC complex overview and acceleration scenario [47]

arms have full azimuthal coverage and are dedicated for detecting muons. The global detectors

are to measure vertex position, multiplicity or start time of the interaction.

PHOBOS The PHOBOS experiment [52][53] was designed to measure multiplicities of charged

particles and collective flow characteristics within wide pseudo-rapidity region−5.4< η < 5.4.

It consists of four subsystems: two arm magnetic spectrometer with time-of-flight wall as its

central detector, multiplicity array, vertex detector andset of triggers. The layout of the PHO-

BOS detector is presented at figure 4.3.

BRAHMS Broad RAnge Hadron Magnetic Spectrometers Experiment at RHIC [54][55] is

designed to do hadron spectroscopy in wide polar angle relative to beam direction with precise

particle identification and momentum determination. Due towide range of momentum of re-

constructed particles Brahms consists of two spectrometers. One for low from a few hundred

MeV/c and medium momenta, second for high momenta up to 25-30GeV/c. Rapidity coverage

of this detector is from 0 up to 4. The schematic experimentalsetup is presented at figure 4.4.

pp2pp In fall 2001 the fifth experiment known as a pp2pp [56] began its operation. Its purpose

was to study long range nuclear interactions in collisions of polarize and unpolarized protons

of interest to nuclear and particle physicists, and to provide a precise measurement necessary

for the analysis of the four other experiment’s heavy ion data. Pp2pp by measuring elastic

scattering of polarized protons in nonperturbative has a unique opportunity to probe the spin
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Figure 4.2: Phenix experiment [53]

Figure 4.3: Phobos experiment [53]
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Figure 4.4: Brahms experiment [55]

structure of the proton and a pomerons - the proposed carriers of the strong force. The layout of

this experiment is presented at figure 4.5.

Since run 9 the pp2pp detectors are installed in the STAR experiment. The idea is to investigate,

using pp2pp Roman Pots detectors together with STAR TPC and ToF, elastic scattering and its

spin dependence, the structure of color singlet exchange inthe non-perturbative regime of QCD,

search for diffractive production of light and massive systems in double Pomeron exchange

process and search for new physics, including glueballs andOdderon [58].

4.2 STAR experiment

STAR - Solenoidal Tracker At RHIC is the largest experiment at RHIC [59][60]. STAR has

been dedicated to investigate the behavior and properties of strongly interacting matter at high

energy density and its primary goal is to search for signatures of quark gluon plasma formation.

Its design is based on time projection chamber placed together with other sub-detectors inside a

solenoidal magnet [61] which produces a uniform magnetic field in a range 0.25< |Bz|= 0.5T.

Such design allows simultaneous measurement of various observables.

STAR Time Projection Chamber is the main tracking device of the STAR detector [62].

TPC identifies particles based on ionization energy loss (dE/dx). It is capable to record the
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tracks of the particles and measure their momenta. It surrounds the vertex of the collision in full

azimuthal angle and pseudo-rapidity region from -1.8 up to 1.8.

The schematic layout of the TPC is shown at figure 4.7. It is situated±2.1m from the vertex

along the beam line. The inner diameter is 1mand the outer is 4m. The cathode situated atz= 0

operates at 28kV and with two anodes placed at±2.1mgives electric field equal 135V/cm. Each

anode has 12 sectors (readout modules). On the outer radius subsectors the pads are 20mmlong.

On the inner radius subsectors single pad length is 12mmwhich improves two track resolution

especially for low-pt tracks which cross the TPC pads at angles far from perpendicular.

Charged particle ionizes TPC gas while it passes through theTPC. Energy lost on ionization

is transfered to liberated electrons which are registered in the readout modules. ThedE/dx is

measured in up to 45 padrows. The length of the single padrow is too short to accurately mea-

sure averagedE/dx thus the most probable energy loss is measured. The mean value ofdE/dx

is determined from the 70% truncated mean (30% of the clusters having the largest signal are

removed). Ionization spectra from the STAR TPC detector areparametrized by "Bichsel func-

tions" [62][63][64][65][66] which in case of thin layers gives much better approximation of

energy loss than Bethe-Bloch parametrization.

In TPC momenta of the particles can be determined from 0.1GeVup to about 30GeV but parti-

cles can be correctly identified from 0.1GeV up to above 1GeV. This makes analysis presented

in this thesis difficult as the requirements for proton selection exceeds the upper limit for mo-

menta of the particles.

The position resolution along thez-axis is the best for short drift distances and small deep an-

gles and varies from 0.5mmup to 3.5mm. Resolution in transverse plane (along the pad rows)

varies from 0.5mm(for small crossing angle) up to 2mmfor Full Field (0.5T) or from 0.5mm

up to 3mmfor Half Field (0.25T).

TPC is filled with the P10 gas which contains 90% of argon and 10% of methane. P10 gas has

a fast drift velocity (about 5.45cm/µs) which peaks at relatively small electric field. The drift

velocity is known with a precision of 0.1%. Oxygen and water absorbs drifting electrons. To

assure high purity of TPC gas, necessary for good quality of particle reconstruction, gas is cir-

culating over the system where oxygen and water contamination is eliminated.

STAR Silicon Vertex Tracker SVT[67] was designed mainly to improve vertex position re-

construction, two track separation resolution and the energy loss measurement. Construction of
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Figure 4.7: STAR Time Projection Chamber [62].

SVT is based on silicon drift detector SDD technology which gives two-dimensional position

measurement with resolution of 20µm. 216 SSDs are arranged in three barrels around the beam

pipe. Inner 6.9cm in radius and 25.2cm length, middle 10.8cmradius and 37.8cm length and

outer 14.5 radius and 44.4cm length.

Very big disadvantage of SVT is the number of gamma conversions into electron-positron pairs

which take place in the material of this detector. Such pairsare correlated what in case of

misidentification may have significant impact on analysis ofnon-identical correlation functions.

STAR Triggers The STAR trigger system operates at RHIC crossing rate about10MHz [68].

For Au+Au collisions in run4 it was based on fast detectors CTB - Central Trigger Barrel, two

west and east ZDCs - Zero Degree Calorimeters, BBC - Beam-Beam Counter. Information from

the fast detectors is used to trigger slow detectors like TPCor SVT which can operate at about

100Hz. CTB measured charged particles multiplicity in pseudo-rapidity range−1< η < 1. ZDC

verified centrality of the AuAu collision and z-vertex position in minimum-bias collisions, BBC

was for z-vertex determination in AuAu central collisions.
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Chapter 5

Experimental analysis technique and

results

5.1 Events selection

In the experiment the impact parameter of two colliding nuclei cannot be measured directly thus

centrality of the collision is estimated from the multiplicity of the charged hadrons in the event.

In this work collisions of gold-gold nuclei at the energy in central mass system of 200GeV/nucleon

are analyzed. Analysis is done in three different centrality bins: 0-10%, 10-30% and 30-50% of

the total hadronic cross section. Such defined centrality bins for analyzed dataset are described

by reference multiplicity in the STAR detector. Values of reference multiplicity for selected

centrality bins for Au+Au collisions at
√

sNN = 200GeV taken by STAR in 2004 are presented

in table 5.1.

Distribution of reference multiplicity of selected eventsis presented on figure 5.1. Left panel

Centrality Reference

multiplicity

0-10% >= 440

10-30% 222 - 439

30-50% 96 - 221

Table 5.1: Reference multiplicity for centrality bins usedin this work for STAR 2004 data,

Au+Au collisions at
√

sNN = 200GeV.
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Figure 5.1: Reference multiplicity distributions for STAR2004 data, Au+Au collisions at
√

sNN = 200GeV used in this work. Left panel: events from central trigger. Right panel: events

from minimum bias trigger.
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Figure 5.2: Z-vertex position distribution for STAR 2004 data, Au+Au collisions at
√

sNN =

200GeV.

shows distribution of the events taken with the central trigger. Right panel shows distribution of

the events recorded with the minimum-bias trigger setup.

Precision of the reconstructed tracks is very significant soonly events that took place in

the center of the detector (with z-vertex position−30cm< z< 30cm) are analyzed. Figure 5.2

presents distribution of z-vertex position of selected events.
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5.2 Particle selection

Particle identification is based on ionization energy loss (dE/dx) in TPC. Pions and protons are

selected based onNσ value which describes distance (in standard deviation units) from the mean

of the Gaussian parametrization of the dE/dx curve. For pions and protonsNσ has been set to 3

which corresponds to 99.7% of the total integral.

Measuring correlations of non-identical particles with different masses requires wide accep-

tance on particle identification. In case of pion-proton analysis which have significantly differ-

ent masses particles identification faces problems not known in other analyses. To construct pair

with small relative velocity of the particles pion with momentum p = 0.1GeV/c needs proton

with p = 0.67GeV/c, proton with momentump = 1.2GeV/c has a close velocity pion with

p = 0.18GeV/c. This shows that analysis presented in this work reaches thelimits of particle

identification in TPC. The second significant problem with particle identification that cannot be

avoided in this analysis is that pions and protons which creates close velocity pairs are selected

from the regions of dE/dx plot where lines of pions and protons intersect the line of electrons.

This problem significantly increases danger of electron contamination. Figure 5.3 shows dE/dx

measurement versus magnetic rigidity. Solid lines areI70 means Bichsel’s [62] prediction for

30% truncateddE/dxmean in STAR TPC.

Summary of the particle track cuts is presented in table 5.2.Presented single track cut values

are valid for all investigated centrality bins. Only particles with number of hits equal or grater

than 15 are taken into account. The distance of closest approachDCA to the primary vertex

should be smaller than 3cm.

Histograms presented on figure 5.4 show transverse momentumdistributions versus rapidity

of pions and protons for separatek∗ bins of measured correlation function. Presented first 6 bins

cover region of the measured correlation effect. These histograms show that most of the protons

in the correlation effect have transverse momentum higher than 1[GeV/c] and most of the pions

which contribute to measured correlation function have transverse momentum between 0.15

and 0.2[GeV/c]. It was mentioned in section 4.2 that STAR Time Projection Chamber - the

main detector used in this analysis - can correctly identifyparticles with momentum up top≈
1[GeV/c]. This is additional difficulty that makes analysisof pion-proton momentum correlation

functions very complicated.

Significant improvement of particle identification and selection can be achieved with ad-

ditional signal from Time-Of-Flight detector which has been recently installed in the STAR
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Figure 5.3: Rate of energy loss versus magnetic rigidity in STAR.

pion proton

Nσπ -3.0 - 3.0 3.0 - 1000

NσK -1000 - -3.0 3.0 - 1000

Nσp -1000 - -3.0 -3.0 - 3.0

y -0.7 - 0.7 -0.7 - 0.7

p [GeV/c] 0.1 - 0.6 0.4 - 1.25

pT [GeV/c] 0.1 - 0.6 0.4 - 1.25

Nhits >= 15 >= 15

DCA[cm] <= 3 <= 3

Table 5.2: Summary of single track cuts for pions and protons.
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experiment. Data taken with TOF detector from Au+Au collisions at
√

sNN = 200[GeV] from

Run 2010 will be available in the near future.

5.3 Pair selection

Track splitting takes place when one track is reconstructed as two separate trucks. This effect

causes false enhancement of number of pairs in the lowestk∗ bins. In order to remove pairs

constructed of split tracks, a pair level cut was developed in STAR [69]. The idea is based

on hits location of each truck. Figure 5.5 shows four scenarios. The first one where tracks are

clearly two tracks, second scenario where the splitting is the most probable, and cases (b) and

(c) where there is some chance that splitting took place.

This effect plays significant role in case of particles with similar masses. In case of this

analysis such scenario is very rare.

Track merging takes place when two particles travel through the detector so close that their

hits are reconstructed as a one track what results in reducednumber of pairs in lowk∗ bins.

Two tracks are considered as a merged if they share more than 10% of the hits. Minimum

separation between two hits of different tracks should be 5mm. If separation between two hits of

two different tracks is lower than 5mm such hits are considered as shared. Pair of tracks which

shares more than 10% of the hits (1 to 5 hits) is removed from the analysis. Influence of merged

hits of tracks of pair pion-proton pairs on correlation function is presented on figure 5.6.

Electron-positron contamination Gamma quants which comes from electromagnetic decays

of resonances may convert into electron-positron pairs while traveling through the material of

the detector. Such scenario was very often in the silicone barrels of SVT detector. Momenta

of electron-positron pairs which comes from gamma quant conversion are correlated hence if

misidentified as pion-proton pair introduce a fake correlation effect.

To eliminate such pairs a topological cut was developed in STAR. The idea ofe+−e− pairs

finding is shown on figure 5.7. Parameters that are taken into account in this cut are as follows.

Delta deep angle∆θ which for gamma conversion intoe+ −e− pair has relatively small value.

Invariant massminv which for γ decay products should be close to zero. Distance between two

helices in longitudinal direction∆Z and in transverse plain∆XY as well as decay length∆L and
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Figure 5.4: Example of distribution ofpT vs.y for pions and protons in separate first sixk∗ bins

of theπ+− p correlation function - STAR data, Au+Au central collisionsat
√

sNN = 200[GeV].
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a) b) c) d)

Figure 5.5: Various scenarios of distribution of hits of tracks [69].
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Figure 5.6: Influence of merged hits of tracks of pion-protonpairs on correlation function.

Figure 5.7: Topological method of electron-positron pairsremoval (transverse plain view).
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Parameter Value

∆θ <0.07

minv < 0.07 GeV/c

∆Z < 2 cm

∆XY < 3 cm

∆L > 3 cm

PIDee 0.01

Table 5.3: Values for the electron-positron pairs removal.
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Figure 5.8: Comparison of different mixing methods in constructingπ+−p correlation function.

PID probability of being electron-positron pair. Values ofthe parameters used in the analysis

can be found in the table 5.3.

5.3.1 Events mixing

Background should be constructed only from the events with similar characteristics thus events

are divided into bins with respect to the z-vertex position,event multiplicity and mean transverse

momentum of all the particles in the event. Z-vertex position is divided into 15 bins which gives

4cm width of a single bin. Multiplicity of every centrality bin is divided into 6 bins and mean

pT into 3 bins. Such definition gives 270 total mixing bins.

It is very important in constructing correlation function to correctly add functions con-

structed in different mixing bins. Thus method of rescalingdenominator (equation 5.1) should
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Figure 5.9: Contribution of different particles toπ+p pair (left) and fraction of primary pion-

proton pairs for all charge combinations (right) - Therminator results.

be used rather than scaling correlation function (equation5.2).

C(k∗) =
∑i Ni(k∗)

∑i ciDi(k∗)
(5.1)

C(k∗) = c
∑i Ni(k∗)

∑i Di(k∗)
(5.2)

Figure 5.8 shows comparison of different mixing methods in constructing correlation func-

tion. In every case function was normalized by rescaling denominator. The best results are

achieved for mixing in 3 variables: vertex position, multiplicity of the event and meanpT of the

particles in the event.

5.4 Purity correction

Particle identification in the STAR experiment is based on probability. Additionally although

we do our best to construct correlation function only from primary particles which contribute to

the correlation effect due to experimental limitations some particles coming from weak decays

are also taken to the analysis (as primary particles we also consider particles coming from

short lived strong decaying resonances). These two effectsare taken into account in the purity

correction.

Probability of correct particle identificationPPID was estimated in the experiment based on

HIJING simulations. Probability of being primary particle has been estimated in simulations

with THERMINATOR.

Contribution from different particles is presented on figure 5.9 (left panel). Right panel of

this figure shows calculated fraction of primary pion-(anti)proton pairs. Pion-proton correla-
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Figure 5.10: Left panel: example of experimental probability of being pion-antiproton pair (red),

theoretical percentage of primary pairs (green) and total purity correlation function (blue). Right

panel: example of impact of purity correction on experimental correlation function. Raw data

π+− p̄ correlation function (black) and purity correctedπ+− p̄ correlation function (red).

tion function is mainly affected by products of the decays ofkaons and lambdas. The most

significant is influence of protons coming from lambdas and pions coming from kaons decays.

Decay products of sigma (Σ) and other particles that decay into pions or protons have negligible

contribution into the purity function of pion-proton pair.

Right panel of figure 5.9 shows that percentage of primary pairs is higher for particles than

for anti-particles.

Purity function is a product of PID probabilities and fraction of primary pairsFprim.

Cpurity(k
∗) = P1PID(pT1)P2PID(pT2)Fprim(k∗) (5.3)

Measured correlation function can be corrected according to the formula:

C(k∗) =
Cexp(k∗)−1
Cpurity(k∗)

+1 (5.4)

Figure 5.10 shows purity functionCpurity(k∗) (left panel) and impact of purity correction on

measured correlation function (right panel). Purity increases strength of correlation effect but

do not changes itsk∗ range or direction. Flat tails (largek∗ above 0.1GeV) of the correlation

function are not affected by purity correction.

If the correlation function is expressed in spherical harmonics then purity functionCpurity

also should be expressed in spherical harmonics. Correctedfunction is calculated in the same

way as the experimental one (see section 2.4). In such case function which is intended to be

corrected is treated as numerator and purity function is treated as denominator.
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5.5 Momentum resolution correction

Reconstructed momentum of the particle differs from the real momentum due to the effect of the

momentum resolution. This effect affects correlation function what is calculated with respect to

the relative momentum of two particles. This leads to underestimation of the extracted source

size due to lower number of pairs at smallk∗.

Momentum resolution correction can be applied either to thecalculated correlation function

or to the fit procedure. In this work momentum resolution at the level of fit procedure is used.

Three components of reconstructed momentump are:

px = psin(θ)cos(φ) (5.5)

py = psin(θ)sin(φ) (5.6)

pz = pcos(θ) (5.7)

systematic momentum shift due to energy loss:

〈ptrue− p〉 = a+bpα (5.8)

momentum resolution (Gaussian smearing)

∆p
p

= ap+bppα +cpp (5.9)

∆φ = aφ +bφφα (5.10)

∆θ = aθ +bθθα (5.11)

parametersa, b, c are particle type dependent. For eachp, φ andθ corresponding corrections∂p,

∂φ and∂θ are generated from Gaussian distribution. Then three components of the reconstructed

momentum can be corrected.

psmeared
x = preal

x +∂px (5.12)

psmeared
y = preal

y +∂py (5.13)

psmeared
z = preal

z +∂pz (5.14)

In the fit procedure when momentum resolution is enabled two particle relative momentum

k∗ is calculated from smeared momenta.
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quark decay Breit-Wigner Breit-Wigner

content products mass full width

∆++ uuu π+ + p 1232 MeV 118 MeV

∆̄++ ūūd̄ π−+ p̄ 1232 MeV 118 MeV

∆̄0 ūd̄d̄ π+ + p̄ 1232 MeV 118 MeV

∆0 udd π−+ p 1232 MeV 118 MeV

Table 5.4:∆ baryon summary.

5.6 Fit procedure

Correlation functions of non-identical particles do not have an analytical form. To extract quan-

titative information from measured functions one has to arbitrarily assume a form of the emis-

sion source function and generate a set of correlation functions with different parameters of the

emission source function and find which one suites the best the experimental result.

In the fit procedure momenta of the pairs used for construction of the experimental correlation

functions are used. For each pair the freeze-out coordinates are generated from the emission

source function. Based on freeze-out coordinates, momentaof the pair and types of the par-

ticles a squared wave-function, called weight, is calculated. Weight describes Coulomb and

strong interaction between particles in the pair. Emissionsource for which theχ2 value between

generated function and experimental one is the smallest describes the best the experimental

source. This procedure is implemented in the CorrFit [70] program which was used for fitting

of experimental and theoretical correlation functions in this work.

5.7 Influence of∆ resonance onπ− p correlation function

∆ resonance is short lived strong decaying resonance thus products of its decay are treated as

primary particles but it decays into pion and (anti)proton pair which may significantly impact

measured pion-proton correlation function.∆ resonances exist in four various charge combina-

tions which may decay intoπ+ − p, π+ − p̄, π−− p or π−− p̄ thus∆ may influence all four

investigated combinations of pion-proton functions. Table 5.4 summarizes all interesting for

this analysis∆ species. To estimate potential impact of∆ on pion-proton correlation function an

extensive study usingTherminator [14] has been performed.
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5.7.1 Mass dependent particle decay widths with Breit-Wigner distribu-

tion in Therminator

Therminator is a very powerful tool for studying resonances. In version 1.0 its moduleParticle-

Decayer uses fixed mass (mean of the Breit-Wigner) of the resonance inthe process of deter-

mining decay conditions. To achieve more realistic effect in studying influence of delta reso-

nance on pion-proton function randomizing mass of the resonance according to Breit-Wigner

(eq. 5.15) distribution has been implemented intoTherminator v1.0.

F(m) =
Γ2/4

(m−M0)2+Γ2/4
(5.15)

M0 is mean of the distribution andΓ is the full width of the distribution. Inverse transformation

method has been used in process of resonance mass generating. Inverse cumulative distribution

function for Breit-Wigner distribution is defined by equation 5.16.

G(y) = M0 +
Γ
2

tg(π(y−0.5)) (5.16)

5.7.2 ∆ in correlation functions

Figure 5.11 showsπ+ − p, π−− p̄, π−− p andπ+ − p̄ correlation functions calculated from

Therminator data which show∆++, ∆̄++, ∆0 and ∆̄0 resonance at 0.23[GeV/c] respectively.

Position of delta resonance is relatively far from the correlation effect which for all combina-

tions of pion-proton functions is up to about 0.1[GeV/c]. Observed peak of the delta resonance

is lower for negative values of vectork∗ than for positive values ofk∗. This is due to difference

in number of pairs in combinatoric background.

Figure 5.12 shows centrality dependence of delta resonancein pion-proton correlation func-

tions. Width of the observed delta is constant over all investigated centrality bins. Height of the

delta is higher for 30−50% (blue points) and is getting lower for more central events 10-30%

(red points) and 0-10% (black points). This effect is also related to difference in number of pairs

in combinatoric background.

Two particle distributions of pion-proton pairs plotted onfigure 5.13 show no significant

impact of products of delta decay on space-time source characteristics. Black points on this

figure show results for primary particles, blue points show distributions plotted for primary

particles and particles coming from resonances but not fromdelta resonance and red points

show two particle distributions of all particles includingdelta decay products.
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Delta is not observed in correlation functions calculated from experimental STAR data. This

can be explained by statistics and momentum resolution issues.

5.8 Influence ofΛ baryon on π− p correlation function

BaryonΛ decays in weak process intoπ−− p pair, anti-baryonΛ̄ decays intoπ+ − p̄ pair. As

lambda is long lived particle (mean life timeτ = (2.631±0.02) ·10−10[s]1) it decays far from

primary vertex so aDCA-distance of closest approach cuts on single tracks can be applied to

remove the products of its decay from the data sample.DCA cuts are not sufficient to remove

all particles coming from lambda decays though lambda peaksare visible atk∗ ≈ 0.1GeV/c in

unlike sign functions.

Position of lambda peak in unlike sign functions do not overlap with range of correlation

effect so there is no need for special treatment of correlated lambda decay products. However

pions and protons coming from lambda which cannot be removedusing DCA cut decrease

purity of the correlation function what results in decreased correlation effect. Especially protons,

which extrapolated curvatures point to primary vertex, arevery difficult to be removed using

DCAcuts. This can be taken into account in the purity correction(section 5.4). Contribution of

lambda into purity of pion-proton pair is presented on figure5.9.

Correction on purity have to be applied to all functions not only unlike-sign pairs as proton

coming from lambda decay may influenceπ−− p andπ+− p functions.

5.9 Experimental pion-proton correlation functions - out−

side− longdecomposition

Application of sophisticated methods described above leadto construction of experimental

pion-proton correlation functions which will be presentedin this section.

Figures 5.14, 5.15 and 5.16 show correlation functions calculated inOut, SideandLong

decomposition as well as correspondingdouble− ratios2. All plots show functions for raw data

before applying any corrections.

1Particle Physics Booklet, July 2008
2Functions presented at the 20th International Conference on Ultra-Relativistic Nucleus Nucleus Collisions -

Quark Matter 2008 in Jaipur, India.
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Figure 5.11: Delta resonance in pion-proton correlation function (Therminator results). Func-

tions from top to bottomπ+− p, π−− p̄, π−− p, π+− p̄.
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Figure 5.12: Centrality dependence of delta in pion-protoncorrelation functions (Therminator

results). Central data 0-10% - black points, intermediate data 10-30% - red points, mid-central

data 30-50% - blue points.
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points - all particles including particles coming from delta resonance.
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Physical interpretation ofOut, SideandLongcomponents of correlation functions of non-

identical particles is described in section 2.2. Functionsfor π+− p, π−− p̄, π+− p̄ andπ−− p

calculated with respect to the sign of vectork∗Out are presented on left column of figure 5.14.

Functions plotted with red dots are for central events (0-10% of total hadronic cross section),

green squares are for intermediate events (10-30%) and bluetriangles are for mid-central events

(30-50%). First two functions reveals attractive Coulomb interaction of like-sign pairs thus

observed correlation effect is negative. Expected source size for central collisions is bigger than

for intermediate or mid-central collisions what is reflected in strength of the correlation effect

- correlation is higher for smaller source size. Next two functions calculated forπ+ − p̄ and

π−− p show positive correlation effect what is in agreement with repulsive coulomb interaction

of the unlike-sign pairs. Additional artifact that can be observed on these plots are lambda peaks

atk∗ ∼ 0.1[GeV/c]. Lambda peaks do not overlap with observed correlation effect thus they do

not need to be taken into account during fit procedure (more detailed explanation of impact of

lambda on pion-proton correlation function can be found in section 5.8).

Right column of figure 5.14 presentdouble− ratios C+/C−(k∗) of corresponding correla-

tion functions. Presenteddouble− ratios reveals differences at low values ofk∗ between corre-

lation functions calculated for positive or negative sign of the k∗Out vector. Observed deviation

from unity for like-sign pairs is negative and deviation forunlike-sign pairs is positive. Such

deviation from unity for low values ofk∗ as explained in section 2.2 is an evidence that average

emission points and average emission time of pions and (anti)protons are not the same.

Correlation functions calculated forsideand long components plotted on figures 5.15 and

5.16 can be used as a cross check. As mentioned in section 2.2 due to symmetry in rapidity

region long components of the correlation functions should be the same thus corresponding

double− ratio should be flat over the full range of vectork∗. Definition of thesidedirection

and symmetry with respect to the azimuthal angle cause that correspondingside double− ratio

also should be flat.

Double ratio functions are very sensitive to fluctuations ofthe correlation functions. Pre-

senteddouble− ratios for all out, sideand long components have large error bars. No qual-

itative information can be extracted due to strong fluctuations of the points at low values of

k∗.

One of the reasons whyout, side, long representation of the pion-proton correlation func-

tion is not sufficient for measuring difference between meanspace-time emission points is the
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Figure 5.14: Left column:Out component of pion-proton correlation functions. Right column:

Out double− ratio C+/C− of pion-proton correlation functions. From top to bottomπ+ −
p, π− − p̄, π− − p, π+ − p̄. Data are for Au+Au collisions at

√
sNN = 200GeV. Red dots -

central events (0-10%), green squares - intermediate events (10-30%), blue triangles - mid-

central events (30-50%).
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Figure 5.15: Left column:Sidecomponent of pion-proton correlation functions. Right column:

Side double− ratio C+/C− of pion-proton correlation functions. From top to bottomπ+ −
p, π− − p̄, π− − p, π+ − p̄. Data are for Au+Au collisions at

√
sNN = 200GeV. Red dots -

central events (0-10%), green squares - intermediate events (10-30%), blue triangles - mid-

central events (30-50%).
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Figure 5.16: Left column:Longcomponent of pion-proton correlation functions. Right column:

Long double− ratio C+/C− of pion-proton correlation functions. From top to bottomπ+ −
p, π− − p̄, π− − p, π+ − p̄. Data are for Au+Au collisions at

√
sNN = 200GeV. Red dots -

central events (0-10%), green squares - intermediate events (10-30%), blue triangles - mid-

central events (30-50%).
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Figure 5.17: Acceptance limitations - 2-dimensional pion-proton pair distributions for various

ranges of vectork∗ show that STAR do not cover full phase-space of thek∗.
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acceptance limitation of the STAR experiment which do not cover full phase-space of thek∗ vec-

tor. Histograms presented on figure 5.17 show two-dimensional pion-proton pair distributions

plotted for various ranges of vectork∗. Problems with acceptance are especially significant for

negative orientation of vectork∗.

Due to difficulties with obtaining quantitative results from constructed pion-proton correla-

tion functions inout−side− long decomposition, a new technique of constructing correlation

functions directly in spherical harmonics decomposition has been used for further analysis in

this work [37].

5.10 Experimental pion-proton correlation functions - spher-

ical harmonics decomposition

Experimental pion-(anti)proton correlation functions calculated directly in spherical harmon-

ics for Au+Au collisions at
√

sNN = 200[GeV/c] are plotted on figures 5.18 (central collisions

0-10%), 5.19 (intermediate collisions 10-30%) and 5.20 (mid-central collisions 30-50%). Pre-

sented functions are calculated for raw data and are not corrected on purity or momentum reso-

lution.

The formalism and interpretation of particular componentsof correlation function calculated

in spherical harmonics was introduced in section 2.4. Everyfigure consists of five components.

The first one is realC0
0(k

∗) component which carries information about the size of the source.

As in out− side− long representationC0
0 shows negative correlation for like-sign pairs and

positive correlation effect for unlike-sign pairs.C0
0 functions show that for all centrality bins

unlike-sign pairs show stronger correlation effect than like-sign pairs. This could suggest that

size of theπ+− p̄ andπ−−p source is smaller than size of theπ+−p andπ−− p̄ sources. There

is no physical reason for such difference. Simulations alsodo not show any differences in size

between like-sign pairs and unlike-sign pairs. Real part ofC1
1(k

∗) probes space-time asymmetry

in the outward direction between average emission points ofpions and protons. Deviation from

zero for lowk∗ values suggest that pions and protons are not emitted from the same regions of

the source. Imaginary part ofC1
1(k

∗) should be flat over the full range ofk∗ due to symmetry in

azimuthal angle. Some fluctuations can be observed fork∗ < 0.03 one of the reasons for such

fluctuations is limited statistics at this region ofk∗ and the second one is detector issues related

to momentum reconstruction and particle identification which cannot not be eliminated during
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Figure 5.18: Pion-(anti)proton correlation functions in spherical harmonics. Central (0-10%)

Au+Au collisions at
√

sNN = 200[GeV/c].

data analysis process. Real parts ofC2
0(k

∗) andC2
2(k

∗) components of the correlation function

may indicate difference in size betweenout, side, and long directions but observed effect is

smaller than statistical errors.

All components of correlation functions forπ+− p̄ andπ−− p show lambda peaks around

k∗ = 0.1[GeV/c], but as inout−side− long representation these peaks are located above fem-

toscopic effect.

Before extracting quantitative information from the fit procedure presented functions must

be corrected on purity (sec. 5.4) and on momentum resolution(sec. 5.5). In further discussion

only real parts ofC0
0(k

∗) andC1
1(k

∗) components which are the most important for this thesis

will be discussed.

Functions corrected on purity are presented on figure 5.21. Every figure shows comparison

of different centrality bins forπ+ − p, π−− p̄, π+ − p̄ andπ−− p correspondingly. Observed
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Figure 5.19: Pion-(anti)proton correlation functions in spherical harmonics. Intermediate (10-

30%) Au+Au collisions at
√

sNN = 200[GeV/c].
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Figure 5.20: Pion-(anti)proton correlation functions in spherical harmonics. Mid-central (30-

50%) Au+Au collisions at
√

sNN = 200[GeV/c].
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correlation effect is weaker for central collisions (red dots) than for intermediate (blue squares)

and mid-central events (green triangles). Centrality dependence seems to be very small. Points

of the correlation functions calculated for different centralities partially overlap. This is due to

sensitivity of the correlation function to source size and its asymmetry. Very small changes in

pion-proton correlation function gives relatively biggerchanges in observed source size. This

feature causes lots of problems with stability of the fit.

A fit procedure (sec. 5.6) can be applied to the corrected functions. The most appropriate is

to fit functions calculated for full-field data and reversed-full-field data separately and then to

average obtained fit results. Figures 5.22 and 5.23 showπ+ − p̄ andπ−p correlation functions

calculated for full field and reversed full field datasets. Fitted functions are purity corrected.

Correction on momentum resolution is applied during the fit procedure to the momenta of the

experimental pairs used for constructing theoretical correlation function. Figures present real

C0
0(k

∗) andC1
1(k

∗) components of the experimental correlation functions (black points) and

two dimensionalχ2-maps from the fit procedure.χ2-maps show found minimum (best source

parameters) inσout−µout coordinates. The best fit for every function is plotted with red, green or

blue points. Fit results show clear centrality dependence of the size and space-time asymmetry

of the pion-proton source.χ2-maps show relatively high value ofχ2 for the best fit. This may

be related to Gaussian source parametrization which do not necessarily correspond to physical

source, also very essential contribution is from fluctuations of the correlation functions for large

value of k∗. Although these fluctuations around unity forC0
0 component or around zero for

C1
1 component are very small a contribution toχ2 is significant due to very high statistics in

this region ofk∗ what gives small statistical error bars. The bestchi2/nd f ≈ 6 is for mid-

central collisions mainly due to lower statistics.Due to high values ofχ2/nd f in the obtained

fit results extracted statistical errors are multiplied by
√

χ2/nd f. For central and intermediate

events statistical errors dominates over systematic errors. In case of mid-central events statistical

and systematic errors are comparable.

Fitted values of source parameters are presented in table 5.5 for separate full field and re-

versed full field datasets and in table 5.6 for averaged full field and reversed full field datasets.

Statistical errors come from the fit procedure. Systematic errors are due to applied corrections

on purity and momentum resolution. In case of averaged full field and reversed full field data

additionally from discrepancy between them. Source size ofπ+ − p̄ system for central colli-

sions is around 10.8[fm] and forπ−− p system around 12[fm]. Shift between average emission
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Figure 5.21: Pion-(anti)proton correlation functions corrected on purity. From top to bottom:

π+− p, π−− p̄, π+− p̄ andπ−− p.
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Figure 5.22: Fit results for unlike-sign pion-proton pairs. Black points - corrected experimen-

tal function, red,green,blue - points best fit function. Full-Field data of Au+Au collisions at
√

sNN = 200[GeV/c]. Left columnReC0
0(k

∗), middle columnReC1
1(k∗), right columnχ2-map.
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Figure 5.23: Fit results for unlike-sign pion-proton pairs. Black points - corrected experimental

function, red,green,blue - points best fit function. Reversed-Full-Field data of Au+Au collisions

at
√

sNN = 200[GeV/c]. Left columnReC0
0(k∗), middle columnReC1

1(k
∗), right columnχ2-map.

82



Centrality Pair
FF RFF

σout[fm] µout[fm] σout[fm] µout[fm]

0-10%
π+− p̄ 11.0+1.6+0.2

−1.6−0.6 −5.4+3.2+0.2
−3.2−2.0 10.6+1.4+0.2

−1.4−1.0 −5.0+3.6+0.2
−2.2−2.8

π−− p 11.2+2+0.2
−2−0.2 −3.6+3+0.2

−3−0.4 12.8+2.3+0.2
−1.5−2.0 −6.8+3.8+0.2

−2.7−5.0

10-30%
π+− p̄ 8.2+2.2+0.2

−1.4−1.0 −7.0+6.5+0.2
−5.7−4.4 7.8+1.3+0.2

−2.0−0.4 −3.0+2.7+0.2
−4.0−1.0

π−− p 9.4+1.5+0.2
−2.3−0.8 −5.8+3.8+0.2

−3.8−2.8 9.0+1.3+0.2
−1.3−0.4 −7.4+3.2+0.2

−3.2−1.8

30-50%
π+− p̄ 5.6+0.6+0.2

−1.2−0.2 −1.6+1.2+0.2
−1.2−0.2 5.6+1.4+0.2

−1.4−0.2 −2.6+2.1+0.2
−2.8−0.2

π−− p 4.8+0.5+0.2
−0.5−0.2 −2.0+0.2+0.2

−0.2−0.2 4.8+0.5+0.2
−0.5−0.2 −0.8+0.2+0.2

−0.2−0.2

Table 5.5: Fit results for unlike-sign pairs: size and space-time asymmetry of pion-(anti)proton

source in Au+Au collisions at
√

sNN = 200[GeV/c]. First error is statistical error from fit pro-

cedure, second error is systematic from applied corrections.

Centrality Pair
〈FF +RFF〉

σout[fm] µout[fm]

0-10%
π+− p̄ 10.8+2.1+0.3

−2.1−1.2 −5.2+5+0.3
−4−3

π−− p 12+3+0.3
−2.5−0.3 −5.2+5+0.3

−4−5

10-30%
π+− p̄ 8+2.6+0.3

−2.4−1.1 −5+7+0.3
−7−4

π−− p 9.22.0+0.3
−2.6−0.9 −6.6+5+0.3

−5−3

30-50%
π+− p̄ 5.6+0.3+0.3

−0.3−0.3 −2.1+0.3+0.3
−0.3−0.3

π−− p 4.8+0.3+0.3
−0.3−0.3 −1.4+0.3+0.3

−0.3−0.3

Table 5.6: Averaged (full field and reversed full field data sets) fit results for unlike-sign pairs:

size and space-time asymmetry of pion-(anti)proton sourcein Au+Au collisions at
√

sNN =

200[GeV/c]. First error is statistical error from fit procedure, second error is systematic from

applied corrections and from discrepancy between full fieldand reversed full field results.
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Figure 5.24: Two particle pion-proton source distributions obtained from a fit to experimental

data procedure. Left panel is for full field dataset, right panel is for reversed full field dataset.

points in both cases is around -5.2[fm]. Intermediate events gives source size 8[fm] forπ+− p̄

and 9.2[fm] forπ−−p and asymmetry -5[fm] and -6.6[fm] correspondingly. For mid-central

events source sizeσout is around 5.6[fm] forπ+ − p̄ and 4.8[fm] forπ−− p pairs and asym-

metry µout is around -2.1[fm] and -1.4[fm] correspondingly. All obtained quantitative results

are consistent with each other within estimated error bars and show centrality dependence.Out

components of the two particle distributions of the fitted Gaussian sources in LCMS are plotted

on figure 5.24. Fit procedure assumes symmetric Gaussian distribution in side, long andtime

components with the width equal to the width of theout component.

Summary of the fit results is presented on figure 5.253 which shows space-time asymmetry

of the source as a function of a source size. Plotted contoursare the ellipses of covariances

fitted to χ2-maps. Values ofµout and σout are correlated and for approximation to zero size

system asymmetry between average space-time emission points of pions and protons also goes

to zero.

3Results presented on V Workshop on Particle Correlations and Femtoscopy, CERN 2009
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Figure 5.25: Ellipses of covariances fitted to theχ2-maps.
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Chapter 6

Discussion and interpretation

Discussion and interpretation of achieved experimental results can be done by comparison to

model predictions. For this purpose two models are used in this thesisTherminator 2.0 beta

andUrQMD version 3.3. Correlation functions calculated from simulated data are constructed

in the same way as the experimental functions. Also method ofextracting parameters of the

source is the same. In addition to correlation functions that can be calculated from simulated or

experimental data, distributions of space-time freeze-out coordinates can be obtained from sim-

ulations. This gives important feedback on possible sourcestructure and sequence of emission

of different particle species.

6.1 Dependence of theπ− p correlation function on FSI and

space-time structure of the source

Numerical calculations provide important information about interactions between particles.

Momenta of the particles generated in Therminator are used for calculation of the correlation

functions in three different cases, when Coulomb and stronginteractions are enabled, when only

Coulomb interaction is enabled and when only strong interaction is enabled. Figure 6.1 depicts

all three cases for like-sign pairs and unlike-sign pairs. Calculated functions show that strong

interaction is negligible for pion-proton pairs. As the Coulomb interactions is symmetric with

respect to the charge of the particles, in discussion of simulated data only like-sign pairs and

unlike-sign pairs are discussed.

The same data is used to study the influence of the source size and its asymmetry on cor-

relation functions. Figure 6.2 showsReC0
0(k

∗) andReC1
1(k

∗) components of the pion-proton
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Figure 6.1: Pion-proton correlation functions - Coulomb and strong interactions. Upper panels

- unlike-sign pairs. Lower panels like-sign pairs.

correlation functions in spherical harmonics for various size of the system and various values

of the distance between average emission points.ReC0
0(k∗) components show stronger correla-

tion for smaller source sizes.ReC1
1(k

∗) components show stronger effect for higher values of

asymmetry.

6.2 Simulations with Therminator

Therminator has been already briefly discussed in section 1.4.2. Parameters of the freeze-out

are set to the values that reproduce central (0-10%), intermediate (10-30%) and mid-central

(30-50%) Au+Au collisions at
√

sNN = 200GeV.

Based on the simulated data, pion-proton correlation functions are constructed. Figure 6.3

showsout component of the pion-proton correlation function. Upper plot is for the unlike-sign

pairs and lower plot is for like-sign pairs. Figure 6.4 showstwo real componentsC0
0(k

∗) and

C1
1(k

∗) of the correlation functions calculated in spherical harmonics. As in experimental data

functions show centrality dependence of the observed size of the system and its asymmetry.

Values of the size and asymmetry of the system obtained from the fit procedure are presented

in table 6.1. Size of the pion-proton source varies from 9.9fm for like-sign pairs in central
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Figure 6.2: Pion-proton correlation functions - size and shift dependence. Upper panels are for

unlike-sign pairs. Lower panels are for like-sign pairs.

collisions to 7fm for mid-central collisions. Centrality dependence of the size of the system is

weaker than in experiment. Source size for central events inTherminator is about 10% smaller

than source size observed in the STAR experiment. Reversed situation is for mid-central data

where simulated data gives bigger size than experiment. Magnitude of asymmetry varies from -

7.8fm for central collisions to -5fm for mid-central collisions and exceeds asymmetry measured

from experimental data.

Simulated data gives opportunity to calculate characteristics of the quantities that are not

available in experimental data. Images of the pion and proton sources are plotted on figure 6.5.

Two dimensional histograms show distributions in transverse plain of freeze-out spacial coor-

dinates of pions and protons that contribute to the correlation function. This figure tells us that

emission points of protons are more concentrated at the edgeof the source than emission points

of pions and that pion source is bigger than proton source.

Two particle pion-proton pair separation distributions for investigated centrality bins are

plotted on figure 6.6. Distributions are plotted for like-sign pairs as well as unlike-sign pairs. It is

clearly seen that there is no difference in source distribution between like-sign pairs and unlike-

sign pairs.dN/drout shows spacial asymmetry of the source. Also distribution ofthe emission

time difference shows that emission process of pions and protons differs. No asymmetry is
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Figure 6.3: Pion-proton correlation functions - therminator.
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Figure 6.4: Pion-proton correlation functions in spherical harmonics - therminator.
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Centrality Pair σout[fm] µout[fm]

0-10%
like-sign 9.9+1.0

−1.0 −7.8+3
−3

unlike-sign 9.5+0.6
−0.6 −6.9+1.2

−1.6

10-30%
like-sign 9+0.5

−0.5 −7.1+0.6
−0.8

unlike-sign 8.3+0.5
−0.5 −6.1+0.6

−0.8

30-50%
like-sign 7.3+0.4

−0.4 −5.4+0.7
−1.1

unlike-sign 7+0.4
−0.4 −5+0.9

−0.5

Table 6.1: Fit results - therminator. 3D Gaussian profile in LCMS.
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Figure 6.5: Image of pion source - left and proton source - right. Therminator results.
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Figure 6.6: Two particle pion-proton pair separation distribution from Therminator. Upper left

panel shows distribution inout direction, upper right panel showsside direction, lower left

panel showslong direction and lower right panel shows two particle emissiontime difference

distribution. Distributions constructed for pairs that contribute to the correlation effect (k∗ <

0.07GeV/c)

observed insideandlongdirections. Centrality dependence of the size and asymmetry of pion-

proton source can be also observed.

Observed asymmetry contains two components, one related tothe spacial shift between

emission points and another related to the emission time difference. Figure 6.7 shows emis-

sion time difference versus separation of the emission points for pairs that contribute to the

correlation effect. Six histograms present data for like-sign pairs (left column) and unlike-sign

pairs (right column), central (top), intermediate (middle) and mid-central (bottom) Au+Au col-

lisions. We can observe that both space and time components are correlated. Bigger spacial shift

corresponds to bigger emission time difference.

Positive value ofrTimecorresponds to the scenario when proton is emitter earlier than pions.

Histograms show that most of the pions that contribute to thecorrelation effect are emitted later

than protons. Opposite scenario when pion is emitter earlier than proton is very rare. For central
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collisions emission time difference reaches higher valuesthan for intermediate and mid-central

collisions what is in agreement with the statement that bigger sources lives longer.

Results of simulations withThermiantorwith implemented hydrodynamics of Au+Au col-

lisions at
√

sNN = 200GeV are qualitatively in agreement with experimental measurements.

Mechanisms implemented in the model suggest that observed asymmetry in pion-proton sys-

tem may arise from collective behavior of the created system.

6.3 Simulations with UrQMD

UrQMD model was briefly discussed in section 1.4.1. About 3 million minimum bias events of

Au+Au collisions at
√

sNN = 200GeV was generated. Based on impact parameter events from

central (0-10%), intermediate (10-30%) and mid-central (30-50%) collisions were selected for

the analysis. Figure 6.8 presents distribution of the impact parameterb and selected centrality

bins of the generated events.

Out component of the pion-proton correlation functions and correspondingdouble− ratios

calculated from simulated UrQMD data are presented on figure6.9. Functions calculated in

spherical harmonics are presented on figure 6.10. In both cases functions are calculated for

like-sign pairs (lower panels) and unlike-sign pairs (upper panels). Black points show functions

for central events, red points are for intermediate events and mid-central events are marked with

blue points.Out double− ratios and realC1
1(k

∗) component of the correlation functions show

space-time asymmetry of the created source.

Quantitative results obtained from the fit procedure are presented in table 6.2. In the fit pro-

cedure like in experimental fit a 3D Gaussian profile of the source in the longitudinal co-moving

system LCMS was assumed. Extracted sizes of the pion-protonsystem for investigated central-

ities show centrality dependane, but exceed values obtained from the experimental functions in

every centrality bin, from about 25% for central events to about 50% for mid-central events.

Values of space-time asymmetry do not show clear centralitydependence. For central events

and intermediate events they are close to the experimental values but for the mid-central events

asymmetry of the system in UrQMD data two times exceeds the experimental value.

Generated freeze-out coordinates allow for construction of two dimensional distributions of

emission points of pions and protons. Figure 6.11 shows two-dimensional distributions of pions

and protons emission points. Distributions are calculatedin transverse plain. Emission points of

92



 [fm]Outr
-20 -15 -10 -5 0 5 10

 [f
m

/c
]

T
im

e
 r

-20

-10

0

10

20

30

5000

10000

15000

20000

25000

30000

 [fm]Outr
-20 -15 -10 -5 0 5 10

 [f
m

/c
]

T
im

e
 r

-20

-10

0

10

20

30

5000

10000

15000

20000

25000

30000

 [fm]Outr
-20 -15 -10 -5 0 5 10

 [f
m

/c
]

T
im

e
 r

-20

-10

0

10

20

30

0

2000

4000

6000

8000

10000

12000

14000

 [fm]Outr
-20 -15 -10 -5 0 5 10

 [f
m

/c
]

T
im

e
 r

-20

-10

0

10

20

30

2000

4000

6000

8000

10000

12000

14000

 [fm]Outr
-20 -15 -10 -5 0 5 10

 [f
m

/c
]

T
im

e
 r

-20

-10

0

10

20

30

0

5000

10000

15000

20000

25000

 [fm]Outr
-20 -15 -10 -5 0 5 10

 [f
m

/c
]

T
im

e
 r

-20

-10

0

10

20

30

0

5000

10000

15000

20000

25000

Figure 6.7: Distribution of the emission time difference versus separation of the emission points

- Therminator. Left panels show data for like-sign pion-proton pairs. Right panels show data for

unlike-sign pion-proton pairs. Upper plots are for central(0-10%) Au+Au collisions, middle

plots are for intermediate (10-30%) collisions and lower plots are for mid-central (30-50%)

collisions.
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Figure 6.8: Distribution of the impact parameter in Au+Au collisions at
√

sNN = 200GeV -

UrQMD.
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Figure 6.9: Pion-proton correlation functions - UrQMD.
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Figure 6.10: Pion-proton correlation functions in spherical harmonics - UrQMD.

Centrality Pair σout[fm] µout[fm]

0-10%
like-sign 15.8+0.2

−0.2 −5.2+0.2
−0.2

unlike-sign 15+0.3
−0.3 −4.4+0.2

−0.2

10-30%
like-sign 12.8+0.2

−0.2 −4.8+0.2
−0.2

unlike-sign 12.8+0.2
−0.2 −4.8+0.2

−0.2

30-50%
like-sign 10.8+0.2

−0.2 −5.2+0.2
−0.2

unlike-sign 10.4+0.2
−0.2 −5.6+0.2

−0.2

Table 6.2: Fit results - UrQMDv3.3. 3D Gaussian profile of thesource in LCMS.
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Figure 6.11: Image of pion source - left and proton source - right. UrQMDv3.3 results.

pions are distributed almost over the whole source, while emission points of protons are shifted

towards the edge of the source. Shift for the protons is stronger than shift for the pions also

proton source is smaller than the source of pions. No asymmetry is observed insidedirection.

Pion-proton pairs that contributed to correlation functions were used to construct two-particle

separation distributions - figure 6.12. Like in case of Therminator data there is no difference in

presented histograms between like-sign pairs and unlike-sign pairs. Distributions insideand

longdirections are symmetric.Out component plotted on upper left panel shows asymmetry of

the source also emission time difference distribution plotted on lower right panel shows differ-

ence in emission scenario between pions and protons. Observed asymmetry intime is not so

strong as in case of Therminator. Source size of the system created in UrQMD simulations is

bigger than size of the system in Therminator mainly due to the long tail on the negative side of

thedN/drout distribution.

Emission time difference versus separation of the emissionpoints for pairs that contribute

to the correlation effect is plotted on figure 6.13. Histograms show data for like-sign pairs (left

column) and unlike-sign pairs (right column), central (top), intermediate (middle) and mid-

central (bottom) Au+Au collisions. We can observe shift between emission points of pions and

protons. Emission time difference is almost symmetric withrespect to therTime = 0 axis. It

means that probability of the scenario when pion is emitted earlier than proton is likely the

same as the scenario when pion is emitted later than proton. No correlation between space and

time components of asymmetry for pion-proton system is observed in UrQMD data.

Bigger emission time differences observed in central Au+Aucollisions suggest that evolu-

tion of source created in central heavy ion collision lasts longer than evolution of smaller source
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Figure 6.12: Two particle pion-proton pair separation distribution from UrQMDv3.3. Upper

left panel shows distribution inout direction, upper right panel showssidedirection, lower left

panel showslong direction and lower right panel shows two particle emissiontime difference

distribution.

created non-central collision.
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Figure 6.13: Distribution of the emission time difference versus separation of the emission

points - UrQMD. Left panels show data for like-sign pion-proton pairs. Right panels show

data for unlike-sign pion-proton pairs. Upper plots are forcentral (0-10%) Au+Au collisions,

middle plots are for intermediate (10-30%) collisions and lower plots are for mid-central (30-

50%) collisions.
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Chapter 7

Conclusions

Femtoscopy of non-identical particles is a very exciting field of the heavy ion collision physics.

This thesis presents the most advanced and the most successful so far study of correlations of

pion-proton system. It supplements analyzes of identical and non-identical mezons or baryons

done in the past by various world wide collaborations.

Analysis done in this thesis was performed at the highest available so far energy
√

sNN =

200GeV in the Au+Au head on collisions. Three centrality bins were selected from the recorded

dataset: central events - 0-10% of the total hadronic cross section, intermediate events - 10-30%

and mid-central events - 30-50%.

Pion-proton pairs may come from strong decays of∆ resonances or weak decays ofΛ

baryons thus extensive study was performed to estimate possible contribution to the correlation

function from the products of such decays. It was found that both∆ andΛ lay in the correlation

function above the region of the correlation effect. Pions and protons coming fromΛ decays are

one of the products that contribute to the fraction of primary pairs thus calculated experimental

functions were corrected on purity. It was found that purityis slightly higher for particles than

for anti-particles.

Significant difference in mass between pions and protons makes it very difficult to study cor-

relations of the particles at close velocity in such an experiment like STAR where the time pro-

jection chamber has lower limit of transverse momentum acceptance is at the level of 0.1GeV/c

and the upper limit of momentum acceptance, where particle identification is possible is around

1GeV/c. Due to these limitations requirements of this analysis exceeds the capabilities of the

particle identification offered by the STAR TPC.

Traditional representation of the correlation function inout− side− long was not suffi-
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cient for study of pion-proton correlations. Also standardmethods of decomposition of three-

dimensional correlation function in spherical harmonics failed due to holes in the angular distri-

bution of thek∗ vector. Application of the recently developed method of calculating correlation

function directly in spherical harmonics was a milestone inthis analysis. This method allowed

for calculation of reliable experimental pion-proton correlation function and extracting quanti-

tative information from the fit procedure.

Data analysis required also applying of extended methods for background mixing which

was necessary to get flat functions for large values ofk∗. To obtain a high quality data sample

a set of track selection methods have been used to remove split or merged pairs and electron-

positron pairs coming from conversion (mainly in the material of the SVT detector) of gamma

quants.

Pion-proton correlation functions were calculated for allfour charge combinationsπ+ − p,

π− − p̄, π+ − p̄ and π− − p and constructed functions in spherical harmonics as well asin

out− side− long. Out− side− long parametrization due to already discussed problems pro-

vides only qualitative information about the size and space-time asymmetry. Reliable fit results

were obtained for theReC0
0(k

∗) andReC1
1(k

∗) components for unlike sign pairs. Qualitative and

quantitative results extracted from the constructed correlation functions show that:

• average emission points of pions and protons are not the same,

• proton source is shiftedoutwardthe created system,

• observed size of the pion-proton source and asymmetry between average emission points

are correlated and decrease with impact parameter,

• measured asymmetry suggest collective behavior of the source created in Au+Au colli-

sions

• delta resonances and lambda baryons do not affect observed asymmetry,

• evolution of the source created in central heavy ion collision lasts longer than evolution

of the source created in non-central collision.

• size of the pion source is bigger than size of the proton source,

• if we assumeTherminator with hydro as a representative tool for simulating heavy ion

collisions we can claim that protons are in the average emitted earlier than pions.
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Obtained in this thesis values of the system size and shift between average emission points

of pions and protons are also in agreement with the results ofthe previous pion-kaon analysis.

Obtained quantitative results was compared to similar studies done withTherminator and

UrQMD data. Calculated parameters of the Gaussian source are found to be between values pro-

vided by these two models. Fit results show correlation in centrality dependence of the system

size and its asymmetry.

Analysis of pion-proton (meson-baryon) femtoscopy at RHICdone in this thesis is a step

forward in the process of studying interactions in meson-meson, meson-baryon and baryon-

baryon systems. Knowledge obtained during this study and methods developed during analysis

will be very helpful in the femtoscopic analyzes planned forthe already started at RHIC bream-

energy-scan program dedicated to the critical point search.

Recently a TOF - time of flight detector covered full azimuthal angle of the STAR exper-

iment also SVT - silicon vertex tracker which caused lots of problems with electron-positron

contamination in the analyzed data was removed from the experiment. With this new setup of

the experiment acquired in 2009/2010 run data of Au+Au collisions at
√

sNN = 200GeV STAR

will provide much higher quality of the reconstructed tracks. Tools and methods of data analysis

prepared during work on this thesis will allow for quick repeat of analysis of pion-proton fem-

toscopy as well as computation of correlation functions forpion-kaon and not yet investigated

kaon-proton system. Full analysis of these tree systems is very interesting and desired from the

scientific point of view as the observed asymmetries in thesesystems should be complementary.
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