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Streszczenie

Korelacje czastek nieidentycznych przy niskich predkach wzglednych mierza asymetrie
czasowo-przestrzenne pomiedzy punktami emisji czastekasie wymraenia.Zrédtem ob-
serwowanych asymetrii czasowo-przestrzennych mogadgonanse, kolektywne zachowanie
sie wytworzonej materii czy @hice w procesie wymeania r@nych rodzajow czastek.

Przedstawiona praca zawiera analize korelacji mezoivigpion-proton) w zderzeniach
jader ztota przy energii w uktadzerodka masy rownej 200GeV/nukleon. Danéw@dczalne
pochodza z eksperymentu STAR, znajdujacego sie w BraakinNational Laboratory w USA.
Program naukowy eksperymentu STAR jest dedykowany do baddasciwasci plazmy kwar-
kowo-gluonowej, a analiza zawarta w tej pracy jest elenmariggjo przedsiewzigcia.

W rozdziale pierwszym zawarto wprowadzenie do fizykizkieh jonéw oraz podstawowe
sygnatury plazmy kwarkowo-gluonowej. Formalizm materoaty funkcji korelacyjnych oraz
oddzialywa w stanie kéicowym wprowadzony zostat w rozdziale drugim. Rozdziakdiz
zostat p&wiecony dotychczasowym analizom korelacyjnym wykomargtéwnie w ekspery-
mencie STAR oraz nielicznym wcgeiejszym probom wyznaczenia asymetrii czasowo-prze-
strzennej uktadu pion-proton. Kompleks eksperymentatigyzacza cigkich jonéw RHIC oraz
eksperyment STAR zostaly opisane w rozdziale czwartymhi&e analizy eksperymental-
nej, zastosowane metody analizy i uzyskane wyniki przepdaonych badazawarte sa w
rozdziale piatym. Rozdziat szosty gwiecony zostat symulacjom, ktérych wyniki odniesione
do danych eksperymentalnych utatwity interpretacje saolvowanych efektow i wyciagniecie
wnioskow. Rozprawe kuczy rozdziat siodmy, w ktorym przedstawione zostaty tefisejsze
whnioski z przeprowadzonych batla

Analiza korelacji pion-proton wymagata zbadania wptywodguktow rozpadoéw rezonan-
sow delta oraz stabo rozpadajacego sie barionu lambddserwowane funkcje korelacyjne
oraz czasowo-przestrzenne rozktady zrodta. W tym celuomgke zostaty stosowne obliczenia

z uzyciem modeli.
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Analiza eksperymentalna wymagata przezwyeigia trudnéci zwiazanych z ograniczona
akceptancja detektora. Ra ré&znica mas miedzy pionem a protonem spraggawyboér pionu i
protonu o bliskich predikeciach wymaga wyboru czastek ozdyjiréznicy pedéw. W rezultacie
piony wzyte w analizie wybrane zostaty z dolnej granicy akcepiggjowej komory projekcji
czasowej, protony natomiast wybrane zostaty z obszarueggranicy akceptancji pedowej de-
tektora (a nawet nieznacznie ja przekraczajac). Dodatkoczynnikiem utrudniajacym anal-
ize jest fakt,ze krzywadE/dx pionéw w wybranym do analizy zakresie pedu przecina sig z
krzywa dE/dx elektronéw. Réwnie krzywadE/dx protonéw w wybranym do analizy zakre-
sie pedu przecina sie z krzywa elektronéw. Powoduje &kbrelowane pary elektron-pozyton
pochodzace z konwersji w materiale detektora kwantow gammoga zostabtednie zidenty-
fikowane jako pary pion-proton. W celu eliminacji takich gastosowano dodatkowe topolog-
iczne kryteria selekcji czastek.

Kryteria selekcji pionéw i protonéw wymuszone znacznaniéa mas powodujge pewne
orientacje z przestrzeni wektok& (ped pierwszej czastki w uktadzie spoczynkowym pary) nie
sa rejestrowane. Dotychczas stosowane metody oblictamkaji korelacyjnych, ze wzgledu
na wysoka czulst na ten brak akceptancji nie pozwalaty na @keaie parametréow badanego
zrodta. Problemy te przezwyd@eno po zastosowaniu nowatorskiej metody, opracowanej w
2008 roku, wyznaczania funkcji korelacyjnych begpexinio roztaonych na sferyczne funkcje
harmoniczne.

Na podstawie otrzymanych funkcji korelacyjnych wyznacz@arametry gaussowskiego
zrédta. Wyniki wskazujaze srednie punkty emisji pionéw i protonéw sazrée. Asymetria
pomiedzy punktami emisji dwoch rodzajoéw czastek jestsknvana z rozmiarem zrodia i za-
lezy od centralnsci zderzenia.

Badania z ayciem modeli potwierdzaja obserwacje dokonane w danksiperymental-
nych. Obserwowana asymetria ma charakter czasowo-measiyy. Piony emitowane sa pozniej
niz protony, asredni punkt emisji protonéw jest przesuniety na zevenatbdta wzgledensred-
niego punktu emisji pionéw. Asymetria czasowa i przestnzesa ze soba skorelowane - wigk-
Sze przesuniecie przestrzenne pociaga za soba wigtsrce w czasach emisji. Obszar zrédta,
z ktérego emitowane sa protony jest mniejszy obszar zrodta, z ktérego emitowane sa piony.

Obserwowane wiciwaosci zrodta utworzonego w zderzeniach jader ztota przygn200GeV

na nukleon w ukfadziérodka masy wskazuja na kolektywne sdavosci wytworzonej materii.
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Abstract

Correlations between non-identical particles at smaditiet velocity probe asymmetries in the
average space-time emission points at freeze-out. Thenafgsuch asymmetries may arise
from long-lived resonances, bulk collective effects, dfedences in the freeze-out scenario for
the different particle species.

This thesis presents study of meson-baryon (pion-proemjdscopy in Au+Au collisions
at,/Syn = 200GeV. Data used in this work was registered by the STARefBntlal Tracker at
RHIC) experiment in Brookhaven National Laboratory in 208dientific program of the STAR
experiment was dedicated to search for Quark Gluon Plaschaneestigation of its properties.
Analysis presented here is an element of this exciting aodgaring scientific adventure.

This work was done at the most advanced experimental fgadédicated to heavy ion
collisions, in the World . Obtained experimental resultsved that average emission points of
pions and protons are not the same. Source of protons isesrttadi the source of pions and is
shifted to the edge of the system created in heavy ion catlisi

This dissertation is organized as follows. Short introdrcto the heavy ion physics, basic
concepts of the signatures of the quark gluon plasma canuvel fim the chapter 1. Formalism
related to the correlation functions or final state intecaxs FSI is presented in the chapter 2.
Chapter 3 shows overview of the HBT analyzes done by the STRlration for the Au+Au
collisions. It contains also overview of the attempts toplen-proton femtoscopy made so far
by a few other collaborations. Description of the experitaksetup RHIC complex and STAR
experiment can be found in the chapter 4. Experimental arsalgchnique and obtained results
step by step are described in the chapter 5. Discussion &giatation of the results is done
via comparison to the similar studies performed wilbier m nat or andUr QVD models and is

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

Introduction

1.1 Relativistic Heavy-lon Collisions

Heavy-lon collisions at relativistic energies gives pbsy to study properties of nuclear mat-
ter at extreme conditions of temperature and density. Nudeer such conditions passes to a
new state of matter called Quark Gluon Plasma (QGP). Acogrtti the Big-Bang theory this
state of matter existed in the first microseconds after tigeBzing. In QGP quarks and gluons
are not bounded into hadrons. They can freely move over tlidevolume of the plasma.

Process of a space-time evolution of the system createdanélativistic nuclei collision
is presented on figure 1.1. Just after the collision (cerftéreoz—t coordinate system) during
the pre-equilibrium phase, partons bounded into nucleatesact with each other. Fragments
of the nuclei which did not interact move away along the lighihe. According to the current
state of research, energy cumulated in the mid-rapidityoregs sufficient to create a quark
gluon plasma QGP which achieves a local equilibrium at tlo@@rtimetg=1fm/c. QGP phase
evolves according laws of hydrodynamics. During this prastem expands what results in
drop of its temperature. Plasma begins to hadronize whagpgtkd as a mixed phase. After
crossing chemical freeze-out line all quarks and gluondaumded into hadrons which finally
streams out of the collision region after thermalizati@m{perature of the system drops below
the thermal freeze-out temperature).

Properties of matter created in heavy ion collisions areresively investigated in experi-
ments performed in two World’s leading laboratories, Biiwaken National Laboratory in USA
at Relativistic Heavy lon Collider (RHIC) and CERN in EurogeSuper Proton Synchrotron
(SPS) as well as recently started Large Hadron Collider (LHC

13
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Figure 1.1: Schematic light-cone diagram of a heavy ionsiol.

1.2 QCD calculations - energy density and phase diagram

Due to characteristics of the strong force quarks and gleansexist only in states bounded
into hadrons. However under condition of high temperaturkasyon density it is possible to
achieve an asymptotic freedom in which partons do not iotevéh each other and can freely
move over the created system. Figure 1.2 represents |&@2 (quantum chromodynamics)
calculations [2] of a phase diagram of a nuclear mafteversusyg, the baryonic chemical
potential. Atug = 0 the transition from hadron resonance gas to quark gluemadakes place
at the critical temperaturg = 164+ 2MeV. Curvature of the crosover transition is given by

%zl—%,C:0.00SZ (1.1)
The solid line which starts from the endpoinflat= 162+ 2MeV, pyg = 360+ 40MeV is a first
order phase transition.

The only one experimental way to create quark gluon plasriaasigh increasing temper-
ature of the system in ultra-relativistic ion collisionsmiits of existence of hadronic phase is
not only reached by exceeding critical temperaflybut also by increasing density of matter,
the so called "cold compression”. Deconfined quarks andngddidow temperature and high
baryonic density create state called Color Supercondudtarh possibly exists in the interior

of the neutron stars. Mechanism of deconfinement at low teayoe and high baryon density

14
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Figure 1.2: Phase diagram of a nuclear matter (lattice QU&ulzions) [2].

is called Debye screening. Due to compression of mattekguard gluons cannot be localized
in nucleons. This phenomena is achieved when long rangeaatiens are screened, Debye
screening radiusp is shorter than the nucleon radius.

Figure 1.3 shows QCD calculations by Frithjof Karsch [1] ®&flavour (u,d) and 3-flavor
(u,d,s) quarks as well as two light (u,d) and one heavien(ajlkqgmass of energy densityT# as
a function of temperature normalized to the critical terapeneT /T;. Transition to quark gluon
plasma is seen as a sudden increase of energy dendit§Tabout 1. All three calculations
gives consistent results of estimated energy density, at = (64 2)TZ.
For high temperature regimke > 1.5T; the equation of state, the temperature dependence on
energy densitg/T* and pressur@/T#, asymptotically approach the free gas limit for gas of

gluons anch; quark flavors.

€sB  PsB 21\ 1
= (16+ > nf) 35 (1.2)

Equation 1.2 can be used for descriptions of systems witmketaaryon density (close numbers
of quarks and anti-quarks) and non interacting quarks amoihgl.

Figure 1.4 presents recent calculations of energy densiyltaee times pressure as a func-
tion of temperature calculated by A. Bazavov et. al in [3]thélugh sudden increase of energy
density is observed, it is not the first order phase tramsiiat a smooth cross over. The band

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

1.3.1 Elliptic flow and scaling with the number of constituert quarks

In non-central collisions anisotropy of particle disttilaun in transverse plain occurs. This phe-
nomena is called anisotropic flow. The transverse singlegadistribution in the azimuthal
angle@is often expressed in Fourier expansion:

% = %{% <1+ 2nZlvn cos[n(@— GJRP)]) (1.3)
where ®rp is the angle of the reaction plane defined by impact paranaetérlongitudinal
direction. The most exciting observations are for the sdavder harmonic coefficienp which
characterizes the ellipticity of the azimuthal distriloutiof the produced particles thus it is
called "elliptic flow".

Figure 1.5 depicts how spacial anisotropy and differentligrats of pressure for different
orientations of azimuth of the particle with respect to thaation plane results in momentum-
space anisotropy of produced particles.

Figure 1.6 shows, measurements done at RHIC by Phenix and STAR experimentsdi]
group of panels showg as a function of transverse momentum case (a)varab a function
of KEt - transverse kinetic energy(pr) shows mass ordering fgrr < 2GeV/c, for higher
values of transverse momentum mass ordering is broken aaréd ggmposition of the particles

dominates over their masses. Plot (b) on the left panel ofdidu6 shows, as a function of
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Figure 1.5: Elliptic flow phenomena. Pressure gradientspacl anisotropy in non-central

collision results in momentum-space anisotropy.
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Figure 1.6: Left: (a)v2 vs pr and (b)v2 vs KEt. Right: (a)v2/ng vs pr/ng and (b)vz/ngq
vs KEt /ng. Both left and right for identified particle species in minim bias Au+Au colli-

sions [4].

KET. v2 of presented particle species do not show mass orderingcllgssup t&KEt ~ 1. In
two discussed cases fpfr = 2 andKEt = 1 v» split into two separate branches of mesons and
baryons. Elliptic flow of baryons reaches higher values #laptic flow of mesons.

Quite different observations are far scaled by the number of constituent quanksvhat is
presented on right panel of figure 1v6.for both mesons; = 2 and baryong; = 3 follow the
same curve over the full range KEt /ng. This result suggests that thermalization is connected
with quark level rather than hadronic level. Plot (a) of tight panel does not show as good
scaling ofva/ng with pr/ng as withKEr /nq due to effect of hydrodynamical mass ordering.

This suggests that mass ordering is preserved over the ddifigear increase oKEr.
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1.3.2 Suppression of high transverse momenta hadrons

Nuclear modification factoRaa is defined as a ratio of the particle yield in nuclei-nucldk co

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

collisions in nuclei-nuclei collisionsIZY:.
_ 1 d®NAydydpr
Raa(PT) = a2 Ganme /dydpr

coll

(1.4)

If the medium created in A+A collisions has similar propestiike in p+p collisions nuclear
modification factor is constant and equal one. Any deviatifsam unity suggest that created
media created in proton-proton and nuclei-nuclei coliisitvave different features. By anal-
ogy toRaa Rcp - central to peripheral ratio is defined to compare centrdl@aripheral A+A
collisions.

NPeripheral o centraly o

Rep _ _coll .
( pT) N((::glrl]tral d2N peripheralg yd Pr

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

(1.5)

ripheral collisions no deviation from one should be obsérve
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Figure 1.7: Left: inclusivepr distribution for central and minimum bias d+Au collisionsda
non-diffractive p+p collisions. Right: Nuclear modificani factor for d+Au collisions as well
as central Au+Au collisions (minimum bias d+Au shifted 0eM&o the right for better visual-

ization) [7].

Figure 1.7 shows results obtained by STAR Collaborationl&ft panel presents inclusive
pr distribution of charged hadrons for central and minimunshkdaAu collisions and non-
diffractive p+p collisions. Right panel shows nuclear nimdtion factor for the same d+Au

data and central Au+Au data scaled by the p+p spectrum. Auedlisions reveals strong
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suppression of hadron production for large transverse mtarend are significantly different
than d+Au collisions which shows Cronin effect, inclusivelgt is enhanced in@eV/c < pr <
7GeV/c. Suppression seen in Au+Au collisions is due to final statractions with the dense

matter created in high energy collision.

1.3.3 Jet quenching

Jet is defined by group of highr particles having similar momenta orientation. Jets aratece
at level of quarks and gluons when high energetic partorelsatirough matter. Its energy loss
IS sensitive to properties of created matter. If the masielense enough energetic partons may
loose enough energy due to hard scattering to prevent emiskihe jet what has been observed
by STAR experiment in Au+Au collisions [7]. This phenomes&alled jet quenching.

Figure 1.8 shows obtained results for central Au+Au, mimmhias p+p as well as mini-
mum bias and central d+Au collisions. Plotted two partiderathal distribution of back-to-

back jets is defined as
o1 1N
Nrigger € dAQ

where Nirigger is the number of trigger particles withGeV/c < pr < 6GeV/c ande is the

D(Ag)

(1.6)

tracking efficiency of the associated particles. As eadygér particle are correlated with all
associated particles distributions shows peak@t 0. Second "away-side" peak, opposite to
the trigger jet atAg = 1tis observed only fop+ p andd + Au collisions. Medium created in
central Au+Au collisions is dense enough to quench the "asidg" jet. The "near-side" jet
observed in central Au+Au collisions is believed to comerfrpartons 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 prodnatf J/ particle €c) could be
suppressed in the quark-gluon plasma because of the sogesfithe confining potential.

First spectacular measurementslgfp) suppression was done at SPS. Figure 1.9 shows the
J/W over Drell-Yan cross-section ratio as a function of the agerength. of the nuclear matter
(traversed by thec state compared to the normal nuclear absorption patteitnp@eel) [5].
Right panel of this figure shows the same data but divided byntirmal nuclear absorption

pattern [5]. Both panels of figure 1.9 show clear suppressialy above thd. ~ 8fm what
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Figure 1.8: Two particle azimuthal distribution [7].

corresponds to energy density of the mediim 2.5GeV/ fm?.

1.3.5 Strangeness enhancement

Strangeness is absent in the colliding nuclei so any straageon must be produced in the
created source. Strange quarks can be produced in hadrgmactonic reactions, gluon fusion
or quark-anti-quark annihilation. As quark is relatively heavy (1¢§2Mevl) high energy
is required for its production. Energy threshold for prattut of strange quark in hadronic
channel is much higher than energy threshold in partonicticass thus possible enhancement
of the production of strange hadrons has been proposed tsigeature of existence of QGP.
Figure 1.10 presents enhancement of production in midditypriegion of strange baryons
A(uds), =7 (dss, Q(ssg and their antiparticles as a function of number of partiotp@Npart
measured at the SPS and RHIC energies. Clear enhancemdyd oserved for all presented
particles. Measured enhancement grows linearly for sedagyons with number of partic-

ipants and its strength depends on strangeness of thel@d8ie- 1,2,3) and is higher for

LParticle Physics Booklet, July 2008
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Figure 1.9: Thel/y over Drell-Yan cross-section ratio as a function of L conagiato the
normal nuclear absorption pattern (left) and divided byrtbemal nuclear absorption pattern
(right) [5].

particles with higher number of strange quarks. Data fromi@id within the error bars at the
same level as data from SPS. Enhancement of productionlasiwe protons which are shown

for a reference is constant over the investigated regiomofoer of participants.

1.3.6 Dynamical fluctuations of strange particles multiplicities - "horn"

structure

Methods of localizing the region of transition from hadromsgo quark gluon plasma have
been proposed in [9]. The most spectacular is energy depeeadé the ratio of strange particle
multiplicities to pion multiplicities and an increase oktbvent-by-event fluctuations what can
have characteristic behavior in the deconfinement tramsiggion.

At energies lower than energy needed for a QGP formationtthageness to entropy ratio
increases with energy of the system due to the fact that nfake strange degrees of freedom
is higher than temperature of the created system. At thieartemperature this ratio is higher
in the state which exists in the lower lower temperatures thahe state which exists above
Tc. Thus in the mixed phase strangeness to entropy ratio desgd¢a value specific to QGP.
This behavior has been called "horn" structure and is cens@ito 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 baryt\)pl% ==+ andQ,Q as a function of num-

ber of participants. Solid markers are for Au+Au.g@byn = 200GeV, open markers are for
Pb+Pb at,/Syn = 17.3GeV. Black and red arrows indicate predictions foand=. Blue trian-

gles show inclusive protons to illustrate effects of nasgje baryons [8].

Figure 1.11 shows energy dependence of the relative sinasggroduction measured by
the NA49 Collaboration[11] in Pb+Pb collisions at the SP&adare also supplied with recal-
culated results from AGS. Raties = ((A) + (K +K)) /() plotted as a function of collision
energy reveals the "horn" structure predicted in the SME&iESical Model of the Early Stage)
model [10]. Fast increase of tHss ratio is followed by the turn out and decrease at about
v/Sun30GeV. Reference data from proton reactions shows only monotociease over the
measured collision energy.

Recently two World’s leading heavy ion facilities SPS andIi@Hbegan their projects of
search for critical-point with energy and system scannifg idea is to move in two dimen-
sions with energy and baryon density on the phase diagranoaatize the critical point (see

figure 1.2).
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Figure 1.11: Energy dependence of the relative stranggmeskiction as measured by the
Es= ((A\)+(K+K))/(m ratio in central Pb+Pb at SPS (red markers) and Au+Au at AGS
(blue markers) collisions. Data from proton-(anti-)proteactions (open circles) is plotted for

comparison [11].

1.4 Models

Since the beginning of heavy ion collision physics scig¢stievelop various models which are
intended to describe particles production mechanism aedactions between produced parti-
cles. In this thesis two models UrQMD and Therminator areldgediscussion and comparison

with experimental results.

1.4.1 UrQMD - Ultrarelativistic Quantum Molecular Dynamic s

The Ultrarelativistic Quantum Molecular Dynamics [12][1®JrQMD - model is a microscopic
transport model used for simulating heavy ion collisons mide range of collision energies
from about,/syn = 1GeV (SIS) up to top RHIC energy'syn = 200GeV. UrQMD is a mul-
tipurpose model for studying physical phenomena such astion of dense hadronic matter
at high temperatures, multi-fragmentation processagtielflow, electromagnetic probes, pro-

duction of resonances or particle correlations. UrQMD nhedpports hydrodynamical evolu-
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Figure 1.12: Particle production via baryon string fragtaéion. Two quark-antiquark pairau

andss) are created in the color flux-tube between constituentatiqand the constituent quark.

tion of hot and dense stage of the collision. It also inclutied?ythia for hard pQCD scatterings.

In UrQMD projectile and target are modeled by Fermi-gas tmdducleons are repre-
sented by Gaussian shaped density functions. A nucleoreonighteraction is based on a
non-relativistic Skyrme-type equation of state with amafial Yukawa and Coulomb potentials.
Hadron hadron collisions are performed stochasticallgs€isection has geometrical interpre-
tation as an area and collision between particles occurs Wigerelative distance between them
dirans IS lower or equal\/m, wheregoy is a total cross section and depends on particle type
and collision energy.

Production of particles takes place via decays of resorsaoicgia strings excitations and
fragmentations. At lower collision energies in c.m up toa® 10GeV/nucleon production of
particles is dominated by decays of resonances. For esargisidered in this work strings ex-
citations and fragmentations dominates process of pastigtoduction. An example of baryon
string fragmentation excitation is presented on figure Wh&re two quark-antiquark pairs are
created. The leading diquark combines forms a hyperon vattlynproduceds quark, newly
produceds andu quarks form a kaon and newly produceduark with leading quark forms a
pion.

UrQMD has implemented decay channels of all nucleon-, daita hyperon-resonances
up to 225GeV/c? as well as meson decays. It is possible to prevent UrQMD frecaging
selected particles.

UrQMD model is very flexible what helps in understanding ¢émactions and the dynamics
of heavy ion collisions. It allows user to specify variousgraeters of the collision like energy
of the collision, type of the collision head-on or fixed targgpe of target and projectile or
impact parameter. Among many parameters it is also podsillefine equation of state or time

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

Therminator[14] is an event generator based on Monte-Ggh@rator which implements sin-
gle freeze-out thermal models. Its primary goal is to studitiple production in relativistic
heavy ion collisions at the energies of SPS, RHIC or LHC.

Therminator implements a few expansion models based on-Budd parametrization or
Blast-Wave parametrization. All particles from Particlat® Tables are take into account during
generation process. Positions and momenta of the particéegenerated using Bose-Einstein
or Fermi-Dirac distribution on the hypersurface. Produpadicles do not interact with each
other. Stable particles stream away along classical t@jes. Unstable particles are addition-
ally decayed. Therminator supports two-body and tree-hledpys. Decays of cascade particles
proceed until only stable particles are present.

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

used:

dN B Tmrcosh(aH—y) y

dydd prd prdo dedp (2m)3

1
{exp [BmT cosh(ay — y)l: s;vr cos(p - ) Bll] } a7

where the freeze-out hypersurface is defined as:

T = 1=const

g

(1.8)
andT, pmax VT are parameters of the model.

A new version offher m nat or +Lhyquid (Ther m nat or 2. 0 bet a) withimplemented hy-
drodynamics was also used for calculations done in this waltkhough this version is still not
officially released it can be considered as reliable as a eurabpublications based on its
calculations were already published [16][17][18][19].

In this version hydrodynamical equations implement idkad}, baryon free, boost invariant

hydrodynamics. Initial energy density has a Gaussian form:
N
n(x,y) = eXp(_Z—aZ - 2—b2) (1.9)
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wherex andy are transverse coordinates andndb are parameters (estimated from the GLIS-
SANADO Glauber Monte Carlo calculations [21]) that dependcentrality of the collision.
Evolution of the system begins with formation of the massleartons and collisionless
partonic free-streaming followed by a sudden equilibratio the next step fully thermalized
fluid begins its hydrodynamical evolution which starts & &mission proper tinte) = 0.25fm.
System freezes at the freezeout temperaligrdd45MeV, then statistical hadronization at the
freeze-out hypersurface (hadrons are generated accdalihg Cooper-Frye formalism [22])
takes place and then all hadrons steams freely. Rescattegtwveen hadrons is neglected. Un-

stable hadrons decay.

Figure 1.13: Diagram of the particle’s velociBydecomposition into flow3; and thermalB;

components. [19]

Investigating emission asymmetries is the main aim of thaskwin hydrodynamical evo-
lution of the system source can be divided into fluid cellsctEeell has its flow velocits.
Particles emitted from such cell have the same flow velokitgddition tofs each particle gets
its own thermal velocit; which have random direction, (see figure 1.13. Component of the

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

You — xB _ 1 (Br+Brcos(—¢r))
ut B B

wheref is a single particle velocity.

(1.10)

Mean emission point, averaged over particles at fikddr Gaussian density profile e(prf/Zr%)

can be expressed as:

_ (rBt)  roPoB
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whererg is a radius an+ = Bor /ro. The local thermal momentum distribution is characterized
by temperaturd .

Equation 1.11 has explicitly given element of a thermal g#yo We can see that maximal
possible shift between emission pointsint is for zero thermal velocity.

As explained in [19], in general when two particles, lightexd heavier emitted from the
same fluid cell have the same flow velocity but different motaefotal velocity of them is
additionally increased by thermal, momentum dependentpooient. Thus for the samer
thermal velocity obtained by lighter particle is higherrreathermal velocity obtained by heav-
ier particle. Total velocity of a lighter particle is lessroalated with its emission point than in
case of heavier one. In the system with no flow mean emissiont pbany particle is zero.
When thermal (random) component dominates over flow (cted) component of the particle
velocity than mean emission points are also zero. Whedominates ovep; then shift of the
mean emission point is observed but asfihef both particles is the same, centers of the source
of the lighter particle is very close to the center of the sewf the heavier particle. Asymme-
try in the out direction between average emission points of lighter armdiee particles can be

observed when flow and thermal components of the partictecitglare 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 eeltmique of measuring
angular dimensions of bright visual stars [23][24]. It wasséd on the idea that the time of
arrival of photons in coherent beams of light is correlated this phenomenon can be used an
interferometer to measure the apparent angular diamestars. Information about the size of
the emitting source can be calculated from opening anglearhemtum vectors which can be
extracted from the two photon correlation function as a fimmcof a space-time distance of the
detected photons.

A few years later correlation effect in angular distribusoof pions, related to the Bose-
Einstein statistics was observed in the antiproton-pr@oimilation process [25]. Later on
Kopylov and Podgoretsky formulated a method of extractpace-time characteristics of the
source [26].

Both techniques use measurable momentum-space struatudedcription of non measur-
able space-time structure of the investigated object boage of the astronomy the effect that
causes correlation between photons takes place in thetoleéed in case of nuclear collisions

the correlation between particles has its origin in the seur

2.1 ldentical particles correlations

The momentum correlations of non-interacting particlesttech in nuclear collisions are in-

fluenced by the quantum statistics effect. If the particiestsons they obey Bose-Einstein
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Figure 2.1: Identical particles are indistinguishablesthwo scenarios of registering them are

equally probable.

statistics and if the particles are fermions they satisfynmfrdirac statistics. Interacting par-
ticles are also influenced by final state interaction whicly m@me from Coulomb or strong

forces.

Identical particles are indistinguishable therefore tlame wave function (Eq. 2.1) of the
pair needs to cover two scenarios - depicted on the figurelBd first one when particles with
momentap; and p, are emitted from pointg; andx, respectively and the second one when
they are emitted fromy andx; respectively. Quantum mechanics requires the wave fumtmio

be symmetrized for bosons and anti-symmetrized for fersiion

1 . . . .
Wio(Xa, P1,X2, P2) = —= [exp(ipa - Xa + P2 -X2) = exp(ip1-X2 +ip2-X1)] (2.1)
V2

The probability of registering two particles in such stade be expressed by

dN 4 4 2
Po(p1, P2) = E1E2m = /d x1d"%2S(x1, P1)S(X2, P2) [W12| (2.2)

whereS(x, p) is the single particle Wigner space-phase density. Oncfgaspectra are defined
by
dN 4
21(p1) = Ep gz = [ ¢*xSxp) (2.3)
Two particle correlation function is defined as a ratio of {panticle and one-particle spectra
(Eq. 2.4)
P(P1, P2)
C(pr,p2) =N———"""— 2.4
(P1-P2) = X (o)1 (o) &4
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where/\ is the proportionality factor which is specified by relatipayticle spectra to inclusive

differential cross sections.
1daop

P =Ep— 2.5
1 dop
P, =EE———r— 2.
2(P1) = E1 26 Ppidip, (2.6)
Particle spectra can be also expressed in terms of creattbaraihilation operators:
Pi(p1) = E(&,8p) (2.7)
22(Py) = E1E2 (&, 85, 80,8, (2.8)
and they can be normalized by
d® -
=n(p) = (N) (2.9)
d3py d® NN
2 pia(py, p2) = (N(N - 1) (2.10)
1 B2
whereN is the number operator. Equations 2.9 and 2.10 define piopatity factor used in
equation 2.4 A
(N)
(N(N—1))

If we introduce two vectors of average momentikire: (p; + p2)/2 and relative momentum

g = p1 — p2 than we can replac8(x1, p1)S(X2, p2) by S(x1,K — %q)S(xz, K— %q) and follow-
ing [27] for small relative momenta we can apply the follogggmoothness approximation

1 1
S(x1,K — éq)S(xz, K— éq) ~ S(x1, K)S(x2,K) (2.12)
Finally the equation 2.4 can be expressed as follows.

MRICEECISERE

K = ek

(2.13)

2.1.1 Gaussian parametrization of the source

In order to extract quantitative information from the measicorrelation function the parametriza-
tion of the emission functio§(x, K) needs to be assumed. The simplestis a Gaussian parametriza-

tion of a source:

S(x,t) ~ exp(—x—2 tz) (2.14)

)
2r§ 13
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Figure 2.2: Decomposition & into out, side long components.

Equation 2.14 does not depend on the average momeKtaithe pair and the correlation

function can be written as

2 2.2
C(q,q0) = 1+)\exp<—¥ — %) (2.15)

whereqp = E1 — E> is the energy component conjugated to the emission durdemametek

Is the phenomenological parameter which takes values eet@and 1 and describes strength
of the correlation.

One-dimensional correlation functions are often caledatith respect to Lorentz invariant
variablegjny = 4 /qg —@?2. Correlation function then takes the form:

C(Ginv) = Aexp(—aZ;R?) (2.16)

2.1.2 Out-sidelongcoordinate system

Often choice of the coordinate system in femtoscopic amslyg the Bertsch-Pratt[28][29]
out-sidelong parametrization wheréong is directed along the beam axisut and side lay

in transverse planedut is along the total momentum of the pair asdleis perpendicular
to it. Schematic view obut, sideandlong components is presented on figure 2.2. Vetor
decomposed on this figure is half of the veaj@nd is used in construction of the non-identical
particle correlation functions which are discussed in thésis.

Correlation function can be now rewritten as

C(q) = 1+ Aexp(—gdR5 — g&RE — ofRY) (2.17)
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2.1.3 Final State Interaction - Coulomb and strong

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

between emission points can be written in the following f¢8@:
Yo (1) = &%y/A(n)e """ F (~in, 1,i§) (2.18)

whereg = k'r* +k*-r* = p(1+cos9*), p = k'r*, n = 1/(k*a) anda= 1/(uzze€?) is the Bohr
radius,)t = mymy /(M + mp) is the reduced masgg = argl (1+i/(k*a)) [34] is the Coulomb
s-wave phase shifk* is half of the relative momentum in pair rest frame PRHs the relative
separation between emission points 8has the angle betweeki andr*.

Ac is the Gammov factor which describes the Coulomb interactt® relative distance between

emitted particles:
2 _
Ac(n) = 44 (0)|” = 2rm (exp(2rmy) — 1) (2.19)
andF (a,1,z) is the confluent hypergeometric function:

az  a(a+1)7Z
FaL2) =145+ — 55—+

(2.20)
If the particles interact also by strong interaction a pa@wve function needs to be supplied
additional term responsible for description of it [31].

e lr) = A [ R i -0 SV e
whereG = v/Ac(Go+iFp) is a combination of the regulafq) and singularGp) s-wave Coulomb

functions.

f (k") 2h(n) +iAc(r]>/r]] - (2.22)

fo(k") =
)= Ay 2
f(k*) is the amplitude of the low-energy s-wave elastic scattedie to the short-range inter-

= [f01+%dok*2—

action renormalized by the long-range Coulomb forces. onti(n) is expressed through the
digamma function, but fojn| < 0.3 can be approximated by

h(x) = x_lzn;rm(rlTl)(—z)_C—i_ln'X' (2.23)
and finallyC is the Euler constant.
Interaction between pions and protons is dominated by Qolniateraction. Strong component
of FSl is negligible thus correlation function at small tela moment&*r* < 1 and forr* < |4

can be approximated by [33]:
C(k*) =Ac(n)[1+2(r"*(14cosB*)) /a+...] (2.24)
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Figure 2.3: Kinematical relations between separation efdmission points and momenta of

the particles.

2.2 Correlation function of non-identical particles

Correlations between non-identical particles are semstv differences between space-time
emission points of different particle species. Correlafimnction can be approximated by equa-
tion 2.24. Element*(1+ cost*) averaged over space defines space-time structure of theesour
but both quantities™ and6* are not accessible in the experiment. Taking into accouatttke
final state interaction which determines correlation fiorctdepends on the orientation of the
relative 4-coordinates of the emission point through ttedesgroduct ok* -r* we can measure
space-time asymmetry of the source [33][34][35]. Figudescribes relations between quan-
tities not measurable in the experiment and experimenaaltessible quantities.

Two particles are emitted with momenpa and p2. Separation between them is defined by
vectorr*. Vectork* is defined as half of the relative momentum of the pair whatasnmentum

of the first particle in pair rest frame PRF. Velocity of thergeeeps the direction of total mo-
mentum of the pair and creates an anglevith vectork*. 6* is an angle betwearf andk* and

¢ is an angle betweert andv.

To access information about such asymmetry in the outwagttibn ©ut) one can con-
struct two correlation functiorG™* for cogW) > 0 andC~ for cogW) < 0 what corresponds to
Koyt =K*-vy /v, >0andki,=k*-v, /v, <O.If particles are in the average emitted from the
same positions, ratio &*/C~ measures mean relative emission time. If in the average ther
is no delay between emission of two patrticles the r&tigC~— measures spacial shift between

average emission points. In general combination of thesectases:
<r* >=yr(Ar — BrAt) (2.25)
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which cannot be separated is measufgdandAt are quantities in centrum mass system CMS.
Relation between PRF and CMS is defined by the Lorentz fagter 1/,/(1— vr). Once the

relations from figure 2.3 are defined the equation 2.24 caewstten as [33]

C(K) = Ac(n)1+2(")/a+

2cos¥ (ron) /a+
2siny (sincp(r;d(g + coscp<r|*0ng>> Ja+---] (2.26)
Then forrgye = rjyng = 0 andk” — 0 "double-ratio'C* /C~ takes the form [33]
Ct
= 1+2((cosW)_ —(cosW)_ ) (reu) /a (2.27)

where+ and — subscripts indicates averaging over positive and negatreatations ok ;.
Deviation from unity (peak or dip) for smatl is conjugated with space-time asymmetry of the

source.

2.3 Constructing experimental correlation function

Experimental correlation function is constructed as arafitwo particle distribution of par-
ticles coming from the same eveNtq) (correlated particles) to the two particle distribution
of particles coming from different even3{q) (uncorrelated particles). Correlation function is
required to satisfy the condition that it is constant anda¢duor largeq so denominatob(q)

should be properly rescaled. Constaid the correlation function normalization factor.

Ca) =ty (2.28)

Two patrticle distributions are constructed as a functidisaa relative momentuny in case of

identical particles or half of the relative momentlimfor non-identical particles.

2.4 Correlation function constructed in spherical harmoncs

Structure of the source can be much more efficiently explbyecbnstructing correlation func-
tion using spherical harmonic decomposition [36]. Accap&aof the detector does not cover
full phase space of vecté what results in difficulties in calculating harmonic monsefrom

3-dimensional correlation function. To resolve such peafid method of constructing raw pair
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distributions directly in spherical harmonics has beerdusehis work [37] and will be briefly
described below.
Correlation functiorC(k*) is defined as a ratio of two particle distribution of correthparticles

T(k*) do the ratio of two particle distribution of uncorrelatedtpdesM (k*)
T(k*)

each of the elements of this equation can be decomposedhkhto S
2\/ﬁZTIm Yim(6, ) (2.30)
where
Tim(K*) = / d6dT (k)Y (6, 9) (2.31)

experimental conditions require followmg approximation

o 2y N Y (B, o) if K inbinn,
Tin(le) & 2 o) 1K (2.32)
i= 0 otherwise
whereN is the number of pairs in calculated distribution. THgptakes the form
Tim(K*) =Y Mimirmy (K*)Cion (K" (2.33)
I//rn//
where matrixMy: is written as
Mimprmr (K) =5 My (K°)
I"my
—DM/(2 +1) (2 +1)(217 + 1)
I |/ |// I |/ I//
(2.34)

000 -m m m’
Such defined equation 2.33 can be used for direct computi@g,0k*) components.
Due to symmetry reasons number of relevant components @ueed. Detailed discussion can
be found in [36]. In analysis presented in this thesis doltis of identical ions (Au+Au) are
considered and measurement covers symmetric mid-rapietiign thus odd! + m) compo-
nents vanish (polar angle symmetry). Due to the fact thatsomement is integrated over the
reaction plane all imaginary components also vanish. Vamgscomponents of the calculated
function can be treated as an analysis and data quality test.
Coo component directly probes size of the system, is sensitiieS! interaction and reveals
attractive or repulsive behavior of Coulomb interactiBeG keeps information about asym-
metry of the sourceCyp andReGo, elements indicate that size of the system in three diregtion

out, sideandlongare not the same. Higher order elements are not significahis@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 investidaystem in femtoscopic measure-
ments. The first STAR measurements of pion-pion correlatiware done iryearl dataset of
Au+Au collisions at,/syn = 130GeV then in,/Syn = 200GeV. Recently such studies have
been supplemented with measurements done in Cu+Cysali = 62.4GeV and ,/syN =
200GeV as well as Au+Au at,/syn = 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 imitheasing centrality for
both colliding systems. No centrality dependence is oleskfar A parameter an®oyt/Rside
ratio. HBT radii andRoyt/Rsige decreases with transverse mass. Decreasatandsidecom-
ponents is described by transverse flow. Decreaderaf component is correlated with lon-
gitudinal flow. Parametek grows with increasing transverse mass of the investigatstds
my. This is due to decreasing contribution of pions producedhftong lived resonance de-
cays at higher transverse momenta [38]. What is not predemtehe cited figures but men-
tioned by the authors of [38] is that parameteand ratioRy,:/Rsige are higher for collisions at
VSN = 62.4GeVthan for,/Syn = 200GeV.

Left panel of figure 3.2 show ratios of extracted radii forttahAu+Au and Cu+Cu colli-
sions at,/Syn=200GeV and 62.4 GeV. Ratios of Au+Au to Au+Au as well as Cut€Gu+Cu
are close to unity. Ratios of radii extracted from Au+Au matins to radii from Cu+Cu colli-
sions are at the level about 1.5. All ratios do not show anyddpnce on transverse mass what

can be understood in terms of models which assume the ragiiopional toAl/3, where A is
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Figure 3.1: Femtoscopic paramet&s:, Rside Riong, Rout/Rside @andA as a function of trans-
verse masar and their centrality dependence for Au+Au collisions /@y = 62.4GeV (left
panel) and Cu+Cu collisions gtsyn = 200GeV (right panel) [38].

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

Estimated pion freeze-out volum¥:(0 R2, Riong: Vi O RoutRsideRiong) as a function of
charged particle multiplicity density for Au+Au and Cu+Callesions is presented on right
panel of figure 3.2 [38]. As the system size decreases witlswerse mass authors of this anal-
ysis used for the volume freeze-out estimation the lowgdbin which corresponds tior region
from 150 to 250 MeV/c. Common linear dependence is obsemedlf four combinations of
colliding nuclei and energy of the collision.

The energy dependence of the pion freeze-out volume in heawpllisions calculated for
wide range of energies from energies of AGS up to energiestdCRs presented on figure 3.3.
AGS measurements show monotonic decrease of the volume fehiSPS and RHIC energies
monotonic increase is observed. Authors of the [38] explaim effect in therms of mean free

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

(= p%o - (3.1)
whereps is the freeze-out density described as the number of plbinghe freeze-out volume
V; and theo is the total cross section for pions to interact with the mediNo can be expressed
as a sum of pion-pion and pion-nucleon contributions. Atehergies available at the AGS
pion-nucleon cross section is larger than the pion-piosse®zciton, also number of nucleons

in mid-rapidity region is larger than the number of pionsu$ithe decrease of the number of
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Figure 3.2: Left: Ratios of femtoscopic radii at centrallisodns for Au+Au and Cu+Cu col-

lisions at,/Syn = 200 and 624GeV as a function ofnr [38]. Right: Pion freeze-out volume

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

for \/S\n = 62.4GeV and,/Syn = 200GeV [38].
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Figure 3.3: The energy dependence of the pion freeze-oummlin mid-rapidity region in

heavy ion collisions for wide range of energies from AGS uRHIC [38]. Data are for Au+Au,

Pb+Pb and Au+Pb collisions.
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o (fm) {Argyy (fm)

STAR Data| 12+0.473? | ~5.6+0.6"13
RQMD | 118+04 | -8.0+06
Blast-Wave| 9.94+0.1 —-6.9+0.3

Table 3.1: Gaussian 3-dimensional fit results in pair reshé for pion-kaon correlation func-
tions for central Au+Au collisions ay/syn = 200GeV [39].

nucleons with energy results in decrease of observed fegzeolume. At the SPS and RHIC
energies contribution to tHéo therm from pion-pion dominates thus monotonic increasb®f t
V; with energy is observed.

Figure 3.4 shows pion-kaon correlation functions measurédi+Au collisions at,/Syn =
130GeV - the first results of non-identical particle correlationsasured by STAR Collabora-
tion. Presented results suggest that pions and kaons aemitéd, in the average from the
same space-time emission point. Top panels of figure 3.4 giwaverage of th€, (k*) (pions
catch up witch kaons) ard_ (k*) (pions move away from kaons). For like sign pairs coulomb
interaction is repulsive thus correlation between patich lowk* values is suppressed. For un-
like sign pairs coulomb interaction is attractive thus etation is increased. Middle and bottom
panels show the ratios @f; /C_ for out, side andlong directions of vectok*. Ratios calcu-
lated with respect tég;;. andkj,,, are equal to unity within the statistical errors what sugges
that the average separatigrij,.) = <r|*0ng> = 0. Clear evidence for space-time asymmetry is
visible inC, /C_ calculated with respect to sign kf . Ratio is below one for like-sign pairs
and above one for unlike sign pairs. Table 3.1 presents filltee the experimental data as
well as Blast-Wave and RQMD functions.

The first statistically meaningful femtoscopic analysik8f— K° was done in Au+Au col-
lisions at,/syn = 200GeV by the STAR Collaboration [40]. Correlation of neutral kads
dominated by quantum statistics and final state interaegtioich do not contain Coulomb part.
Kaon interferometry suffers less than pions from resonalemmays and thus provide cleaner
signal for femtoscopic studies. Figure 3.5 shows measueccorrelation function as well as
corrected on purity and momentum resolution. Fit resule gize of the sourcR = 4.09+
0.46+ (stat)0.39(sys fmand chaoticity parametér = 0.92+ 0.23(stat) + 0.13(syg at mean
transverse massny) = 1.07GeV/c?.
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Figure 3.4: Pion-kaon correlation functions measured bAFSih Au+Au collisions at,/Syn =
130GeV. Top panels: the average of t8e (k*) andC_ (k*). Middle and bottom panels: ratio of
theC, (k") andC_ (k") defined with the sign of the projectiong, kgge Kiong [39]-

3.2 STAR analyzes - baryon-baryon systems

Study of proton-lambda system is presented on figure 3.6hw$tiows measured correlation
functions corrected on purity and momentum resolutional3diows unexpected difference in
radii betweenp — A(p— K) andp— K( p—A). This may imply that baryon-antibaryon pairs
are created close in space what is not in baryon-baryon.pauthors of this analysis also
suggests that measured difference in system size betwdgrex&racted fromp — A(p — K)
andp— K( p—/\) may arise from the improper treatment of the purity coraectNon-primary
particles may carry residual correlations from their pgsenhis effect may be relatively strong
in case of protons. Massive particles have smaller curgahus significant number of protons
which come from weak decays points to primary vertex whatesdakem impossible to remove

them usingdCA cuts.
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Figure 3.5: TheK® — KO correlation functions. Solid black circles show raw unected ex-
perimental data, blue squares show purity corrected datgpank triangles represent purity

corrected and momentum resolution corrected data [40].
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Figure 3.6: Correlation functions (points) corrected omitguand momentum resolution for
p—A, p—K, p—A and p_—K and corresponding fits (lines) for Au+Au collisions@yn =
200GeV [41].
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p-p [fm] p—p[fm] p—p[fm]
central 010% | 45198335 | 505'835'522 | 408°3%3 512

mid-central 10-30%
peripheral 30-80%

0.09+0.11
3‘8Zt0.0970.10
+0.11+0.13
2'71—0.11—0.12

0.09+0.24
4‘02t0.0970.23
+0.134+-0.26
2'5970.13#0.25

0.10+0.13
3-27i0.10,0.11

0.12+0.12
2. 22—i—_0.12—0.13

Table 3.2: Extracted source size of proton-proton, antipr@ntiproton, and proton-antiproton
systems in Au+Au collisions at top RHIC energy in STAR for tah mid-central and periph-

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

Extensive study of the effect of residual correlations inyba-baryon system has been re-
cently done in case of (anti)proton-(anti)proton corielatunctions measured in Au+Au colli-
sions at,/Syn = 200GeV (see figure 3.7). Plots show functions calculated for céetrants
0-10% (red) as well as for mid-central 10-30% (green) andpperal 30-80% (blue). Top
panel represents proton-proton functions, middle par@istanti-proton-anti-proton functions
and bottom panel shows proton-anti-proton data. Presdatedions are corrected on purity,
momentum resolution and residual correlations. In resdidaeelations correction influence
of proton-lambda was taken into account. It was found thsidueal correlations do not have
significant influence on proton-proton function but in casaialike sign system of proton-
anti-proton residual correlations play dominant role.|l&h2 show source sizes for different
proton combinations and various centrality bins for Au+Allisions at,/syn = 200GeV. Cal-
culated values of source sizes show clear centrality deperedand consistency between vari-
ous proton-(anti)proton combinations what was achievadkh to applied corrections: purity

correction, momentum resolution correction and residaaletations correction.

3.3 Overview of previous attempts to analysis of pion-proto
femtoscopy

Probably the first attempt to analyze pion-proton corretetiwas done in the A877 experiment
at the AGS facility. Measurement was done for central (4%hefdeometrical cross section)
collisions of Au+Au collisions. Figure 3.8 presents resuf this analysis. Upper panel show
T — p correlation functions, lower panels shaw — p correlation functions. Experimental

functions are plotted with black points. Solid, dashed aoitied lines show theoretical calcu-
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Figure 3.7: Results of proton femtoscopy corrected on maamemesolution, purity and resid-
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bottom panel proton-anti-proton functions. Red pointsg$) are for central data 0-10%, green

for mid-central 10-30% and blue for peripheral 30-80% [43].
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Figure 3.871 — p correlation functions (upper plots) amd — p (lower plots) measured in the
E877 experiment in Au+Au collisions gfsyny =11GeV [44]. Points - experimental functions,

solid, dashed and dotted lines - theoretical calculations.

lations for system with no asymmetry, system with asymmiety directionAz = 10[fm] and
for system with asymmetry in x and z directiofAs = 5[fm] and Az = 10[fm]. Ax or Az is a
distance between average emission points of poins andge/eraission points of protons
andz axis respectively. According to the author the best agre¢méh the data is for system
with asymmetry 10[fm] ire and 5[fm] inx.

An attempt to study pion-proton femtoscopy was also donéenfixed target experiment
by the NA49 collaboration. Left panel of figure 3.9 shows — p experimental correlation
function (pink points) compared to RQMD study (blue linesdaight panel of this figure
presents preliminary results of double ratio®at pion-proton correlation functions calculated

for " — p (red points) andt” — p (blue points) systems in central Pb+Pb collisiong/ain =
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Figure 3.9:1t" p correlation function (left panel) and double ratiostof — p (red) andmr —

p (blue) experimental correlation functions (right panéalculation done for central Pb+Pb
collisions at,/syn =158GeV from NA49 experiment (points) compared to RQMD claltans
(lines) [45][46].

158[GeV]. Experimental results are compared to RQMD ssutied line forrt™ — p and blue
line for " — p). Deflection from zero at small values of vectQrsuggest that that pions and
protons are not emitted from the same regions of the soussdent in nuclear collision. Fit
indicate that RQMD overestimates th&-separations by 10-20%. According to the authors
overestimation of the observed asymmetry is the result détestimation of the collective flow

in the model.

3.4 Summary

Femtoscopic measurements of various systems done at RHBTAIR and Phenix experiments
in Au+Au collisions at,/syn = 200GeV are summarized at figure 3.10 which presents source
sizeRi,y versus transverse masg . Data show negative correlation between calculated source
size and transverse mass which is universal for all pagpéeies. Observed decrease of the size
with increasingmy is connected with the collective behavior of the createdesysMeasured
sizes varies from aboR; = 7fmfor pion-pion source anr = 0.2GeV/c? up to abouRy =
1.5fmfor proton-lambda.

A few attempts to study pion-proton correlations in heavyadollisions was done in the past.

Their results suggest space-time asymmetry of the piotepiource. However they were only
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Figure 3.10: Source si&y, versus transverse mass for various systems in Au+Au collisions

at ,/Syn = 200GeV measured by STAR and Phenix experiments [42].

presented in preliminary versions. This thesis is intertdgatovide 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 lon Collider

Relativistic Heavy lon Collider RHIC [47][48] situated inrBokhaven National Laboratory
in USA began its operation in the summer 2000. RHIC is the hestvy ion collider. It is
constructed in 3.834 km long ring tunnel. The collider cetsbf two accelerator rings with
six intersection points. Heavy ion (up to Au) beams can belacated up to 100 GeV/nucleon.
Proton beams can be accelerated up to 250 GeV.

Heavy ion beams are generated in pulsed sputter ion southe dandem Van de Graaff
and accelerated up to 1MeV/nucleon. At the exit they areglrstripped of their electrons (up
to charge +32 for Au). Positively charged ions are deliveceBooster Synchrotron where are
accelerated up to 95MeV/nucleon. Before injection to AG&#lating Gradient Synchrotron
ions are stripped again (up to charge +77 for Au). AGS acatdsrions up to RHIC injection
energy which is 10.8GeV/nucleon. Before final injection télR ions are finally stripped of all
electrons. RHIC complex overview as well as accelerati@maio is depicted on figure 4.1.

RHIC began its operation with four experiments STAR, PHENPKIOBOS and BRAHMS
which are briefly described below [49].

PHENIX The Pioneering High Energy Nuclear Interaction eXperinjg@i[51] is designed

to measure direct probes of the collisions such as electrousns, and photons. This detector
consists of four instrumented spectrometers or arms aeeé tiobal detectors. Electrons, pho-
tons and charged hadrons are detected by east and west eemsacentered at zero rapidity

region. East and west central arms cover @ of azimuthal angle. North and south forward
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Figure 4.1: RHIC complex overview and acceleration scendii]

arms have full azimuthal coverage and are dedicated foctiegemuons. The global detectors

are to measure vertex position, multiplicity or start tinfi¢he interaction.

PHOBOS The PHOBOS experiment [52][53] was designed to measuraphaities of charged
particles and collective flow characteristics within wicdepdo-rapidity regior-5.4 < n < 5.4.

It consists of four subsystems: two arm magnetic spectrenveith time-of-flight wall as its
central detector, multiplicity array, vertex detector aad of triggers. The layout of the PHO-

BOS detector is presented at figure 4.3.

BRAHMS Broad RAnge Hadron Magnetic Spectrometers Experiment dCRB4][55] is

designed to do hadron spectroscopy in wide polar anglevelat beam direction with precise
particle identification and momentum determination. Dugvige range of momentum of re-
constructed particles Brahms consists of two spectrometme for low from a few hundred
MeV/c and medium momenta, second for high momenta up to 25630/c. Rapidity coverage

of this detector is from O up to 4. The schematic experimesgtlp is presented at figure 4.4.

pp2pp Infall 2001 the fifth experiment known as a pp2pp [56] begaogeration. Its purpose
was to study long range nuclear interactions in collisiohgadarize and unpolarized protons
of interest to nuclear and particle physicists, and to gte\a precise measurement necessary
for the analysis of the four other experiment’s heavy iorad&p2pp by measuring elastic

scattering of polarized protons in nonperturbative hasigueopportunity to probe the spin
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Figure 4.3: Phobos experiment [53]
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H1,H2,TOFW : Time-of-flight detectors

RICH, GASC : Cherenkov deleclors

Figure 4.4: Brahms experiment [55]

structure of the proton and a pomerons - the proposed cagi¢he strong force. The layout of
this experiment is presented at figure 4.5.

Since run 9 the pp2pp detectors are installed in the STARrerpat. The idea is to investigate,
using pp2pp Roman Pots detectors together with STAR TPC aRdelastic scattering and its
spin dependence, the structure of color singlet exchanigpe inon-perturbative regime of QCD,
search for diffractive production of light and massive sys$ in double Pomeron exchange

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

4.2 STAR experiment

STAR - Solenoidal Tracker At RHIC is the largest experimenRHEIC [59][60]. STAR has
been dedicated to investigate the behavior and propeift&somgly interacting matter at high
energy density and its primary goal is to search for sigeatof quark gluon plasma formation.
Its design is based on time projection chamber placed tegetith other sub-detectors inside a
solenoidal magnet [61] which produces a uniform magnetid firea range ®5< |B,| = 0.5T.

Such design allows simultaneous measurement of variowsvdises.

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

TPC identifies particles based on ionization energy lossd&E It is capable to record the
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Figure 4.6: STAR experiment [60]
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tracks of the particles and measure their momenta. It sad®the vertex of the collision in full
azimuthal angle and pseudo-rapidity region from -1.8 up.8o 1

The schematic layout of the TPC is shown at figure 4.7. It isas@d+2.1m from the vertex
along the beam line. The inner diameteriis dnd the outer isi. The cathode situated a& 0
operates at 28/ and with two anodes placed-&®.1mgives electric field equal 135/cm Each
anode has 12 sectors (readout modules). On the outer radissctors the pads arer2thlong.
On the inner radius subsectors single pad length msrii@hich improves two track resolution
especially for low-pt tracks which cross the TPC pads atesfgr from perpendicular.
Charged patrticle ionizes TPC gas while it passes througfB®@. Energy lost on ionization
is transfered to liberated electrons which are registard@tieé readout modules. ThikE/dx is
measured in up to 45 padrows. The length of the single padsdaoishort to accurately mea-
sure averagd E/dxthus the most probable energy loss is measured. The meanofal&/dx

is determined from the 70% truncated mean (30% of the ckistaving the largest signal are
removed). lonization spectra from the STAR TPC detectoiparametrized by "Bichsel func-
tions" [62][63][64][65][66] which in case of thin layers\g@s much better approximation of
energy loss than Bethe-Bloch parametrization.

In TPC momenta of the particles can be determined fralfs8V up to about 3GeV but parti-
cles can be correctly identified fromI@GeV up to above GeV. This makes analysis presented
in this thesis difficult as the requirements for proton sibecexceeds the upper limit for mo-
menta of the particles.

The position resolution along theaxis is the best for short drift distances and small deep an-
gles and varies from.Bmmup to 35mm Resolution in transverse plane (along the pad rows)
varies from 05mm (for small crossing angle) up tax@nfor Full Field (0.5T) or from 0.5mm
up to 3nmfor Half Field (0.25T).

TPC is filled with the P10 gas which contains 90% of argon ar¥d ®® methane. P10 gas has
a fast drift velocity (about B5cm/ps) which peaks at relatively small electric field. The drift
velocity is known with a precision of 0.1%. Oxygen and watks@bs drifting electrons. To
assure high purity of TPC gas, necessary for good qualityadfgde reconstruction, gas is cir-

culating over the system where oxygen and water contarniméatieliminated.

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

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

SVT is based on silicon drift detector SDD technology whigreg two-dimensional position
measurement with resolution of @& 216 SSDs are arranged in three barrels around the beam
pipe. Inner 6.9cm in radius and 25.2cm length, middle 10.8adus and 37.8cm length and
outer 14.5 radius and 44.4cm length.

Very big disadvantage of SVT is the number of gamma convessitto electron-positron pairs
which take place in the material of this detector. Such paies correlated what in case of

misidentification may have significantimpact on analysisa-identical correlation functions.

STAR Triggers The STAR trigger system operates at RHIC crossing rate alfiMHz [68].
For Au+Au collisions in run4 it was based on fast detector@CTentral Trigger Barrel, two
west and east ZDCs - Zero Degree Calorimeters, BBC - BearmE&aunter. Information from
the fast detectors is used to trigger slow detectors like ®PEVT which can operate at about
100Hz. CTB measured charged particles multiplicity in pketapidity range-1<n < 1. ZDC
verified centrality of the AuAu collision and z-vertex pasit in minimum-bias collisions, BBC

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

Experimental analysis techniqgue and

results

5.1 Events selection

In the experiment the impact parameter of two colliding rucannot be measured directly thus
centrality of the collision is estimated from the multiptycof the charged hadrons in the event.
In this work collisions of gold-gold nuclei at the energy entral mass system of 200GeV/nucleon
are analyzed. Analysis is done in three different cenyraiibs: 0-10%, 10-30% and 30-50% of
the total hadronic cross section. Such defined centrality far analyzed dataset are described
by reference multiplicity in the STAR detector. Values oference multiplicity for selected
centrality bins for Au+Au collisions a{/syn = 200GeV taken by STAR in 2004 are presented
in table 5.1.

Distribution of reference multiplicity of selected evergpresented 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 usedthis work for STAR 2004 data,
Au+Au collisions at,/Syn = 200GeV.
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Figure 5.1: Reference multiplicity distributions for STABO04 data, Au+Au collisions at
/SNN = 200GeV used in this work. Left panel: events from central triggegHR panel: events
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Figure 5.2: Z-vertex position distribution for STAR 2004taaAu+Au collisions at,/Syn =
200GeV.

shows distribution of the events taken with the centrabeigRight panel shows distribution of
the events recorded with the minimum-bias trigger setup.

Precision of the reconstructed tracks is very significanbisly events that took place in
the center of the detector (with z-vertex positieB0cm < z < 30cm) are analyzed. Figure 5.2

presents distribution of z-vertex position of selectedése
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5.2 Particle selection

Particle identification is based on ionization energy ladks¥/dx) in TPC. Pions and protons are
selected based d¥, value which describes distance (in standard deviatiorsyingm the mean
of the Gaussian parametrization of the dE/dx curve. Forgand protondl; has been set to 3
which corresponds to 99.7% of the total integral.

Measuring correlations of non-identical particles witfiegtient masses requires wide accep-
tance on patrticle identification. In case of pion-protonlgsia which have significantly differ-
ent masses particles identification faces problems not knowther analyses. To construct pair
with small relative velocity of the particles pion with momeam p = 0.1GeV/c needs proton
with p = 0.67GeV/c, proton with momentunp = 1.2GeV/c has a close velocity pion with
p = 0.18GeV/c. This shows that analysis presented in this work reachebntiits of particle
identification in TPC. The second significant problem withtjgée identification that cannot be
avoided in this analysis is that pions and protons whichteseelose velocity pairs are selected
from the regions of dE/dx plot where lines of pions and pretonersect the line of electrons.
This problem significantly increases danger of electrortamomation. Figure 5.3 shows dE/dx
measurement versus magnetic rigidity. Solid linesl&@means Bichsel's [62] prediction for
30% truncatedlE/dxmean in STAR TPC.

Summary of the particle track cuts is presented in tableP¥&sented single track cut values
are valid for all investigated centrality bins. Only pak with number of hits equal or grater
than 15 are taken into account. The distance of closest app@RCA to the primary vertex
should be smaller tharcth

Histograms presented on figure 5.4 show transverse momehstibutions versus rapidity
of pions and protons for separafebins of measured correlation function. Presented first § bin
cover region of the measured correlation effect. Thesedyiatms show that most of the protons
in the correlation effect have transverse momentum hidteer 1[GeV/c] and most of the pions
which contribute to measured correlation function havedvarse momentum between 0.15
and 0.2[GeV/c]. It was mentioned in section 4.2 that STAR diRrojection Chamber - the
main detector used in this analysis - can correctly idem#sticles with momentum up tp~
1[GeV/c]. This is additional difficulty that makes analysigpion-proton momentum correlation
functions very complicated.

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

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

pion proton
Nort -3.0-3.0 |3.0-1000
Nok -1000 - -3.0| 3.0- 1000
Nop -1000 - -3.0| -3.0- 3.0
y -0.7-0.7 -0.7-0.7

p[GeVic] | 0.1-0.6 0.4-1.25
pr [GeVic] | 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 pratons
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experiment. Data taken with TOF detector from Au+Au cotlis at,/Syn = 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 separeks t This effect
causes false enhancement of number of pairs in the lokvdsins. In order to remove pairs
constructed of split tracks, a pair level cut was develope&TAR [69]. The idea is based
on hits location of each truck. Figure 5.5 shows four scesafThe first one where tracks are
clearly two tracks, second scenario where the splittingésmost probable, and cases (b) and
(c) where there is some chance that splitting took place.

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

analysis such scenario is very rare.

Track merging takes place when two patrticles travel through the detectatase that their
hits are reconstructed as a one track what results in redugather of pairs in lovk* bins.

Two tracks are considered as a merged if they share more 0% ol the hits. Minimum
separation between two hits of different tracks should bm5thseparation between two hits of
two different tracks is lower than 5mm such hits are congides shared. Pair of tracks which
shares more than 10% of the hits (1 to 5 hits) is removed frenattalysis. Influence of merged

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

Electron-positron contamination Gamma quants which comes from electromagnetic decays
of resonances may convert into electron-positron pairsenthraveling through the material of
the detector. Such scenario was very often in the silicomeelsaof SVT detector. Momenta

of electron-positron pairs which comes from gamma quanvexsion are correlated hence if
misidentified as pion-proton pair introduce a fake correfaeffect.

To eliminate such pairs a topological cut was developed NFSTThe idea oE™ — e~ pairs
finding is shown on figure 5.7. Parameters that are taken cttouent in this cut are as follows.
Delta deep angl&® which for gamma conversion in®" — e~ pair has relatively small value.
Invariant massn,, which fory decay products should be close to zero. Distance between two

helices in longitudinal directioAZ and in transverse plafhXY as well as decay lengtkl. and
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Figure 5.4: Example of distribution gy vs.y for pions and protons in separate first kixbins

of thert” — p correlation function - STAR data, Au+Au central collisicats, /Syn = 200[GeV].
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Figure 5.7: Topological method of electron-positron pagrmoval (transverse plain view).
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Parameter Value
AO <0.07
My <0.07 GeV/c
AZ <2cm
AXY <3cm
AL >3cm
PlDee 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 comstingT™ — p correlation function.

PID probability of being electron-positron pair. Valuestbé 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 wntilar characteristics thus events
are divided into bins with respect to the z-vertex positengnt multiplicity and mean transverse
momentum of all the particles in the event. Z-vertex positsodivided into 15 bins which gives
4cm width of a single bin. Multiplicity of every centralityibbis divided into 6 bins and mean
pr into 3 bins. Such definition gives 270 total mixing bins.

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

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

proton pairs for all charge combinations (right) - Therntanaesults.

be used rather than scaling correlation function (equdii@h
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Figure 5.8 shows comparison of different mixing methodsanstructing correlation func-
tion. In every case function was normalized by rescalingod@nator. The best results are
achieved for mixing in 3 variables: vertex position, muitfty of the event and meapy of the

particles in the event.

5.4 Purity correction

Particle identification in the STAR experiment is based awbpbility. Additionally although
we do our best to construct correlation function only fronmary particles which contribute to
the correlation effect due to experimental limitations squarticles coming from weak decays
are also taken to the analysis (as primary particles we alssider particles coming from
short lived strong decaying resonances). These two eff@ettaken into account in the purity
correction.

Probability of correct particle identificatid®pp was estimated in the experiment based on
H JI NG simulations. Probability of being primary particle has bestimated in simulations
with THERM NATOR.

Contribution from different particles is presented on fegbr9 (left panel). Right panel of

this figure shows calculated fraction of primary pion-(gmton pairs. Pion-proton correla-
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theoretical percentage of primary pairs (green) and tatafypcorrelation function (blue). Right
panel: example of impact of purity correction on experinaéobrrelation function. Raw data

" — p correlation function (black) and purity correctad — p correlation function (red).

tion function is mainly affected by products of the decayskabns and lambdas. The most
significant is influence of protons coming from lambdas amhpicoming from kaons decays.
Decay products of sigma] and other particles that decay into pions or protons hagggiele
contribution into the purity function of pion-proton pair.

Right panel of figure 5.9 shows that percentage of primarnspsaihigher for particles than
for anti-particles.

Purity function is a product of PID probabilities and fractiof primary paird=prim.

Cpurity(K") = Pipip(Ppr1)P2rin(PT2) Fprim(K") (5.3)

Measured correlation function can be corrected accordinige formula:

. Coxplk?)—1
c(k*) = ) L (5.4)

Figure 5.10 shows purity functio@purity(k*) (left panel) and impact of purity correction on
measured correlation function (right panel). Purity imses strength of correlation effect but
do not changes itk* range or direction. Flat tails (large above 0.1GeV) of the correlation
function are not affected by purity correction.

If the correlation function is expressed in spherical hario® then purity functiorCpyrity
also should be expressed in spherical harmonics. Corréatetion is calculated in the same
way as the experimental one (see section 2.4). In such casédn which is intended to be

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

Reconstructed momentum of the particle differs from themeamentum due to the effect of the
momentum resolution. This effect affects correlation fiorcwhat is calculated with respect to
the relative momentum of two particles. This leads to unsteration of the extracted source
size due to lower number of pairs at snill

Momentum resolution correction can be applied either tactieulated correlation function
or to the fit procedure. In this work momentum resolution atldvel of fit procedure is used.

Three components of reconstructed momenpuane:

px = psin(6)cog) (5.5)
py = psin(0)sin(p) (5.6)
p; = pcog0) (5.7)

systematic momentum shift due to energy loss:

(Ptrue— Pp) = a+ bp” (5.8)

momentum resolution (Gaussian smearing)

A

?p = ap+bpp® +cpp (5.9)
Ap = ap+ by (5.10)
A = ag-+bgo® (5.11)

parameters, b, c are particle type dependent. For egclpandb corresponding correctiorsp,
JdpandoB are generated from Gaussian distribution. Then three cosrge of the reconstructed

momentum can be corrected.

psmeared_ preal 4 g (5.12)
pflmeared: p;/eal +apy (5.13)
pgmeared: p;eal +ap, (5.14)

In the fit procedure when momentum resolution is enabled @vtgbe relative momentum

k* is calculated from smeared momenta.
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quark | decay | Breit-Wigner| Breit-Wigner
content| products mass full width
AT uuu T +p 1232 MeV 118 MeV
AT | Gud | m+p | 1232MeV | 118 MeV

A° Gdd | ™ +p | 1232MeV | 118 MeV
A° udd | T +p | 1232MeV | 118 MeV

Table 5.4A baryon summary.

5.6 Fit procedure

Correlation functions of non-identical particles do notéan analytical form. To extract quan-
titative information from measured functions one has toteably assume a form of the emis-
sion source function and generate a set of correlation iumetvith different parameters of the
emission source function and find which one suites the besttperimental result.

In the fit procedure momenta of the pairs used for construafdhe experimental correlation
functions are used. For each pair the freeze-out coordirate generated from the emission
source function. Based on freeze-out coordinates, monddrttae pair and types of the par-
ticles a squared wave-function, called weight, is caladatWeight describes Coulomb and
strong interaction between particles in the pair. Emissimurce for which thg? value between
generated function and experimental one is the smallestrides the best the experimental
source. This procedure is implemented in the CorrFit [70pam which was used for fitting

of experimental and theoretical correlation functionshiis tvork.

5.7 Influence ofA resonance orrt— p correlation function

A resonance is short lived strong decaying resonance thalsigioof its decay are treated as
primary particles but it decays into pion and (anti)protair pvhich may significantly impact
measured pion-proton correlation functidnresonances exist in four various charge combina-
tions which may decay intot — p, ™" — p, T — p or T — p thusA may influence all four
investigated combinations of pion-proton functions. ®bl4 summarizes all interesting for
this analysi€\ species. To estimate potential impacfadn pion-proton correlation function an

extensive study usingher m nat or [14] has been performed.
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5.7.1 Mass dependent particle decay widths with Breit-Wigar distribu-

tionin Ther m nat or

Ther mi nat or is a very powerful tool for studying resonances. In versi@nits modulePar ti cl e-
Decayer uses fixed mass (mean of the Breit-Wigner) of the resonantteiprocess of deter-
mining decay conditions. To achieve more realistic effacstudying influence of delta reso-
nance on pion-proton function randomizing mass of the r@soa according to Breit-Wigner
(eqg. 5.15) distribution has been implemented iffter m nat or v1. 0.

r2/4

P = Moz 72/4

(5.15)

Mg is mean of the distribution andis the full width of the distribution. Inverse transfornaati
method has been used in process of resonance mass genératinge cumulative distribution

function for Breit-Wigner distribution is defined by equati5.16.

G(y) = Mo+ gtg(n(y—O.S)) (5.16)

5.7.2 Ain correlation functions

Figure 5.11 showst™ — p, T — p, T — p and 1t — p correlation functions calculated from
Therminator data which show', AT, A° andA° resonance at .23[GeV/c] respectively.
Position of delta resonance is relatively far from the datren effect which for all combina-
tions of pion-proton functions is up to aboutlfGeV/c]. Observed peak of the delta resonance
is lower for negative values of vectkf than for positive values d€*. This is due to difference

in number of pairs in combinatoric background.

Figure 5.12 shows centrality dependence of delta resonameen-proton correlation func-
tions. Width of the observed delta is constant over all itigesed centrality bins. Height of the
delta is higher for 36- 50% (blue points) and is getting lower for more central esdrt-30%
(red points) and 0-10% (black points). This effect is aldatesl to difference in number of pairs
in combinatoric background.

Two particle distributions of pion-proton pairs plotted figure 5.13 show no significant
impact of products of delta decay on space-time source cteistics. Black points on this
figure show results for primary particles, blue points shastributions plotted for primary
particles and particles coming from resonances but not fleita resonance and red points

show two particle distributions of all particles includidglta decay products.
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Delta is not observed in correlation functions calculatedfexperimental STAR data. This

can be explained by statistics and momentum resolutioesssu

5.8 Influence ofA baryon on 11— p correlation function

BaryonA decays in weak process into — p pair, anti-baryorﬂ decays intat" — p pair. As
lambda is long lived particle (mean life time= (2.631+0.02) - 10~19s]') it decays far from
primary vertex so HCA-distance of closest approach cuts on single tracks can fdeedpo
remove the products of its decay from the data sanipd®A cuts are not sufficient to remove
all particles coming from lambda decays though lambda paeksisible ak* ~ 0.1GeV/cin
unlike sign functions.

Position of lambda peak in unlike sign functions do not asenlvith range of correlation
effect so there is no need for special treatment of correl@ebda decay products. However
pions and protons coming from lambda which cannot be remaoggng DCA cut decrease
purity of the correlation function what results in decrebserrelation effect. Especially protons,
which extrapolated curvatures point to primary vertex, \&#y difficult to be removed using
DCA cuts. This can be taken into account in the purity corredfsaation 5.4). Contribution of
lambda into purity of pion-proton pair is presented on figbu@

Correction on purity have to be applied to all functions nolyainlike-sign pairs as proton

coming from lambda decay may influenme — p andr™ — p functions.

5.9 Experimental pion-proton correlation functions - out —
side— longdecomposition

Application of sophisticated methods described above teadonstruction of experimental
pion-proton correlation functions which will be preseniedhis section.

Figures 5.14, 5.15 and 5.16 show correlation functionsutaed inOut, SideandLong
decomposition as well as corresponddauble—ratios®. All plots show functions for raw data

before applying any corrections.

LParticle Physics Booklet, July 2008
2Functions presented at the 20th International Conferenddliva-Relativistic Nucleus Nucleus Collisions -

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

tions from top to bottonmt™ — p, T —p, T —p, T — .
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Physical interpretation ddut, SideandLongcomponents of correlation functions of non-
identical particles is described in section 2.2. Functionst™ — p, T — p, T" — pandm — p
calculated with respect to the sign of veckgy, are presented on left column of figure 5.14.
Functions plotted with red dots are for central events (%10 total hadronic cross section),
green squares are for intermediate events (10-30%) andrtdngles are for mid-central events
(30-50%). First two functions reveals attractive Coulombeiaction of like-sign pairs thus
observed correlation effect is negative. Expected souredar central collisions is bigger than
for intermediate or mid-central collisions what is reflecte strength of the correlation effect
- correlation is higher for smaller source size. Next twodlions calculated fort™ — p and
T — p show positive correlation effect what is in agreement waghuisive coulomb interaction
of the unlike-sign pairs. Additional artifact that can besetved on these plots are lambda peaks
atk* ~ 0.1[GeV/c]. Lambda peaks do not overlap with observed canelaeffect thus they do
not need to be taken into account during fit procedure (mataldd explanation of impact of
lambda on pion-proton correlation function can be foundeiction 5.8).

Right column of figure 5.14 presedbuble— ratios C* /C~ (k*) of corresponding correla-
tion functions. Presentetbuble— ratiosreveals differences at low valuesidfbetween corre-
lation functions calculated for positive or negative sidrhe k§ ; vector. Observed deviation
from unity for like-sign pairs is negative and deviation torlike-sign pairs is positive. Such
deviation from unity for low values df* as explained in section 2.2 is an evidence that average
emission points and average emission time of pions andpaotions are not the same.

Correlation functions calculated feideandlong components plotted on figures 5.15 and
5.16 can be used as a cross check. As mentioned in sectioru@.®dymmetry in rapidity
regionlong components of the correlation functions should be the sdme ¢orresponding
double—ratio should be flat over the full range of vectt. Definition of thesidedirection
and symmetry with respect to the azimuthal angle cause tnegspondingide double-ratio
also should be flat.

Double ratio functions are very sensitive to fluctuationghaf correlation functions. Pre-
senteddouble— ratios for all out, sideandlong components have large error bars. No qual-
itative information can be extracted due to strong fluctustiof the points at low values of
k*.

One of the reasons whgut, side long representation of the pion-proton correlation func-

tion is not sufficient for measuring difference between mgaace-time emission points is the
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Figure 5.14: Left columnOut component of pion-proton correlation functions. Righturoh:
Out double-ratio C*/C~ of pion-proton correlation functions. From top to bottam —
p, T —p, T —p, T — p. Data are for Au+Au collisions a{/Syn = 200GeV. Red dots -
central events (0-10%), green squares - intermediate £(&0t30%), blue triangles - mid-

central events (30-50%).
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Figure 5.15: Left columnSidecomponent of pion-proton correlation functions. Righturoh:
Side double- ratio C*/C~ of pion-proton correlation functions. From top to bottam —
p, T —p, T —p, T — p. Data are for Au+Au collisions a{/Syn = 200GeV. Red dots -
central events (0-10%), green squares - intermediate £(&0t30%), blue triangles - mid-

central events (30-50%).
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Figure 5.16: Left columnongcomponent of pion-proton correlation functions. Rightcoh:
Long double-ratio C*/C~ of pion-proton correlation functions. From top to bottam —
p, T —p, T —p, T — p. Data are for Au+Au collisions a{/Syn = 200GeV. Red dots -
central events (0-10%), green squares - intermediate £(&0t30%), blue triangles - mid-

central events (30-50%).
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Figure 5.17: Acceptance limitations - 2-dimensional pproton pair distributions for various

ranges of vectok* show that STAR do not cover full phase-space ofkhe



acceptance limitation of the STAR experiment which do netcdull phase-space of the vec-
tor. Histograms presented on figure 5.17 show two-dime@asipion-proton pair distributions
plotted for various ranges of vectkt. Problems with acceptance are especially significant for
negative orientation of vectas*.

Due to difficulties with obtaining quantitative resultsinaonstructed pion-proton correla-
tion functions inout — side— long decomposition, a new technique of constructing corratatio
functions directly in spherical harmonics decompositias been used for further analysis in

this work [37].

5.10 Experimental pion-proton correlation functions - spter-
ical harmonics decomposition

Experimental pion-(anti)proton correlation functiondcedated directly in spherical harmon-
ics for Au+Au collisions at,/syn = 200[GeV/c] are plotted on figures 5.18 (central collisions
0-10%), 5.19 (intermediate collisions 10-30%) and 5.20d¢eentral collisions 30-50%). Pre-
sented functions are calculated for raw data and are natacted on purity or momentum reso-
lution.

The formalism and interpretation of particular componentorrelation function calculated
in spherical harmonics was introduced in section 2.4. Efigoye consists of five components.
The first one is reaC3(k*) component which carries information about the size of thecm
As in out — side— long representatiorﬁlg shows negative correlation for like-sign pairs and
positive correlation effect for unlike-sign pail@g functions show that for all centrality bins
unlike-sign pairs show stronger correlation effect th&e-6ign pairs. This could suggest that
size of thet™ — pandm — p source is smaller than size of tite — p andmr — p sources. There
is no physical reason for such difference. Simulations dtsaot show any differences in size
between like-sign pairs and unlike-sign pairs. Real pa@igk*) probes space-time asymmetry
in the outward direction between average emission poinpsoofs and protons. Deviation from
zero for lowk* values suggest that pions and protons are not emitted frersaime regions of
the source. Imaginary part 6 (k*) should be flat over the full range kf due to symmetry in
azimuthal angle. Some fluctuations can be observe#*fer 0.03 one of the reasons for such
fluctuations is limited statistics at this regionldfand the second one is detector issues related

to momentum reconstruction and particle identificationalfgannot not be eliminated during

75



1.3 Centrality 0-10%
; +
1.2k, —TT _p
o Ll
s - —
T e HEE o =TC-P
&) 0.9 L _’_[_l__E
0.8 -
—~T-p
0.7 . .
0 0.05 0.1 0.15
k*[GeViIc]
0.02— 0.02 |-

Re C(k¥)
o
L
-]
]
Im Cj(k*)
o
e
z{b

Tip, LA
-0.02— -0.02
L 1 1 1 1
0 0.05 0.1 0.15 0 0.05 0.1 0.15
k*[GeVi/c] k*[GeVi/c]
0.02 0.02 -
£ £ e
Yo T o T »
O] [}
4 14
-0.02 - -0.02
[ 1 1 [ 1 1
0 0.05 0.1 0.15 0 0.05 0.1 0.15
k*[GeV/c] k*[GeV/c]

Figure 5.18: Pion-(anti)proton correlation functions pherical harmonics. Central (0-10%)

Au+Au collisions at,/Syn = 200[GeV/c].

data analysis process. Real partgtk*) andC2(k*) components of the correlation function
may indicate difference in size betweent, side andlong directions but observed effect is
smaller than statistical errors.

All components of correlation functions for" — p andm — p show lambda peaks around
k* = 0.1[GeVI/c], but as imut— side— long representation these peaks are located above fem-
toscopic effect.

Before extracting quantitative information from the fit pealure presented functions must
be corrected on purity (sec. 5.4) and on momentum resol@@en 5.5). In further discussion
only real parts o£3(k*) andC}(k*) components which are the most important for this thesis
will be discussed.

Functions corrected on purity are presented on figure 5.2dryHigure shows comparison

of different centrality bins fort™ — p, T — p, ™" — p and™ — p correspondingly. Observed
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correlation effect is weaker for central collisions (redgjahan for intermediate (blue squares)
and mid-central events (green triangles). Centrality ddpace seems to be very small. Points
of the correlation functions calculated for different gaifities partially overlap. This is due to
sensitivity of the correlation function to source size airsdaisymmetry. Very small changes in
pion-proton correlation function gives relatively biggdranges 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 correctedtiium& The most appropriate is
to fit functions calculated for full-field data and reverdet-field data separately and then to
average obtained fit results. Figures 5.22 and 5.23 giiow p and Tt p correlation functions
calculated for full field and reversed full field datasetdtdél functions are purity corrected.
Correction on momentum resolution is applied during therficpdure to the momenta of the
experimental pairs used for constructing theoreticalatation function. Figures present real
Cg(k*) and C%(k*) components of the experimental correlation functionsafblpoints) and
two dimensionak?-maps from the fit procedurg?-maps show found minimum (best source
parameters) iyt — HJout COOrdinates. The best fit for every function is plotted wéd,rgreen or
blue points. Fit results show clear centrality dependeifitkeosize and space-time asymmetry
of the pion-proton source?-maps show relatively high value g for the best fit. This may
be related to Gaussian source parametrization which doaugssarily correspond to physical
source, also very essential contribution is from fluctuatiof the correlation functions for large
value ofk*. Although these fluctuations around unity 168 component or around zero for
C% component are very small a contributionx®is significant due to very high statistics in
this region ofk* what gives small statistical error bars. The belsf/nd f ~ 6 is for mid-
central collisions mainly due to lower statistics.Due tgthivalues ofx?/nd f in the obtained
fit results extracted statistical errors are multiplied\#x2/nd f. For central and intermediate
events statistical errors dominates over systematicerrocase of mid-central events statistical
and systematic errors are comparable.

Fitted values of source parameters are presented in teblebseparate full field and re-
versed full field datasets and in table 5.6 for averaged feilll fland reversed full field datasets.
Statistical errors come from the fit procedure. Systematmre are due to applied corrections
on purity and momentum resolution. In case of averaged it fand reversed full field data
additionally from discrepancy between them. Source size"of p system for central colli-

sions is around 10.8[fm] and far~ — p system around 12[fm]. Shift between average emission
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Figure 5.23: Fit results for unlike-sign pion-proton paBsack points - corrected experimental
function, red,green,blue - points best fit function. RegdrBull-Field data of Au+Au collisions
at,/Sun = 200[GeV/c]. Left columrReQ(k*), middle columrReG (k*), right columny2-map.
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| | FF RFF
Centrality| Pair
Oout[fm] Hout[fm] Oout[fm] Hout[fm]
| TP | 110778708 | ~5.4733735 | 106115705 | —5.0733703
0-10% B 42402 _a pt3+02 +2.3+0.2 | +3 8+0.2
T —p| 1127575 3673704 | 12877550 | —6.8757 50
T p[82ni% | 7osyy [7e13 8 | s0tp
10-30% o 115102 | _5g138102 13402 |7 4+32102
T —p 947537038 98738 28 | 90013702 14735778
m | 5670892 | 1672182 [ 5erite2 | 20724re2
30-50%
0.540.2 0.240.2 0.5+0.2 0.240.2
T —p| 4852705 | 2070572 | 480502 | —0-8753 03

Table 5.5: Fit results for unlike-sign pairs: size and sp@oe asymmetry of pion-(anti)proton
source in Au+Au collisions at/syn = 200[GeV/c]. First error is statistical error from fit pro-

cedure, second error is systematic from applied corregtion

_ _ (FF + RFF)
Centrality| Pair
Oout[fm] Hout[fm]
01000 mt—p | 10873193 | —5.215793
0 T —p 12+3+0 3 -5 2+5+0.3
—25-03 :
+ = q+26+03 +7+0.3
10-30% T —p | 815,741 =270
T — p 9220+03 66+5+03
—2.6-0.9 -5-3
e | P 5E8EAD | 2120
le_ola g+0 3103 1470 3103
P 0.3-0.3 ~0.3-0.3

Table 5.6: Averaged (full field and reversed full field dates¥yét results for unlike-sign pairs:
size and space-time asymmetry of pion-(anti)proton sourc®u+Au collisions at,/Syn =
200[GeV/c]. First error is statistical error from fit proeced, second error is systematic from

applied corrections and from discrepancy between full ld reversed full field results.
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Figure 5.24: Two particle pion-proton source distribui@btained from a fit to experimental

data procedure. Left panel is for full field dataset, rightgdas for reversed full field dataset.

points in both cases is around -5.2[fm]. Intermediate evgives source size 8[fm] far™ — p
and 9.2[fm] forrt— —p and asymmetry -5[fm] and -6.6[fm] correspondingly. For ro&htral
events source siz&; is around 5.6[fm] fort™ — p and 4.8[fm] forrr — p pairs and asym-
metry Yoyt IS around -2.1[fm] and -1.4[fm] correspondingly. All oltad quantitative results
are consistent with each other within estimated error bagdssaow centrality dependend@ut
components of the two particle distributions of the fittedu&aan sources in LCMS are plotted
on figure 5.24. Fit procedure assumes symmetric Gaussiaibdigon in side long andtime
components with the width equal to the width of th& component.

Summary of the fit results is presented on figure $\@Bich shows space-time asymmetry
of the source as a function of a source size. Plotted contamershe ellipses of covariances
fitted to x2-maps. Values ofloyt and ooy are correlated and for approximation to zero size

system asymmetry between average space-time emissiais pbpions and protons also goes

to zero.

3Results presented on V Workshop on Particle Correlatiods@mtoscopy, CERN 2009
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Chapter 6

Discussion and interpretation

Discussion and interpretation of achieved experimentllte can be done by comparison to
model predictions. For this purpose two models are usedsrhiasisTher mi nator 2.0 beta
and Ur QVD version 3.3. Correlation functions calculated from sinedbdata are constructed
in the same way as the experimental functions. Also methaektrhcting parameters of the
source is the same. In addition to correlation functions¢ha be calculated from simulated or
experimental data, distributions of space-time freezeszoardinates can be obtained from sim-
ulations. This gives important feedback on possible sosieeture and sequence of emission

of different particle species.

6.1 Dependence of thet— p correlation function on FSI and
space-time structure of the source

Numerical calculations provide important information abanteractions between patrticles.
Momenta of the particles generated in Therminator are useddiculation of the correlation
functions in three different cases, when Coulomb and stimiegactions are enabled, when only
Coulomb interaction is enabled and when only strong intemads enabled. Figure 6.1 depicts
all three cases for like-sign pairs and unlike-sign pailc@lated functions show that strong
interaction is negligible for pion-proton pairs. As the Qoub interactions is symmetric with
respect to the charge of the particles, in discussion of Isited data only like-sign pairs and
unlike-sign pairs are discussed.

The same data is used to study the influence of the sourcersizésaasymmetry on cor-

relation functions. Figure 6.2 shoviReC(k*) and ReG (k*) components of the pion-proton
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Figure 6.1: Pion-proton correlation functions - Coulomid atrong interactions. Upper panels

- unlike-sign pairs. Lower panels like-sign pairs.

correlation functions in spherical harmonics for varioire ©f the system and various values
of the distance between average emission poﬂmég(k*) components show stronger correla-
tion for smaller source sizeReG (k*) components show stronger effect for higher values of

asymmetry.

6.2 Simulations with Therminator

Therminator has been already briefly discussed in sectib2.1Parameters of the freeze-out
are set to the values that reproduce central (0-10%), irteiate (10-30%) and mid-central
(30-50%) Au+Au collisions at/syn = 200GeV.

Based on the simulated data, pion-proton correlation fanstare constructed. Figure 6.3
showsout component of the pion-proton correlation function. Upplet s for the unlike-sign
pairs and lower plot is for like-sign pairs. Figure 6.4 shaws real component€3(k*) and
Cl(k*) of the correlation functions calculated in spherical hamios. As in experimental data
functions show centrality dependence of the observed ditleeosystem and its asymmetry.
Values of the size and asymmetry of the system obtained fhenitt procedure are presented

in table 6.1. Size of the pion-proton source varies fromr.8r like-sign pairs in central
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Figure 6.2: Pion-proton correlation functions - size anit slkependence. Upper panels are for

unlike-sign pairs. Lower panels are for like-sign pairs.

collisions to 7fm for mid-central collisions. Centralitgpendence of the size of the system is
weaker than in experiment. Source size for central everith@mminator is about 10% smaller
than source size observed in the STAR experiment. Reverggdicn is for mid-central data
where simulated data gives bigger size than experimentnklate of asymmetry varies from -
7.8fm for central collisions to -5fm for mid-central collimis and exceeds asymmetry measured
from experimental data.

Simulated data gives opportunity to calculate charadtesi®f the quantities that are not
available in experimental data. Images of the pion and pretaurces are plotted on figure 6.5.
Two dimensional histograms show distributions in transggglain of freeze-out spacial coor-
dinates of pions and protons that contribute to the corogldtinction. This figure tells us that
emission points of protons are more concentrated at the@dbe source than emission points
of pions and that pion source is bigger than proton source.

Two particle pion-proton pair separation distributions fiavestigated centrality bins are
plotted on figure 6.6. Distributions are plotted for likepspairs as well as unlike-sign pairs. Itis
clearly seen that there is no difference in source distiobuietween like-sign pairs and unlike-
sign pairsdN/droy: shows spacial asymmetry of the source. Also distributiothefemission

time difference shows that emission process of pions antbipsodiffers. No asymmetry is
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Centrality|  Pair | gou[fm] | Houlfm]
like-sign | 9.9730 | —7.83
0-10% _ . 0'6 1.2
unlike-sign| 9.5752 | —6.977¢
like-sign | 9792 | —7.1%98
10-30% | o 06
unlike-sign| 8.3792 | —6.170%
like-sign | 7.3'04 | —5.4+97

30-50% . . _._04. +094

unlike-sign| 7797 -5’5

Table 6.1: Fit results - therminator. 3D Gaussian profile @MS.

-10 -5 0 5 10 15
X ot [fM]

Figure 6.5: Image of pion source - left and proton sourcehtriherminator results.
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Figure 6.6: Two particle pion-proton pair separation disition from Therminator. Upper left
panel shows distribution iout direction, upper right panel shovesde direction, lower left

panel showsong direction and lower right panel shows two particle emisgiore difference

distribution. Distributions constructed for pairs thantdbute to the correlation effeck{ <

0.07GeV/c)

observed irsideandlongdirections. Centrality dependence of the size and asynyroépion-
proton source can be also observed.

Observed asymmetry contains two components, one relatdtetepacial shift between
emission points and another related to the emission tinferdifce. Figure 6.7 shows emis-
sion time difference versus separation of the emissiontpdor pairs that contribute to the
correlation effect. Six histograms present data for liiggrpairs (left column) and unlike-sign
pairs (right column), central (top), intermediate (migdiad mid-central (bottom) Au+Au col-
lisions. We can observe that both space and time comporentsrelated. Bigger spacial shift
corresponds to bigger emission time difference.

Positive value of time COrresponds to the scenario when proton is emitter eahiar pions.
Histograms show that most of the pions that contribute tatneelation effect are emitted later

than protons. Opposite scenario when pion is emitter ednlan proton is very rare. For central
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collisions emission time difference reaches higher valbas for intermediate and mid-central
collisions what is in agreement with the statement thatdriggurces lives longer.

Results of simulations witfiher mi ant or with implemented hydrodynamics of Au+Au col-
lisions at,/syn = 200GeV are qualitatively in agreement with experimentaasueements.
Mechanisms implemented in the model suggest that obsesyedraetry 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 Biom minimum bias events of
Au+Au collisions at,/syn = 200GeV was generated. Based on impact parameter events from
central (0-10%), intermediate (10-30%) and mid-centr@$8%) collisions were selected for
the analysis. Figure 6.8 presents distribution of the imhpacameteb and selected centrality
bins of the generated events.

Out component of the pion-proton correlation functions andespondinglouble— ratios
calculated from simulated UrQMD data are presented on figude Functions calculated in
spherical harmonics are presented on figure 6.10. In bot@sdasictions are calculated for
like-sign pairs (lower panels) and unlike-sign pairs (uggnels). Black points show functions
for central events, red points are for intermediate evemdsaid-central events are marked with
blue points Out double-ratios and realC}(k*) component of the correlation functions show
space-time asymmetry of the created source.

Quantitative results obtained from the fit procedure arsgaried in table 6.2. In the fit pro-
cedure like in experimental fit a 3D Gaussian profile of thesein the longitudinal co-moving
system LCMS was assumed. Extracted sizes of the pion-psy&iam for investigated central-
ities show centrality dependane, but exceed values olatdiom the experimental functions in
every centrality bin, from about 25% for central events towtlb0% for mid-central events.
Values of space-time asymmetry do not show clear centrdéfyendence. For central events
and intermediate events they are close to the experimeaitas but for the mid-central events
asymmetry of the system in UrQMD data two times exceeds tperaxental value.

Generated freeze-out coordinates allow for constructiagwo dimensional distributions of
emission points of pions and protons. Figure 6.11 showsdiwensional distributions of pions

and protons emission points. Distributions are calculatéchnsverse plain. Emission points of

92



I rime LfM/C]

I rime LfM/C]

=)
2
£
=
o
E
IS
-

I ime [fM/C]

I rime LfM/C]

I rime LfM/C]

5 10 0
I oy [fM]

I oy [fM]

Figure 6.7: Distribution of the emission time differencestes separation of the emission points
- Therminator. Left panels show data for like-sign piontpropairs. Right panels show data for
unlike-sign pion-proton pairs. Upper plots are for cen{fall0%) Au+Au collisions, middle

plots are for intermediate (10-30%) collisions and lowestplare for mid-central (30-50%)
collisions.
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Figure 6.9: Pion-proton correlation functions - UrQMD.
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Figure 6.10: Pion-proton correlation functions in spharftarmonics - UrQMD.

Centrality Pair Oout[fMm] | Hout[fm]
. . 0.2 0.2
01006 like-sign | 15.8%5 | —5.2755
unlike-sign| 15793 | —4.4703
like-sign | 128702 | —4.8+02
10-30% | 02 0.2
unlike-sign| 128793 | —4.815%
like-sign | 10.8792 | _5 2102
30-50% | 02 02
unlike-sign| 104123 | 5612

Table 6.2: Fit results - UrQMDv3.3. 3D Gaussian profile of seeirce in LCMS.
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Figure 6.11: Image of pion source - left and proton sourcghtriurQMDv3.3 results.

pions are distributed almost over the whole source, whilsgion points of protons are shifted
towards the edge of the source. Shift for the protons is gepthan shift for the pions also
proton source is smaller than the source of pions. No asymrsebbserved irsidedirection.

Pion-proton pairs that contributed to correlation funetivere used to construct two-particle
separation distributions - figure 6.12. Like in case of Theator data there is no difference in
presented histograms between like-sign pairs and unigeeirs. Distributions irsideand
long directions are symmetri©ut component plotted on upper left panel shows asymmetry of
the source also emission time difference distributiontptbon lower right panel shows differ-
ence in emission scenario between pions and protons. Qdusesymmetry irtimeis not so
strong as in case of Therminator. Source size of the systeatezt in UrQMD simulations is
bigger than size of the system in Therminator mainly due éddhg tail on the negative side of
thedN/drqy distribution.

Emission time difference versus separation of the emigsaoonts for pairs that contribute
to the correlation effect is plotted on figure 6.13. Histogsashow data for like-sign pairs (left
column) and unlike-sign pairs (right column), central {tojptermediate (middle) and mid-
central (bottom) Au+Au collisions. We can observe shiftim#n emission points of pions and
protons. Emission time difference is almost symmetric wébpect to theTine = 0 axis. It
means that probability of the scenario when pion is emitdiex than proton is likely the
same as the scenario when pion is emitted later than protmooNelation between space and
time components of asymmetry for pion-proton system is seskein UrQMD data.

Bigger emission time differences observed in central Au<€Allisions suggest that evolu-

tion of source created in central heavy ion collision lastgyker than evolution of smaller source
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Figure 6.12: Two particle pion-proton pair separationrdstion from UrQMDv3.3. Upper
left panel shows distribution iaut direction, upper right panel showgledirection, lower left
panel showsong direction and lower right panel shows two particle emisgiore difference

distribution.

created non-central collision.
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Figure 6.13: Distribution of the emission time differencersus separation of the emission
points - UrQMD. Left panels show data for like-sign pion4mo pairs. Right panels show

data for unlike-sign pion-proton pairs. Upper plots aredentral (0-10%) Au+Au collisions,

middle plots are for intermediate (10-30%) collisions amdédr plots are for mid-central (30-
50%) collisions.
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Chapter 7

Conclusions

Femtoscopy of non-identical particles is a very excitiniglfaf the heavy ion collision physics.
This thesis presents the most advanced and the most sudcas$dr study of correlations of
pion-proton system. It supplements analyzes of identiedlr@n-identical mezons or baryons
done in the past by various world wide collaborations.

Analysis done in this thesis was performed at the higheslada so far energy/syn =
200GeV in the Au+Au head on collisions. Three centralitysbwrere selected from the recorded
dataset: central events - 0-10% of the total hadronic crestsos, intermediate events - 10-30%
and mid-central events - 30-50%.

Pion-proton pairs may come from strong decaysAafesonances or weak decays /bf
baryons thus extensive study was performed to estimatéy@ssntribution to the correlation
function from the products of such decays. It was found t#t A andA lay in the correlation
function above the region of the correlation effect. Pioms protons coming from\ decays are
one of the products that contribute to the fraction of priynaairs thus calculated experimental
functions were corrected on purity. It was found that puistglightly higher for particles than
for anti-particles.

Significant difference in mass between pions and protonemiakery difficult to study cor-
relations of the particles at close velocity in such an expent like STAR where the time pro-
jection chamber has lower limit of transverse momentumatecee is at the level of 0.1GeV/c
and the upper limit of momentum acceptance, where partieletification is possible is around
1GeV/c. Due to these limitations requirements of this asialgxceeds the capabilities of the
particle identification offered by the STAR TPC.

Traditional representation of the correlation functionout — side— long was not suffi-
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cient for study of pion-proton correlations. Also standarethods of decomposition of three-
dimensional correlation function in spherical harmonaitetd due to holes in the angular distri-
bution of thek* vector. Application of the recently developed method otuakdting correlation
function directly in spherical harmonics was a milestonghig analysis. This method allowed
for calculation of reliable experimental pion-proton adation function and extracting quanti-
tative information from the fit procedure.

Data analysis required also applying of extended methodbdokground mixing which
was necessary to get flat functions for large valuels*offo obtain a high quality data sample
a set of track selection methods have been used to removespierged pairs and electron-
positron pairs coming from conversion (mainly in the matkeoif the SVT detector) of gamma
quants.

Pion-proton correlation functions were calculated forfallr charge combinations™ — p,

T —p, T — pandm — p and constructed functions in spherical harmonics as weihas
out — side— long. Out— side— long parametrization due to already discussed problems pro-
vides only qualitative information about the size and spaoe asymmetry. Reliable fit results
were obtained for thRe@(k*) andReC (k*) components for unlike sign pairs. Qualitative and

guantitative results extracted from the constructed tatica functions show that:
e average emission points of pions and protons are not the,same
e proton source is shiftedutwardthe created system,

e observed size of the pion-proton source and asymmetry leataxerage emission points

are correlated and decrease with impact parameter,

e measured asymmetry suggest collective behavior of theesaueated in Au+Au colli-

sions
e delta resonances and lambda baryons do not affect obsesyeureetry,

e evolution of the source created in central heavy ion colfidasts longer than evolution

of the source created in non-central collision.
e size of the pion source is bigger than size of the proton spurc

e if we assuméher ni nat or with hydro as a representative tool for simulating heavy ion

collisions we can claim that protons are in the average ethéarlier than pions.
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Obtained in this thesis values of the system size and shifiden average emission points
of pions and protons are also in agreement with the resuttsegbrevious pion-kaon analysis.

Obtained quantitative results was compared to similanssudone withrher m nat or and
Ur QVD data. Calculated parameters of the Gaussian source areé tole between values pro-
vided by these two models. Fit results show correlation imredity dependence of the system
size and its asymmetry.

Analysis of pion-proton (meson-baryon) femtoscopy at RidtDe in this thesis is a step
forward in the process of studying interactions in mesomsane meson-baryon and baryon-
baryon systems. Knowledge obtained during this study artieds developed during analysis
will be very helpful in the femtoscopic analyzes plannedifar already started at RHIC bream-
energy-scan program dedicated to the critical point search

Recently a TOF - time of flight detector covered full azimuithiagle of the STAR exper-
iment also SVT - silicon vertex tracker which caused lots @iems with electron-positron
contamination in the analyzed data was removed from therempat. With this new setup of
the experiment acquired in 2009/2010 run data of Au+Au sinlfis at,/Syy = 200GeV STAR
will provide much higher quality of the reconstructed trackools and methods of data analysis
prepared during work on this thesis will allow for quick repef analysis of pion-proton fem-
toscopy as well as computation of correlation functionsgion-kaon and not yet investigated
kaon-proton system. Full analysis of these tree systemarysinteresting and desired from the

scientific point of view as the observed asymmetries in tegstems should be complementary.
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