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Streszczenie pracy

Badania korelacji barion-barion w relatywistycznych zderzent
ach jadrowych rejestrowanych w eksperymencie STAR

Projekt jest elementem batprowadzonych w ramach eksperymentu STAR (Solenoidakérac
At RHIC) w Laboratorium BNL (Brookhaven National Laboratory) ykerzystaniem zderza-
cza cigkich jonéw RHIC (Relativistic Heavy lon Collider)- (opis komesu eksperymental-
nego znajduje sie w Rozdziale 5). Celem eksperymentu STARRggséInie méwiac, badanie
whasndci materii jadrowej w ekstremalnych stanach ggsitd temperatur. Oczekuje sige

w warunkach uzyskanych wskutek zderzeiezkich jonéw (np. jader ztota) przy energii w
Srodku masy rzedu 200 GeV/nukleon wytworzony zostanie istaterii jadrowej zwany plazma
kwarkowo-gluonowa (QGP). Wytworzenie QGP nie tylko steeamaliwosci badania wtasrszi

i oddziatywah najdrobniejszych sktadnikéw struktury materii, ale zZakstanowi odtworzenie
jej stanu w pierwszych mikrosekundach istnienia Wsgegata, zgodnie z hipoteza Wielkiego
Wybuchu.

Rozdziat 1 zawiera wprowadzenie do fizyki zdéroéezkich jonéw; pokrétce opisano podstawy
chromodynamiki kwantowej (ang. 'Quantum Chromodynami¢3CD) oraz przedstawiono
strukture diagramu fazowego.

Wyniki pierwszych lat pomiaréw prowadzonych z pomoca ath eksperymentéw w BNL
rzeczywscie pokazaly symptomy wytworzenia stanu materii w ktorymoknione zostaty kwarkowe
stopnie swobody. Efekty "gaszeniaeddw"(ang. ’jet quenching’) - obserwowane w azymutal-
nych rozktadach czastek, anomalnych stosunkéw k&mtnowyrazane za pomoca tzw. czyn-
nika modyfikacji jadrowej (ang. 'nuclear modification fac), efekty ruchéw kolektywnych -
demonstrowane poprzez wasth wspoétczynnika opisujacego tzw. przeptywy eliptycZaag.
‘elliptic flow’) i wiele innych, odpowiadaja przéfiu ze stanu materii hadronowej do stanu ma-
terii kwarkowej. Wytworzony stan mhi sie jednak od oczekiwanego stanu nieodziatujacych
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kwarkow; zblzony jest raczej swymi wtasgoiami do idealnej cieczy.

Rozdziat 2 opisuje aktualny status wynikéw eksperymentdinyposzukiwa stanu plazmy.
Wyraznie rozraniono sektor proceséw miekkich (w zakresie niskich pgdd < 2 GeV/c) oraz
twardych (dlap > 2 GeV/c).

Jednym z efektéw, ktéry nadal nie znajduje zadawalajacdj@snienia, jest rozwoj w czasie i
przestrzeni procesu emisji czastek z goracego i ekspaceyo uktadu powstatego w wyniku
kolizji cigzkich jonéw. Efekt ten, znany pod kyptonimem 'RHIC HBT puzzl@st fakty-
cznie zbiorem kilku prawidtowgci obserwowanych w wynikach pomiaréw korelacyjnych, a nie
dajacych sie utbyc w spéjny obraz z innymi charakterystykami emitowanychstek, obser-
wowanymi réwnoczgnie. (HBT oznacza tu efekt korelacyjny obserwowany dla paistek
identycznych). Zagadka wynikéw pomiaréw korelacyjnycli@dgzna jest gtdwnie w korelac-
jach natadowanych pionéw. Korelacje tych czastek emitgwh z najwiekszymi krotr&ciami,

sa bowiem najlepiej zbadane. W tym kor&ele szczegblnego znaczenia nabieraja rezultaty po-
miaru korelacji w uktadach barionowych.

Rozdziat 4 przedstawia metodologie badania korelacji dgstkowych oraz przeglad najardejszych
wynikéw eksperymentalnych. Zostat przedstawiony opiskamji dla par czastek identycznych
(z wyraznym podziatem na pary fermionowe i bozonowe) oiieentycznych.

Celem przedstawionej pracy jest analiza dwuczastkowyol&gji pedowych w obszarze matych
predkaci wzglednych dla uktadéw dwubarionowych np. protontpng antyproton-antyproton,
proton-antyproton oraz w uktadach dwuczastkowych z demiahiperonéw. W wyniku tych
badan powstat spojny opis oddziatywiav stanie kdcowym (ang. 'Final State Interaction’- FSI)
dla uktadéw ztaonych z ranych kombinacji barionéw i antybarionéw. Wyznaczone atyst
réwniez Srednie rozmiary obszaréw emisji zrédet emitujacychidsgrdla dwéch energii zderzenia
(62 oraz200 GeV liczonych na nukleon Brodku masy uktadu zderzajacych sige jader) i trzech
centraln&ci zderzenia (zderzenia centralsgedniocentralne oraz peryferyjne liczone w za-
leznasci od procentowego udziatu przekroju czynnego na badezaieje).

Wyniki tej analizy zostaty doktadnie omoéwione w Rozdzialep@gwieconym eksperymental-
nym szczegétom analizy par dwubarionowych) oraz w RozdzialRoréwnanie z otrzymanymi
juz rezultatami badania korelacji w uktadach mezon-mezouz ararzewidywaniami dwéch
modeli teoretycznych: UrQMD (Ultra-relativistic Quantukholecular Model) i EPOS (gdzie
nazwa modelu jest skrotem od: Energy-conserving quantuaihamécal multiple-scattering ap-
proach, Partons, Off-shell remnants, Splitting of partatders)- zostato umieszczone w Rozdziale
8.



Whioski z pracy zostaty przedstawione w Rozdziale 9 i dotywstepujacych aspektow:

e W odré&nieniu od korelacji identycznych mezonéw, a w szczegd&dngiondéw, gdzie
efekty korelacyjne sa gtéwnie rezultatem statystyki ktoarej (ang. 'Quantum Statistics’-
QS) - korelacje w uktadach dwubarionowych sa przede wkizystastepstwem oddziaty-
wan w stanie kéicowym (ang. 'Final State Interactions’- FSI), kulomboweski silnych.

Po drugie, bariony sa czastkami o zasadniczo wigkszyasach ri piony czy kaony,

a emitowane protony sa w dej czéci, przy energiach akceleratora RHIC, sktadnikami
zderzajacych sie pociskdw nawet w obszarze matych psapigci. Dlatego bardzo wae
jest poznanie czasowo-przestrzennej ewolucji procesanalji oraz roli jaka odgrywaja
w relacjach pomiedzy ruchami termicznymi i kolektywnynargcej i ekspandujacej ma-
terii utworzonej w wyniku zderzenia. Poréwnanie wynikowskanych dla par protonéw

z analogicznymi wynikami dla par antyprotonéw oraz korglat w uktadzie proton-
antyproton, a take z udziatem hiperonéw i zestawienie uzyskanych rezuwitatéstnieja-
cymi juz wynikami dla par mezon-mezon, maja zasadnicze znacdémigzyskania kom-
pletnego obrazu kKicowego etapu procesu zderzenia relatywistycznych jon&tasnie
niespdjn&ct réwnoczesnego opisu przez modele hydrodynamiczne jedstdowych rozktadéw
pedowych oraz korelacji dwuczastkowych, stanowi gtowigment 'RHIC HBT puzzle’'.

e Po raz pierwszy udato sie uzygkapdéjny obraz korelacji barionowych. Po raz pier-
wszy take maliwe stato sie badanie korelacji dla uktadéw zmych z czastek charak-
teryzujacych sie niska krotSoia produkcji. Przeprowadzone do tej chwili badania w
ramach przedstawianej tu pracy pokazaly nie mierzone nigcyesniej korelacje dla
par antyproton-antyproton. Jako jeden z elementéw regiit'sgo projektu przeprowad-
zona zostata tale analiza wptywu tzw. korelacji szczatkowych (ang. ‘'desil corre-
lations’) na funkcje korelacyjne badanych uktadéw dwueokiowych. Uwzglednienie
korelacji szczatkowych jest szczegdlnie istotne w przigpebarionéw, poniewaznaczna
czest tych, ktére sa rejestrowane, pochodzi z rozpadéw wskatidkziatywan stabych
i reprezentuje korelacje dla innego uktadu, w dodatku zuedevane kinematyka roz-
padu. Dotychczas nie byto potrzeby szczegotowej analigy tgpu efektéw. Niewielkie
krotngsci barionéw produkowanych w zderzeniach przysaych energiach, w szczegol-
nosci krotngci hiperonéw, praktycznie uniernlbwialy wykonanie szczegétowej anal-
izy dla uktadéw innych ri dwuprotonowe. Fakt ten sprawiat rownjee rola korelacji
szczatkowych nie byta zbyt da. Przy energiach akceleratora RHIC zdjiakceptancji



detektora STAR rola tego typu efektéw nie meobyc pominigta w analizie. Opracow-
ana w ramach tego projektu technika uwzglednienia kojiedaczatkowych mee zosta
zastosowana réwnzei do innych par czastek, gdzie wptyw korelacji szczatioklv na
mierzone korelacje jest istotny.

e Jeszcze jedenrodzaj analizy danych jest szczegolniaeysitd niniejszego projektu. Chodzi
o korelacje czastek nieidentycznych urtimiajace wyznaczenie czasowo-przestrzennych
asymetrii w emisji dwoch typow czastek np. protonow i ambgpnow lub protonow i
hiperonéw. Analiza taka, nierabwa dla uktadéw czastek identycznych, polega méwiac
najprasciej, na wydzieleniu przypadkow, w ktérych czastka larego typu, np. antypro-
ton, emitowana jest z wieksza predkia nz druga czastka analizowanej pary. Wydziele-
nie takiego przypadku oraz komplementarnej sytuacji pvaegj i zastosowanie dedykowanej
temu procedury analizy danych umliwvia uzyskanie informaciji, ktéry z dwéch typéw
analizowanych czastek zostat wyemitowany z mniejszycbz&niejszych), a ktory z
wigkszych (pdzniejszych) obszaréw czasowo-przestrgem Uzyskane wyniki uni-
wity wiec weryfikacje stanu wiedzy uzyskanej klasycznyngtodami interferometrii jadrowej
(HBT) poszerzajac ja o opis zrédet emitujacych bariofigaliza korelacyjna par proton-
antyproton skonfrontowana z przewidywaniami modeli uadgjgjacych efekty rozprasza-
nia, dowiodta,ze mimo identycznych mas czastek, mtednie czasy oraz obszary emisji
nie sa identyczne. Wskutek anihilacji, antyprotony sateweanesrednio pozniej oraz/lub
z mniejszych obszaréw nprotony.

Ponizej zostaja przedstawione aspekty techniczne i fizyczisyapnych prac.
Czest techniczna pracy to:

e Wybor odpowiednich kryteriéw selekcji czastek oraz ich, gdy mierzy korelacje z jak
najmniejszym wptywem efektow detektorowych. W przypadkeeprowadzonej analizy
byta to eliminacja nastepujacych efektow:

1. zjawiska przykrywania sie dwockladow czastek w detektorze (identyfikacja jednego
Sladu czastki zamiast dwoch),

2. zjawiska rozszczepiania sgadu jednej czastki (identyfikacja jednegjadu czastki jako
dwa r&neslady),

3. identyfikacji produktow konwersji kwantdbw gamma na paek&on-pozyton, jako pary
proton-antyproton.



e Stworzenie oprogramowania ualiwiajacego niezbedne korekcje: na btednie zidenty-
fikowane czastki oraz na zmierzone korelacje szczatkoNalezato take oszacowa
wptyw skanczonej rozdzielcZ&rxi detektora.

Czest fizyczna pracy sklada sie z nastepujacych elementow:

e Przedstawienie wynikow analizy w petni skorygowanych kacg trzech kombinacji pro-
tonéw oraz ich antyczastek. Wszystkie wyniki dla zanaliaoych energii zderzenia oraz
ich centraln&ci sa ze soba spdjne w zakresie niepesenatatystycznych i systematy-
cznych. Oprdcz rozmiarow zrodet zbadano sekwencje gzagozestrzenna emisji par
czastek nieidentycznych.

e Porownanie wynikoéw eksperymentalnych z przewidywaniarodeli uwzgledniajacych
procesy rozproszewtérnych (UrQMD). Przedstawiona analiza dowiodta wskutek ani-
hilacji antyprotonéw z protonami, antyprotony sa emita@aczé&niej oraz/lub z mniejszych
obszar6w ri protony.

Zaprezentowane wyniki wskazuja na cel@v&ontynuacji badadla par barionowych w innych
warunkach eksperymentalnych np. w przygotowywanym olgeeksperymencie ALICE jaki
bedzie realizowany na zderzaczu Large Hadron Collider (LW @boratorium CERN.



Abstract

Studies of baryon-baryon correlations in relativistic nuclear ®l-
lisions registered at the STAR experiment

This work is the part of scientific program of the STAR expearih(Solenoidal Tracker at RHIC)
in BNL (Brookhaven National Laboratory) operated with RHIC @&#fistic Heavy lon Col-
lider). The main goal of the STAR experiment is to measuregtioperties of extremely hot and
dense matter created during heavy-ion collision. STAR demis described in Chapter 5. It is
expected that as a result of collision of gold nuclei at epgygyy = 200 GeV/nucleon a new
form of matter - QGP (Quark Gluon Plasma) will be created.nSumw state will enable one to
measure properties of the smallest matter constituentshw also predicted to have existed
after few micro-second after Big Bang.

Chapter 1 contains the introduction to the heavy-ion coltisi the basics of QCD and phase
diagram is presented.

During first years of operations, the results of four RHIC expents indicate the formation of
new state of matter. The resultsjef quenchingnuclear modification factgrcollective motions
expressed bglliptic flowand many others describe a phase transition from ordinaigohanat-
ter to quark matter. However, the QGP was expected to reftepepties of ideal gas. Created
matter indicate rather properties of ideal liquid, thus @&sncalledsQGP (strongly interaction
QGP).

Chapter 2 describes experimental status of QGP research.

Two-particle correlations can also probe matter createshdwsuch collisions. The method and
the experimental review is described in Chapter 4. The lep§thomogeneity measured by
femtoscopy methods includes the effects of space-momecarelations. Together with the re-
lations between thermal and collective motions, betweemital and thermal freeze-out, with
the effects of resonance production and secondary regngttee final image of space-time evo-
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lution of the system represents a very complex phenomen, ig/difficult to describe quanti-
tatively. A consistent description clearly needs the infation coming both from the analysis of
light (pions) and heavy (protons) systems.

A detailed analysis performed already for identical mesgmens and kaons and the pioneer
work with the pion-kaon correlations have revealed a lotrepected effects commonly known
asRHIC HBT puzzle More information was clearly necessary. This work is a $teward to

fill this gap and it describes results of correlations forylbaic systems.

The results of this work complement information obtainedieaby theHBT Physics Working
groupof the STAR experiment at BNL.

The following classes of two-particle systems, incidergrgres and event centralities have been
considered in the frame of this work:

¢ all combinations of two particle systems consisting of pnst and antiprotonsp(— p),
@ - ]_9,]7 - }_9)!
¢ two energies of colliding gold nuclei: 200 GeV and 62 GeV peclaon pair,

¢ three classes of event centralities, according to the p&age of the total hadronic cross-
section: central (0-10)%, mid-central (10-30)%, periath¢80-80)%.

The following experimental results (Chapter 7) have beeninbd:

e For the first time the analysis of two antiproton correlasidvas been performed and the
sizes of antiproton emission region in relativistic heamy collisions has been estimated.

e For the first time the analysis of two-particle correlatidosall systems of protons and
antiprotons, simultaneously and in the same experimeatalitions, has been performed.
The obtained quantitative results are consistent witheretkperimental uncertainties.

e For the first time the asymmetry between space-time parasnetg@roton and antiproton
emission has been analyzed and quantitatively estimatesm#l asymmetry has been
found, showing that antiprotons are emitted earlier or notwge to the edge of the emitting
system.

The analysis for all three proton/antiproton systems haenlperformed in the same way in all
energy/centrality classes; the same event selectiorriaritave been applied; the same correc-
tions have been introduced and the same approach was usshate the influence of residual
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correlations. Thus the effect of systematic errors wasgtyoreduced, what is important for the
guantitative comparison and for common analysis of all #seilts obtained in this work.
Chapter 6 present the analysis chain.

In order to obtain the physics results free of experimensbdions, the methodical analysis has
been performed.

e A set of cuts have been applied for the registered tracksitarelte the merging effect
which makes that instead of two separate tracks, only orex@nstructed.

¢ A dedicated analysis of the tracks located very close in #tealor space have been per-
formed in order to avoid the splitting effect which causest thstead of one single track,
two track are found.

e The contamination of electron - positron pairs have beerovech
o The effect of finite detector resolution has been taken inbmant as well.

e A special attention has been put to the effect of residuaktations resulting mainly from
the contamination of the proton/antiproton sample by thiégas (also protons or antipro-
tons) coming from the week decays of hyperons. This effectiish more pronouced for
protons than for pions. Due to kinematics of lambda-hypetecay, proton practically
follows the direction of lambda particle in the detector@pand cannot be distinguished
experimentally from that coming directly from the intetiactpoint. A detailed procedure
has been developed and the decays of lambda and sigma hypenanbeen considered,
including the decay kinematics. The reflection of FSI catiehs in the proton/antiproton
hyperon systems, in the studied proton-antiproton cdrogla have been taken into ac-
count. One should mention here that such analysis of ctioetawas made for the first
time for the baryonic systems. This can be important for timagarison of the results ob-
tained here with the other results obtained elsewhere,erherresidual correlations have
not been taken into account properly.

The following conclusions (Chapter 8 presents discussian)oe drawn:

e The measured vales of proton/anti-proton emission regiomsystematically smaller then
that of pions and kaons with similar transverse momenta. i@ensg this result on the
base of hydrodynamic approach and taking into account tigedanass of protons with
respect to kaons and pions, one can understand it as anaytefthermal and collective
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motion of hot and expanding system. Thus, pairs of lightetigdas are on average emitted
from the region of larger dispersion.

The increase of measured sizes with the event centraligctsfthe geometry of the col-
liding systems. This dependence is similar to that for piems kaons.

The values of emission sizes obtained for 200GeV are sjiddniyjer than those for 62GeV.
More statistics is necessary however to make quantitatimelasion.

The obtained results are in qualitative agreement with tediptions of theoretical models:
UrQMD and EPOS. It is not the case however for the asymmesyiteof nonidentical
particle correlations (see below).

A small, but definitively nonzero, asymmetry shift has be=mf in the analysis of proton-
antiproton correlations. One should mention here thatatively large shift was experi-
mentally found earlier for the pion-kaon system. This resutonsistent with the hydro-
dynamic description, where the mass differences lead tepthee-time asymmetries. Such
effect cannot be attributed however to the particles withsame masses. The asymmetry
shift is also absent in the results of simulations with th€dSRmodel but is seen in the
results of UrQMD simulations. The difference between EP@&@rQMD, important for
the final stage of the interaction dynamics, consistent énaibsence of rescattering pro-
cesses in the EPOS model. One can conclude that the anpimifabcesses at the last
stage of the collision can be responsible for the observeshiatry. This conclusion is
also consistent with the sign of asymmetry effect, showheg aintiprotons are emitted
earlier or more close to the edge of the emitting system thatops.

The analysis performed here is a step forward in the direatioconsistent description of the
dynamics of heavy ion collisions, mainly in the part of sde@lsoft processes.

In order to continue such measurements, it is necessarywtorhare statistics of experimental
data. In a natural way it can be achieved in the next generakiperiment ALICE being prepared
now at CERN. Much larger particle multiplicities and the betletection possibilities makes
good perspectives for such measurements.
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Introduction

The 'Big Bang’ is a cosmological model of the Universe, whosenpry assertion is that the
Universe has expanded into its current state from a prirabatindition of enormous density
and temperature. It has been shown that 'Big Bang’ is consistiéimgeneral relativity and with
the cosmological principle, which states that propertiethe Universe should be independent
of position or orientation. Observational evidence for'Big Bang’ includes the analysis of the
spectrum of light from galaxies, which reveals a shift tadglonger wavelengths proportional
to each galaxy’s distance in a relationship described bybt&law. Combined with the as-
sumption that observers located anywhere in the Universgdyvoake similar observations (the
Copernican principle), this suggests that space itself pgeding. The 'Big Bang’ is the best
model for the origin and evolution of the universe.

Many scientists have intended to build experimental corgdevhich would enable reproduction
of conditions that existed just a few moments after the 'Bigd@aRor many years possibilities
of building greater and bigger complexes have been inargasiith maximal reachable energy
rising as well. For such reasons, the theory of high-enehygios must have been formed.
Why high-energy physics? Because particle physics dealstivtstudy of elementary con-
stituents of matter. 'Elementary’ means here that suchgb@stdo not have known structure. In
the beginning of the twentieth century, particle beam aersrfyjom accelerators only reached a
few MeV. Experimental techniques made then possible onensider protons and neutrons as
elementary particles. Nowadays, with advanced experiahentnplexes, it is possible to mea-
sure even the structure of a single nucleon, and other elamysszomponents as well (quarks and
leptons). Another reason for high energies is that manyeétbmentary particles are extremely
massive ones, thus’(= mc?) requiring high amounts of energy to be created. The hetavies
elementary particle detected so far is the 'top’ quark (\whias to be created as a pair with their
anti-particle), with the mass-energy ofc> ~ 175 GeV - almost 200 times more than that of a
proton.

Nowadays, the biggest operating accelerator is the Redatieavy lon Collider (see Chapter
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5), with another one, the Large Hadron Collider at CERN, in thed fphase of installation. These
projects enable one to measure the basic structure of etargenatter. Chapter 1 encloses the
basics of heavy-ion collisions. The properties of colliis@an be deduced by analyzing charac-
teristics of created particles: hadrons, leptons, .. Cha@mesents a review of experimental
results. First prerequisites about phase transition frasfimary matter to the partonic phase are
discussed. RHIC results are divided into sectors of softgeees and hard probes. Chapter 2
reviews an experimental status of known properties of bidiken. In parallel to experimental ob-
servables, theoretical models are presented (Chapter @)gl@n to understand better heavy-ion
collisions. The method to probe the source of emitting plasi is two-particle interferome-
try. Chapter 4 contains theoretical description of the dati@n technique and an experimental
review of the most exciting results from last few decades al. wAs this work is dedicated
to two-baryon femtoscopic measurements, Chapter 4 disslssdly the most important two-
proton correlation results obtained so far. The RHIC complex its experiments are presented
in Chapter 5, which is mainly dedicated to the STAR program.pBdra 6, 7 and 8 present results
of proton femtoscopy from the STAR experiment. Chapter 6 riless technical aspects of how
to construct a two - proton, two - anti-proton and proton {-anbton correlation functions prop-
erly in STAR. Chapter 8 shows experimental results and Chaptiscisses them comparing
to the model predictions. The aim of this work is to obtain kgl and deep view on baryon
correlations as it is possible from experimental and theakepoint of view, in order to learn
more about properties of the emission of protons and antoeps.
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Chapter 1

Some base concepts of Heavy-lon Collision
Physics

Heavy-ion collisions at high energies [1, 2] allow one todstuhe elementary components of
matter and the interactions between them. Relativistic yx&av collisions give also the possi-

bility to study the behavior of nuclear matter under extrgnmégh pressure and temperature. It
is supposed that such conditions were present during firstents after Big Bang [3]. They

can be recreated experimentally in heavy-ion collisionslta-relativistic energies, using the
colliders, such as Relativistic Heavy lon Collider (RHIC) (maréSection 4.1) and in the near
future the Large Hadron Collider (LHC).

1.1 The QCD phase diagram and the QGP

During high-energy collisions (for a more detailed dedonip, see Section 1.2) a hot and dense
system of strongly interacting particles is produced. Aargs and gluons are not allowed to
exist separately and thus have to be bind in hadrons at lovggdensities, with the increasing
temperature (heating) and/or increasing baryon denstgnpcession), a phase transition may
occur to the state where ordinary hadrons do not exist angranod where quarks and gluons
become the correct degrees of freedom. This extreme staatdeconfined matter is called
Quark-Gluon Plasma (QGP) [4, 5, 6, 7, 8, 9, 10, 11]. The théescribing strong interactions
confining quarks into hadrons is a quantum field theory cal@dantum Chromodynamics’

(QCD).
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Figure 1.1: Top panel: Lattice QCD (LQCD) predictions for tmeryy density /7 as a func-
tion of temperaturd’ relative to the critical temperatufe. Flavor dependence is illustrated for
the three curves, depicting results on three quarks (u2llght (u,d) plus one heavier (s) quark
and 2 light quarks (u,d) as indicated above. The Stefan-Baltn values are depicted by the
arrows to the right [10]; bottom panel: LQCD calculation éstor non-zero chemical poten-
tial, suggesting the existence of a critical point well ab&HIC chemical potential values. The
solid line corresponds to first-order phase transitionedacurve indicates crossover transition
between hadronic and the QGP phase [11].19



QCD is the theory of the strong interaction. It is an importpatt of the Standard Model of
particle physics [12, 13]. The most striking feature of QCasfinement. At small distances
guarks and gluons interact weakly and stronger while irginggthe distance between them. The
physical concept may be illustrated by a string spanneddmtwuarks while trying to separate
them. If the quarks are pulled too far apart, high energy diega in the string is released, the
latter breaks into smaller pieces and as a result a new foradrfons is produced from these
pieces of the initial string. The nuclear forces betweerydnas and mesons are viewed as a
residual forces between quarks and gluons. In the terngyadd high energy physics, the QCD
confinement scale is:
A >~ (02GeV) >~ 1fm (1.1)

With increasing temperaturg, the strong coupling constant(7") becomes smaller, reducing
the binding energy, and the string tensiofi’) becomes smaller, increasing the confinement
radius and effectively screening the potential:

4 oy 4« 1— et

Vi(r)= 3, +or — 5756_’” +o .

(1.2)

wherey = u(T) = 1/rp is the Debye-screening (see the Glossary at the end of thistimeass
andrp, is the Debye screening radius. Fog 1/u = rp quarks are bound but for> 1/ = rp,
they are free of potential and effectively deconfined. Thataacurate predictions of the phase
transition are given by numerical calculations on thedattilt is a challenge of ultra-relativistic
heavy-ion collisions to observe two phase transitionsipted by QCD: discussed 'deconfine-
ment’ and 'chiral symmetry restoration’. The notion of @lisymmetry is related to the spin
of particle and its ’handeness’. The chirality of a partidéright-handed’ if the direction of
its spin is the same as the direction of its motion. It is ‘ledinded’ if the directions of spin
and motion are opposite (for more description about clytadiee description in the Glossary).
Theories with massless fermion fields feature chiral symynee., rotating the left-handed and
the right-handed components independently makes noelifterto the theory; on the other hand
massive fermions do not exhibit chiral symmetry. The massmtgmeously breaks chiral sym-
metry. Therefore, chiral symmetry introduced here is a sgtmynof light quark flavors due to
their small masses and it is spontaneously broken. Theylsays that at high temperatures and
densities it should be restored.

Figure 1.1 (top panel) shows result of numerical calcutetifd 0] of the energy densigyof col-
ored matter as its temperatufds increased. The ratig/T* is related to the number of degrees
of freedom which describe the system. The rapid rise of thentjty signals the onset of decon-
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finement above some critical temperatiife A relatively sharp deconfinement transition occurs
at a temperature of approximately 175 MeV in 2-flavor QCD arldve¢his temperature quarks
and gluons are confined inside hadrons, so only protons antdoms can be taken into account
to describe system. At higher temperatures more degreesezfdm have to be considered.

The most familiar example of phase transitions is the 'ploesgram’ of water, where controlled
parameters are temperattifeand pressure. Water is commonly described as having three
phases: gas, liquid, and solid. There, a dependgfiCedescribes the transition from one phase
to another (solid to liquid and liquid to gas), which trammitdepends on pressure and tempera-
ture.

Two energy regimes are discussed for the QGP state and plaasdions: at lower energies,
Vsnn >~ 5 — 20 GeV, typical for the AGS (BNL) and SPS (CERN) programs, the nuasie ex-
pected to stop each other, leading to baryon-rich systdmnssistthe regime of maximum baryon
density. At higher energieg/syy > 100 — 200 GeV, nuclei become more transparent and nu-
clear fragments are better separated from the centralredjoarticle production at mid-rapidity.
This regime (baryon chemical potentjak = 0) is expected to be baryon-free, or QGP (pure
QGP regime); high-energy experiments consider it as amagfitless-baryon density".

In the bottom panel of Figure 1.1 a schematic phase diagratmisn. The phase of matter de-
scribes the system in given regions of temperafusnd;.z. Low temperatures andg ~ 940
MeV characterize ordinary nuclear matter. As the tempeeadnd energy density are increased
further, transitions to deconfinement phases of quarks amahg are expected to occur; these
are indicated by the lines in the plot.

A phase transition is characterized by its 'order’, coregpng to the order of the derivative of
the thermodynamical potential:

QE, T, S, pte;N)=E —T -8 — o - N (1.3)

whereE’ means energyi, is the temperatureq is entropy,u.. is chemical potential andy’ is the
number of particles. For the system in question, the forrmiBas rewritten in the form:

Q(E,T,S7MB,B):E_TS—MBB (14)

wherepp is defined as the chemical baryon potential & the baryon number. Thermody-
namic equilibrium is reached whefé has a minimum. The phase transitions were labeled by
the lowest derivative of the free energy that is discontusiat the transition. 'First-order’ phase
transitions exhibit a discontinuity in the first derivativethe free energy with a thermodynamic
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variable. The various solid/liquid/gas transitions as@sslfied as first-order transitions because
they involve a discontinuous change in density (which isfits¢ derivative of the free energy
with respect to chemical potential.) 'Second-order’ phaasitions have a discontinuity in a
second derivative of the free energy. These include therf@gnetic phase transition in mate-
rials such as iron, where the magnetization, which is thediesivative of the free energy with
the applied magnetic field strength, increases continydtsin zero as the temperature is low-
ered below the Curie temperature. The magnetic suscefyiltilie second derivative of the free
energy with the field, changes discontinuously. Under theBfest classification scheme, there
could in principle be third, fourth, and higher-order phaaasitions. In this case there is no dis-
continuity and no rapid phase transition, but a 'cross-ovére solid line in Figure 1.1 indicates
a first-order phase transition at larger values of chemiot@mtializ > 360 + 40 MeV with a
critical 'endpoint’ indicated by the small square, folladve smooth crossover farz < 360MeV.

As we know from the top panel of Figure 1.1, lattice QCD preglacphase transition around the
critical temperaturd, = 175 + 15 MeV. The order of the transition of the QGP phase is not
known. If gluons were the only degrees of freedom, the ttemmsiwould be first-order. With
the addition of two or three quarks, the transition can beegbad-order. At high temperature
and high baryon potential, lattice QCD results seem to inditiaat the transition is a smooth
‘cross-over’. Furthermore, there might be a second-omd@sttion at high density, as shown in
Figure 1.1 (top panel). In the early universe, the QGP isghoto have existed0~* — 1075 s
after the Big Bang.

1.2 Relativistic heavy-ion collisions

As discussed in the previous section, collisions of heawg,idike S, Au or Pb at relativistic
energies can produce a large and hot system where the QGRcandied. A pictorial view
of relativistic heavy-ion collisions is presented in Figut.2. In the center-of-mass system of
a symmetric nucleus-nucleus collision, two Lorenz-casted nuclei of radiug hit each other
along the beam axis with impact parameﬁr =b (where?> is perpendicular to the beam
direction the vector connecting centers of colliding ni)clén the region of overlapping, the
'participating’ nucleons interact with each other, whitenion-overlapping region, the 'spectator’
nucleons continue along their trajectories (but they céeract electromagnetically only). The
degree of overlap is called 'centrality of the collision’jtvb ~ 0 fm for the most central
collisions (total overlapping of two nucleons) alhd- 2R for the most peripheral collisions (no
overlapping area). The maximum time of overlapping is deieed asry, = 2R/~c, wherey is
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Figure 1.2: The scheme ofu + Au heavy-ion collision with radius R and the impact parameter
b. The curve represents the relative probability of chargeigle multiplicity n.,, which is
proportional to the number of participating nucledWs,:[2].

the Lorenz factor if the colliding nuclei.

The impact parameter of a collision in the case of gold nusldirectly related to the number of
participantsV,,., where in the most central collisions it can reach up to 3%laans and in the
most peripheral collisions the number of participants cawvdry small. The beam axis and the
direction of impact the impact parameter define a reactianeal

The colliding nuclear matter loses a substantial fractibitsoenergy in the collision process, a
phenomenon referred to by the therm 'nuclear stopping panteoduced by Busza and Gold-

haber [14]. The loss of kinetic energy incident nuclear erat accompanied by the production
of a large number of particles, mostly pions. Therefore,ightenergy collisions, a large frac-

tion of the longitudinal energy is converted into the enesfjradronic matter produced in the
neighborhood of the center of mass of the colliding system.

The dynamics of a heavy-ion collision can be viewed in FiguBeas a space-time diagram with
the longitudinal coordinate and and the time coordinateThe collision takes place at the point
(z,t) = (0,0). The space-time scenario proposed by Bjorken [15], distiteas five sub-sequent
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Figure 1.3: The scheme of heavy-ion collision [16].
phases:

e “Pre-equilibrium” (when formation of elementary conséhis takes place): nucleons pass
through each other and parton-parton interactions occaereva parton is defined as a
quark or a gluon. Due to high energy density, the releasddmscan re-scattered multiple
times, losing part of their initial energy in the interactieegion. A 'fire-ball’ of interacting
guarks and gluons expands and the baryon chemical potertiaishes at mid-rapidity
y = 0 (see the Glossary for a definition), while forward and baakisaegionsy # 0,
are relatively rich in baryons corresponding to the remsahthe colliding nuclei. At this
stage hard partons are scattered.

e “Chemical and thermal equilibrium”: the nuclear matter feegequilibrium at the proper
time 7, (just before QGP formation) through parton re-scatterimghie medium. The
energy density obtained in the collisions at RHIC is abovectitecal value, so when the
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interacting medium is thermalized, the QGP might be produce
e The "QGP phase”, evolving according to the laws of hydroadyits.
e The "Mixed phase” of QGP and a Hadron Gas (HG)

e “Hadronization and freeze-out”: The expanding QGP coolsrdfast and quickly reaches
the transition temperature. It evolves into the phase ofdragas, finally reaching the state
known as ‘chemical freeze-out’. The resulting hadronic gatinues to expand, cooling
down the interaction rate between the hadrons. Then themystolves to the thermal
equilibrium; this state is known as ‘thermal freeze-out’ftek this moment, hadrons fly
freely.

Information about the QGP or the hadron gas at thermal &qguiin must be inferred from
the properties of the particles remaining after the therfmesdze-out (hadrons, leptons, direct
photons). Some signatures described in Section 2 can dwamation about what happened
before the freeze-out.
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Chapter 2

Properties of bulk matter - review of
experimental results

The RHIC facility (more in Chapter 5) enables probing the hggfenergy region of phase space,
where many processes are subjects of our interest. Thegsexedetected in the RHIC energy
domain can be selected according to many criteria, one aof tieing dividing experimental ob-
servables into the ‘soft’ and ‘hard’ sector of processestid¢ta production in the central rapidity
region of ultra-relativistic heavy-ion collisions can lyedted as a combination of perturbative
(hard and semi-hard) parton production and non-pertudédbft) particle production. By hard’
one usually means clearly perturbative processes with mtumeor mass scale of the order of
tens of GeV. The resulting hard partons can fragment inso jéadronic jets are observedin-p
collisions at thep; from around 5 GeV to more than 400 GeV. The term ‘Semi-hardtesses
refers to such QCD process where partons with transverse maroéfew GeV are produced.
'Soft’ process refers, to ones which produce low transversmenta partons or hadrons.

2.1 Soft processes

2.1.1 Inclusive and semi-inclusive particle production - thermal quilib-
rium signatures

Single particle distributions are used to look into paétiproduction mechanisms and deduce
information concerning system evolution. Measurementheneft panel of Figure 2.1 are pre-
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Figure 2.1: a) Semi-inclusive invariapt- spectra for pions, kaons and protonsAm + Au
collisions at,/syny = 200 GeV. Left column contains positive hadrons and right oneatieg
particle species. Top row shows the sample of the most derthidsions (up to 5% of the
total hadronic cross-section of the collision) and the dratrow indicates the most peripheral
collisions (from 60 to 92% of the cross-section). b) meamdvarse momentum of positive
particles as a function of centrality [17].

sented in terms of Lorentz invariant single particle insleglifferential cross-section (or Yield
per event in the class of semi-inclusive):

Ed3c Ao 1

— S 2.1
dp? prdprdydg 27 @D

f(pr,y)

wherey is rapidity (see Glossary for a definition) is transverse component of the momentum
vector p’, (while p;, is the longitudinal component of momentum)js the cross section of a
reaction and is the azimuthal angle of the patrticle.

The plot exhibits some differences between distributiarfspfons, kaons and protons) for
various centralities (mainly in the number of producedipbas of a given type), however their
shapes do not differ significantly. The distributions aneally used to estimates the temperature
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of thermal freeze-out, as:

d’c d*c 1 _E/T

= e
dprprdpr  dprmedmr

T eETx1

(2.2)

The slope of theny (or pr) distribution at mid-rapidity represents temperaturehaf system.
Particles (or partons) which travel with transverse flonoedl 3, = “* acquire kinetic energy

in addition to thermal energy, so the slope should increasethe rest massi” — Ty + yrmg.

The average transverse momentsmp; > of positive pions, kaons and protons (see right
panel of Figure 2.1) increases according to their respeati@sses. The rise of mean transverse
momentum of hadrons from peripheral to central collisiaaxipected for thermal distributions.

2.1.2 Chemical equilibrium signatures

One of the most crucial questions is whether thermal and daraquilibrium is achieved at
some stage of the collision. Applying a statistical modd, [19] which assumes equilibrium,
and testing the experimental data against model pred&isoone way to verify if the equilibrium
state was reached during systems evolution. The statistiodel is based on the use of a grand
canonical ensemble to describe the partition function areté the density of the particles in a
equilibrated fireball:

oo 2
_ Y p=dp
= 272 /0 e(Bi(p)—ui)/T 4 1 (23)

with particle densityn;, spin degeneracy;, h = ¢ = 1, momentump, total energyF and
chemical potentiali; = upB; — usSiur, IP. i denotes particle type. The quantitiBs, S; and

I? are the baryon number, strangeness and three-componem efaspin quantum number.
The temperaturé@ and baryon-chemical potential of chemical freezeout agévtlo independent
parameters of the model, while the volume of the firebalthe strangeness chemical potential
us and the isospin chemical potentjal, are fixed by the three conservation laws:

VY mB=Z+N (2.4)

VY S = (2.5)
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Figure 2.2: Particle ratios for RHIC energies: 130 GeV (laftyl 200 GeV (right) together with
results of statistical fits. Data are compiled as a resultl@®HdIC experiments [19].

Z —N
AP = 2.6
VI omi = 26

Z andN are the proton and neutron numbers of the colliding nuclei.

The ratios of particle abundances, dominated by low trassveomenta, are even for strange
and multi-strange particles well described by fits to a tredmiistribution taking into account the
baryon chemical potential:) for non-strange particles and strange chemical poteftiglfor
strange patrticles.

The formula for non-strange (e.g protons and anti-protpasgjcles can be expressed as follows:

67(E+NB)/T

_ _ o~Cup)/T
=TT =€ @7

d*c

_ Y0 EewT
dprprdpr

I3

wherep andp are the mean numbers of protons and anti-protons, respictiv
For strange (e.g lambdas and anti-lambdas) particles:

o~ (B+ps)/T

— — o (2us)/T 2.8
(E—us)/T
o—(B—

d*c

_ Ao —mewr
dprprdpr

= =

whereA andA correspond to the yields of lambdas and anti-lambda reispbctFitted model

29



L AmRAL G 5, = 200 GeY L w e
e 0.3, [0 RHIC enmbined
. - . Dh= A LReGLALY)
- o T b | ® A0 5PY
ﬁmjf .' — '. n " PHLHHOS
- [ . ._'.L\rn ™ : § | 0 TIANCTIF g o
<l Pa— = L
S . [T LIT] !.. % I:l .
= - L] il
= ol ts 0 g Qb ; °
é? - . _-" et %, ot =
= mT W "e I : ¢
- 20-30, . =
¥ of® .-nllI.J'::..ld.. oh = 2 ® o
- +... F o T W jrad
pate B S . 0 A-Ine L - =~
- st ® -'I.'.tnﬂuiit.‘l-.- .-"- » B .
- as " 4 AR5 s » 1L
\If)ﬂ_f : .:rl -'.lﬂ!cn"‘.ﬂl-ir!;*'!i-l!ilh :.:: : i A
L]
- e+ -
il P BRI TN AN A SETIN DNRAI S N Fy] il L ul
E -1 -3 n 2 1 al 10 (L} cr
L r
V[ [GEV]

Figure 2.3: a) pseudorapidity distributions tér, + Au at200 GeV for different collision cen-
tralities; b) multiplicity of charged patrticles per paigiant pair around midrapidity as a function
of collision energy. Particle production i + Au collision at top RHIC energies around= 0
exceeds that seen in+ p collisions by40 — 50% [20].

parameters (temperature, baryon potential of the cherfri@eteout) from the thermal distribu-
tion are displayed in Figure 2.2. FQfsyy = 130 GeV, the temperature i5 = 176 MeV and
the chemical potentialzz = 41 MeV, for /syy = 200 GeV,T = 177 MeV andupz = 29 MeV.
These calculations are done to estimate in which regioneoptiase diagram the analyzed sys-
tem is located. These predictions agree with QCD calculatsord confirm the fact that RHIC
experiments access the region located very close to thedboyiof the phase transition.

2.1.3 The (pseudo-)rapidity density

The reference frame of the detectors at RHIC is designed to mgcleon-nucleon center of
mass (c.m.) system. The colliding nucleons approach edwr etith the energy /sy~ /2.
The rapidity of the nucleon-nucleon center of mass - mideigp- is y“* = yyy = 0. The
projectile’s and target’s rapidities are equal (in absohagnitude), but have opposite signs:

target

(V2NN _ ypeam jo (2.9)

QmN

yProl = —y = cosh™!
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Figure 2.4: Baryon ratios for RHIC and SPS energies showingédéaryon density for some
baryon species at given collision energy. Open symbolsataé energy of SPS, closed symbols
show RHIC results [18].

wheremy=0.931 GeV is the mass of nucleon agid"™™ means the beam rapidity. The shape
and evolution of charged-particle density in rapidjtand pseudorapidityn(= —in[tan(0.50)],
whered is the angle of particle with respect to the beam axisiin- A collisions (see Figure
2.3) follow a similar trend. Pseudorapidity is calculatecthe case where rapidity cannot be
measured directly, for the central-rapidity region rayidind pseudorapidity distributions follow
very similar trends. For more central data, higher multipes of particles are registered. The
event multiplicity is collision energy-dependent as welilit-hand side of Figure 2.3). Universal
scaling of pseudo-rapidity divided by the number of cadirsparticipants versus collision energy
is observed.

2.1.4 “Net” baryon density

The anti-baryon/baryon ratios have been measured at the/®PRHIC Displayed in Figure 2.4
are the ratios for SPS (open symbols) and RHIC energies (tkysrbols) slightly increase with
increasing the content of strange quark of the observedbanyion/baryon ratios. Obviously,
there is a large increase of baryon ratios from lower to higheergies due to much higher
baryon density for higher energy (at lower energies pradoaif anti-baryons was limited). The

31



tendency for both energies are similar. The slight incredsmtios (such exists in collisions
of two nuclei) for both energies is a result of an increasedrainge quark content (see the next
sub-section for more details about strangeness prodjctidhis measurement indicates that
baryon-rich density is strange quark content-dependent.

2.1.5 Strangeness Recombination

Strangeness enhancement was one of the first proposedssigntie possible QGP formation
[21]. The strangeness content of the colliding nuclei isligége, consequently all measured
strange particles must have been produced during collisidre strange quark has a much
larger mass than lighter quarks, (), as described in Appendix 1. The production of particles
containing thes quark through hadronic channels usually should not be ex@thrAsm, < T,

an (ss) pair would be in chemical and thermal equilibrium in the QGRge. Strange quarks
would hadronize, resulting in an enhancement of producaticstrange particles (containing at
least one strange quark or anti-quark). Hyperon produdiidrere hyperon is a baryon with
at least one strange or anti-strange quark) in a collisiomaolron is expected to be more diffi-
cult for multi-strange specie&(€2), which usually result from a long cascade of reactions, e.g
T+ N—->K+A1+A—-=Z4+K,7+=— Q+ K. (See also [22]).

In this section, two experimental results are presentezlddpendence of strange particle pro-
duction as a function of the theequark content in a hyperon and the relation of strange quarks
non-strange light ones( d).

It is expected that more hyperons may be detected when a Q& phcreated than in the case
of a pure-hadronic system. This effect should increasetélstrangeness content of the baryon.
The SPS experiment NA57 [23] has measured the yields, af=* Q* inp + AandA + A
collisions. These results are compared as a function ofuh&er of participating or wounded
nucleons. Figure 2.5 presents the ratio of (anti)-hypeieldyn nucleus-nucleus4 + A) col-
lisions to thep + Be andp + p ones, versus the number of participants (centrality) nreasu
at SPS conditions and extended to the RHIC energy domaine lyitlds were simply scaling
with the number of participants then all points should beritisted on a flat line. This figure
indicates an enhancement of production of (anti)-hypewaitis the centrality of the collision.
The second important point here is the hierarchy of enhaanent is higher for multi-strange
baryons (2, =) than for single strange baryon&)(leading to the conclusion than if thequark
content in a particle is higher, then the production of suatirbn increases.

As the strangeness content in hadronic matter and in QGRfesatit, information about pro-
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duced strange quarks can be derived from the ddtig=" [25, 26], as it is directly translated to
the ratio of strange quarks (formed) to the non-stranges{plysformed at mid-rapidity region):

<s§s>4+ <35> N<K+>
<u>+<u>+<d>+<d> <7nt>

(2.10)

Figure 2.6 shows increased strangeness production aroardye8 GeV, which can be inter-
preted as a signature of the phase transition. Results angacethto the predictions of several
models, forPb + Pb andAu + Aw collisions neither UrQMD nor RQMD reproduce such strong
evidence of the phase transition (above the critical pofiot) p + p collisions no model fol-
lows the experimental results. Such comparisons show thiatrthe measured transition is not
described by these models, more detailed studies of thenarfghis phenomenon is required;
however, experimentalists from NA49 [27] claim that thisetvable indicates such a transition.
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2.1.6 Flow

The flow phenomenon is a distinguishing feature of a nucteweus collision compared to the
simpler ones: proton-proton or proton-nucleus [28, 29, 3]s effect is seen at many collision

energies. Flow is a collective effect of a bulk matter whidlviously cannot be produced as a
result of superposition of independent nucleon-nuclediisamns. There can be isotropic or non-
isotropic expansion, depending on the class of the catflisemtrality. Depending on the collision

energy, flow does reflect different collective aspects ofitberacting medium. At low energies,

where relatively few new particles are formed, the flow dffeenostly caused by nucleons from
the incoming nuclei. At higher energies, the number of ngwbduced particles is so large that
they dominate the observed flow effect; the primordial noicteare expected to make only minor
contribution, in particular in the region of mid-rapidity.

o Radial flow

In central collisions between spherical nuclei, the ihgtate is symmetric in azimuth and
the overlapping region is circular (not almond-shape’ e transverse direction); this
implies that the azimuthal distribution of the final statetio#es is isotropic as well. Under
such conditions, any pressure gradient causes azimusyaiiynetric collective flow of the
outgoing particles, which is called ‘radial flow’. The resat observables to study such
effects are the transverse momentum distributions foouarparticle species. For a given
particle type, the random thermal motion is superimposdd tire collective radial flow
velocity.

e Anisotropic flow
Here non-central collisions are discussed, where the preggadient is not azimuthally
symmetric. The pressure gradient establishes a cormnelaBowveen momentum and po-
sition points. The initial anisotropy in the transversecgpaonfiguration translates into
an anisotropy of the transverse momentum distributionsutang particles, which is
refereed to as ‘anisotropic flow’. It depends on collisiorrgy, location in phase space
(rapidity, transverse momentum) and the particle spedibe.dominating flow pattern at
low energies arises from colliding nuclei. In such a caseflttw from the projectile nuclei
must have its maximum in the reaction plane. Furthermoeeflthwv of particles originat-
ing from the target is characterized by the same magnithde, the flow of the projectile
remnants from opposite direction. The collective motioicaied ‘directed flow’ and it
can be large at low energies. The velocity of incoming nuateiltra-relativistic energies
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Figure 2.7: a) almond shaped overlap region just after mgeteicleus collision, where the nuclei
move alongz axis, the reaction plane is defined by thend z axis (defined by the impact
parameter vector); b) The view of the collision and momentlistribution just after collision

[2].

is the biggest in the longitudinal direction, so the flow &xisther in this direction than in
the transverse plane. As a result, the directed flow is sggmifly reduced at high energies.
As most particles are produced in the interaction volumey ttan exhibit additional flow
patterns. The momentum of these particles can be vieweckitraimsverse plane as an
ellipse with the principal axes parallel and perpendictdahe reaction plane. The corre-
sponding dominant flow is called ‘elliptic flow’.

The overlap region in nucleus-nucleus collisions is defipgdhe nuclear geometry and is al-
mond shaped. The single particle spectrum is modified by gareston of the particle with
respect to the reaction plage— ¢z, where¢ is the azimuth of the particle, arel; is the angle
of the reaction plane defined along the impact parameteovéctxis in Figure 2.7):

ESN BN BN
dp? prdprdyd¢  2mprdprdy

1+ 2vic08(¢p — PR) + 2v9c082(¢p — Pg) +...] (2.11)

The coefficient, reflects the 'directed flow’ and,- the ’elliptic flow’. If the thermal equilibrium
is reached, the pressure gradient is directed mainly aloaglirection of the impact parameter
vector and collective flow develops along this direction.
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In order to discuss the elliptic flow phenomenon in terms diision centrality, the eccentricity
parameter is defined:
- R2+R2 R,+R,

(2.12)

€

whereR, = V< 22 > andR, = /< 42 >. Since the eccentricity is much larger for peripheral
than for central collisions, the dependence obn centrality at RHIC exhibits a characteristic
shape (left-hand side of the top panel of Figure 2.8), whiigfngy deviates from hydrodynam-
ical expectations for peripheral collisions (the lowesinters of participants). If the system
does not thermalize rapidly, the flow tends to vanish due temtticity reducing as the system
expands.

As the flow phenomenon is caused by soft processes, it folhyaisodynamical predictions for
particles with lower transverse momentum (up to 1.5 Ge\Wc)centrality0 — 50%, then the
plateau is observed for higher region and the experiment does not follow hydrodynamical
calculations (right-hand side of the top panel of the Fiqug).

The hydrodynamical model excellently reproduces expertaianeasurements of pions, kaons
and protons flow up tp; = 1 GeV (bottom panel of Figure 2.8). Only saturation of ellidtow

for larger transverse momentum values (above 2 GeV/c) isembduced by hydrodynamical
calculations.

Elliptic flow exhibits similar properties for all mesons ¢inding light ones and heavier as well).
The v, for all baryon sector is similar as well. If one scales thg#gt flow by the number of
coalescence quarks (NCQ), then thdor all hadrons is presented according to the same curve
(see left-hand side of Fig. 2.8). It produces copious mesoisbaryons with flow properties
that suggest their formation via coalescence of valencekgdeom a hot, thermal bath. Such
behavior indicates that the system behaves as a liquid (se2imSection 2.3).

All these experimental observables describe soft prosesHee following section contains re-
sults for the hard sector.

2.2 Hard processes

The hard probes, associated with hard scattering or hacgpses, are experimental observables
which provide tools to study the partonic structure of hadraith high transverse momentum.
For the first time in relativistic heavy-ion collisions, dascattering observables are used at RHIC
to probe the medium through which hard-scattered partomgagate. In order to investigate
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Figure 2.8: Top-left: elliptic flow of charged particles memidrapidity (n| < 1) as a function
of centrality in Au + Aw collisions at,/syy = 200 GeV, with systematic errors; smooth curve
corresponds to the hydrodynamical predictions close ta#heulation with fixedv, /e = 0.25
[31]. Top-right: elliptic flow of charged particles for malpidity region in 50% of the most
central collisions [31]; bottom right: transverse momentependence of elliptic flow for pions,
kaons and protons measured by STAR, together with hydrodigahoalculations [29], bottom-
left: elliptic flow scaled by NCQ for mesons and baryons [32].
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Figure 2.9: Nuclear modification factor for different ceiities of Au + Aw collisions [33].
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parton energy loss, the RHIC experiments measure hadrotrgped azimuthal correlations of
particles with highpr.

2.2.1 Jet quenching

Jet quenching was proposed as a signature of QGP in the RHIGyedemain. It is expected
to be stronger in higher energy collisions of heavy-iong.(& ALICE experiment at the LHC
accelerator). In the initial collision of two nuclei, harcegterings can occur which produce pairs
of outgoing particles with high momentum. If the medium imske, which takes place often in
the case of nucleus-nucleus collision, where large numbieparticles are produced, partons
lose their energy, which leads to the reduction of their In other words, when partons move
through dense medium, they lose their energy as a resultiohghdiation.This phenomenon is
called ’jet quenching’.

In order to compare various colliding systems one can cafeuhe 'nuclear modification factor’
usingp + p as a reference td + A:

dZNAA) (N lldQN )
. _ Neottd" Ny 213
A4(pr) ( Jrdor / dor (2.13)
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where N,,; is the number of binary collisions in the heavy-ion systéva, and N, are the
average numbers of particles produced in, respectidely A (nucleus-nucleus, e.glu + Au)
andp + p collisions,y is the rapidity. Sometimes, the nuclear modification fatt@xpressed in

terms:
) dQNcentral dQNperipheral
R _ Npe’rzpheral AA Ncentral AA 214
CP(pT) ( coll dyde / coll dyde ( )

where NP Pheret gnd Neentral gre the numbers of collisions, and;y"* and N2 """ are the
average numbers of produced particles, respectively itvadeand peripheral collisions.
WhenR 44 = 1 such and+ A collision is a superposition @¥ — N (nucleon-nucleon) collisions
corresponding to scaling with the number of binary collsidbinary scaling). Suppression of
the hadron spectra is observed by the nuclear modificatmnrfaneasured in centralu + Au
collisions at RHIC. Figure 2.9 depicf3,4 as a function opr for 6 different centrality classes
for Au + Aw collisions. The ratios are taken relativelyjter p collisions scaled by the number
of binary collisions. The data expresses clear suppressianfactor of 4-5 in the central case
at large transverse momenta > 2 GeV/c . The distributions for peripheral collisions remain
rather flat up to the; about 10 GeV/c. As the jet quenching phenomenon is strorgpgdent
on medium density, it is clearly reflected by the centraligpendence of nuclear modification
factor. As in central collisions the produced medium is mdehser than in peripheral collisions,
jet quenching should appear stronger in central ones.Rhg are not suppressed (Figure 2.10)
what indicates different medium properties thanlim+ Aw collisions. Figure 2.11 illustrates, the
jet quenching effect shown together for four RHIC experirael@ft-hand side of the top panel is
dedicated to the PHENIX Collaboration, which shows nucleadification factor forAu + Au
collisions for charged hadrons and neutral pions produepdraitely (not suppressed data); right-
hand side of the top panel shows 4, for two class of collision centrality (not suppressed data
as well) by the PHOBOS Collaboration; left-hand side of thedymtpanel presents nuclear
modification factor forl + Au and Au + Awu collisions by BRAHMS experiment{u + Au data
suppressed and+ Awu collisions not suppressed).

Another interesting observable of hadron production ispadicle azimuthal correlations. They
are calculated according the formula:

1 dN

PR =5 dad)

(2.15)

where the azimuthal separation is normalized by the nunfdeggered particlesV,,;,, A¢ rep-
resents the azimuthal angle. In order to calculste one particle is chosen as a trigger and then
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Figure 2.11: Nuclear modification factor measured by PHENEX-hand side of the top panel),
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the text.
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Figure 2.12: Theoretical calculations for the mid-rapiditrect photon yield in central Au+Au
collisions at RHIC as a function of transverse momentum, agrfriom various sources [35].

the angle (around the beam axis) between the trigger paeid any of other ones is calculated
separately. In Figure 2.11, right-hand side of the bottomepahows results demonstrating that
in d+ Au andp+ p collisions there are clear jet peaks fhy = 0 and somehow lower and wider
for A¢p = . In central collisions jets ah¢ = 7 are clearly suppressed. Fo#- p collisions, the
medium is not dense enough to suppress jets.

2.2.2 Direct photons

Direct photons are another interesting tool to study theiptsQGP. They are directly produced
in:

e quark-antiquark annihilation(+ g — ¢ + ) processes;

e quark-gluon Compton scattering{ g — ¢ + ) processes.

Direct photons do not come from hadronic decays. Theotetiqgectations predict that thermal
photons should dominate the direct yield of photons at l@amgverse momentum. As the yield
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of thermal photons fall off exponentially with transversementum, direct photons from the
initial hard scattering will dominate the spectrum at higinansverse momentum values (Figure
2.12). In addition, a contribution of photons produced dgmarton fragmentation is observed.
Measurements of thermal photons can provide informati@usiemperature. Measurements of
prompt photons allow one to study properties of jets intiéngavith the medium. They also are
interesting in that they could provide background for thelrcomponents.

The production of prompt photons is represented by the audcwdification factor with yields
of hadrons ind + A collisions relative to the scaled reference measured-p collisions. Direct
photons provide a tool to check the binary collision scamge their production is not affected
by the medium produced in the final stage of the interactianrRIAIC energies it is possible to
study direct photons idu + Au, d+ Au andp+ p collisions. Prompt photons im+ p collisions
provide an excellent test of QCD, while results frdar Au collisions may be used to investigate
nuclear effects.

In order to determine direct photons, the following formisigalculated:

R— (7/7r0)measured =1+ Vdirect (216)
(PY/TrO)decay Vdecay

where the numerator corresponds to measured inclusiveplsgectrum of the neutral pion
spectrum and the denominator reflects the number of sintltig¢eay photons per input pion,
shown in Figure 2.13. The contribution of direct photong@ases with transverse momentum.
It is also collision centrality dependent, for more centtala the number of direct photons ver-
sus number of decayed ones is bigger indicating that pramuébdr central data respectively
increases and decreases as collision is described by iggact parameter.

2.2.3 Production of heavy flavors

For many years suppression of thigy) resonance has been believed, according to lattice cal-
culations, simplificating to be a signature of QGP phase//asproduction in nucleus-nucleus
collisions should be suppressed by Debye screening prexe$he//« is produced when two
gluons interact to create(ac) pair, which then form a//y) resonance. As in QGP thec) in-
teraction can be screened, its quarks can take part in dpgmagoroduction processes (in other
words, they can create other hadrons thanithe resonance, e.g0y = cti, Dy = ¢u, By = db,

By = db, Y = cb). The NA50 Collaboration [37] has seen a suppressiod /af in central

Pb + Pb collisions as,/syy = 17.2 GeV. The suppression in order of 25% with respect to the
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Figure 2.14: The//V yield normalized by Drell-Yan process versus transverggnas mea-
sured by NA50 in Pb+Pb collisions at SPS. Expectations fraydets assuming QGP formation
are superimposed. Black curve corresponds to the predicbhased on lighter systems (from
p+p to S+U collisions). Here, a decrease in the order of 258bserved. [38]

normal suppression in nuclear matter might be interpreteahaevidence for deconfined quarks
and gluons. Figure 2.14 shows the yield.bfy normalized by Drell-Yan processes. Thigy)
measurements rely on the ratio of obsen/édh — i+~ decays over the number of Drell-Yan
processesq; — ). The ratios obtained experimentally are compared to tediption of
absorption model, and different parts of the whole data $atagen by NA50 Collaboration are
consistent with each other.

Due to large production of charmed quarks, the suppressemesio changes at higher energies
like those available at RHIC. Experiments at RHIC study the biehaf this possible signature,
but from preliminary results at low statistics it cannot lmacluded that the ratio of measured
to expected of produced/ particle is different than unity//¥ suppression is seen at RHIC
energies as well, however its signature as a probe of QGRverlenergies is questionable and
cannot be treated as a clear probe of registration the deeoméint stage. In RHIC energy do-
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main such suppression occurs folfa= bb particle. However, because of the small number of
bottomium pairs produce at RHIQ, formation by coalescence of unrelated pairs is negligible.
Because charm and bottom quarks are massive ones, they dieg@doalmost exclusively in
the initial parton-parton interaction in heavy-ion cathiss at RHIC energies. In the absence of
any nuclear effect, the heavy flavor cross-sectiond i A collisions at RHIC would simply
scale with the number of binary collisions. Thus departtn@® binary scaling for heavy flavor
production inA + A collisions provide information about nuclear effects.

The easiest way to measure open heavy flavor yields in heawgallisions at RHIC is through
semileptonic decays aP and B mesons. Two very striking and unexpected results have been
seen by studying decay electrons from open heavy flavor at RHI€E first is the observation
that the nuclear modification factor for electrons from opeavy flavor decays show very strong
suppression in centralu+ Aw collision [39, 40], similar to that seen for pions. The settetrik-

ing result is the elliptic flow of electrons from open heavyfladecays appears to favor charm
quark at lowpr [40]. It was expected that heavy quark energy loss would bsiderably smaller
than that for light quarks due to interference effect. THatneely largev, values at low trans-
verse momentum imply at least some degree of charm quarklegtion with the medium. This
also imply very strong interactions of charm quarks withriedium at lowepr.

However it is clear that the RHIC heavy flavor program is nowitkah by the capabilities of the
accelerator and the detectors. The accelerator upgradesegu over the period 2009-2013 to
produce a factor df greater luminosity at RHIC I, combined with the detector tgutgs will be
required for the heavy flavor program at RHIC.

2.3 Perfect Liquid

On one hand, theoretical predictions have assumed thatinabe of creation the QGP phase,
it should reflect properties of ideal gas. On the other hand, af the most thrilling of exper-
imental results obtained at RHIC is the 'superstrong’ quargbf jets. While quenching was
expected and considered by many as a signal of the formatiQG®, it was not expected to
be so strong. This fact combined with the robust flow effettseoved in the same reactions
and which confirmed the hydrodynamical nature of matter teatle conclusion that the RHIC
experiments are very close to the QGP phase, but its behdo@s not reflect properties of ideal
gas, but of ideal fluid; the observed system is a very stromgdyacting one, thus called 'sQGP’
[41]. These measurements indicate that hydrodynamicsitdesdeavy-ion collisions, and the
following system evolution surprisingly well, even if itiein describing of many observables
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(e.g spectra, HBT- see more in Chapter 5), but reproduces oltiservables well if earlier ther-
malization is assumed.

Measurements and comparison with relativistic hydrodyinamodels indicate that the matter
thermalizes in unexpectedly short time, has an energy gyeatdeastl 5 times larger than needed
for color confinemen, has a temperature about twice thealittmperature predicted by lattice
QCD, and appears to exhibit collective motion with ideal logymamical properties- a "perfect
liquid" that appears to flow with a near-zero viscosity tarepy ratio- lower than any previously
observed fluid nd perhaps close to a universal lower boundieMer, a fundamental understand-
ing of the medium seen in heavy-ion collisions at RHIC doesyebexist. The most important
scientific challenge for the field in the next decade is thentjtaive exploration of the new state
of nuclear matter.

The next section contains a description of two models aglieecessfully in heavy-ion physics
in order to compare experimental observables to theotgtiedictions.
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Chapter 3
Heavy-ion Collision Models

A complicated process of particle production can be deedrising theoretical models. Nowa-
days there exist two main descriptions based on: QCD striegkimg and QCD parton cascade.
In the case of the string decay picture, the nuclei pass tfir@ach other and as a result of
their collision, color strings are formed. A string can bgidéed as a quark - anti-quark pair
connected by the color field. In the next step, the string yiegaoducing hadrons, quarks
and gluons. Most known descriptions based on string fragatien are: HIJING (Heavy-lon
Jet Interaction Generator) [42] and URQMD (Ultra Relatidsgiuantum Molecular Dynamics)
[43, 44, 45]. HIJING includes mini-jet production as welldatakes perturbative QCD effects
into account. In the URQMD model, a di-quark formed from atiahiquark - anti-quark string
may collide with nucleons.

The QMD (Quantum Molecular Dynamics) [46] model simulateavy-ion reaction at interme-
diate energies on an event-by-event basis, taking intoustqarticle fluctuations inside single
event. The advantages of this model are treatment of mady-pmcesses and event-by-event
analysis. The RQMD (Relativistic Quantum Molecular Dynamit®del [47] is an extension
of QMD description up to relativistic energies (AGS, SPShef the main improvements as
compared to QMD is an extended collision term with heavy basy resonances, strange par-
ticles and string excitation for higher energy hadron-badnteractions. The RQMD describes
time evolution of a many-body system using a classical ¢amiequation of motion. The sys-
tem propagates in &V- dimensional phase space withV degrees of freedom representing the
space-time coordinates add/ degrees for momentum-energy coordinates. For the highest e
ergies reached today the UrQMD model is used.

In the case of parton-cascade models, the non-perturb@@I@ theory is used. The colliding
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Figure 3.1: The UrQMD simulation of adu + Aw collision performed aR00 GeV collision
energy. First picture shows Lorenz-contracted nucleitteetee collision, second plot illustrates a
stage just after collision, third plot shows newly produbadrons (mesons in yellow and baryons
in blue colors, nuclear remnants are shown in red), and giglat shows the expanding system
at the final stage [43].

nuclei are treated as clouds of quarks and gluons which aetach other. An example of a
parton model can be EPOS [48].

Unfortunately no model can be used in the whole range ofsioilienergy, because the mech-
anisms of particle production depend on the specific eneagge. The following sub-sections
describe the basics of the UrQMD and EPOS approaches. Ansdibesection contains a de-
scription of hydrodynamical models.

3.1 UrQMD

This model can successfully operate at the relativistiagias available at RHIC \(syy =
200 GeV). At the highest energies, a huge number of differertigdarspecies can be produced.
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The model should allow for subsequent rescatterings. Thisioa term in the model includes
more than fifty baryon species and over thirty different nmespecies.

All particles can be produced in hadron-hadron collisiam$@an interact further with each other.
The model is a microscopic transport approach. It includes:

e stochastic binary scatterings,
e color string formation,

e resonance decay.

It constitutes a Monte Carlo solution with equations for iheetevolution of various phase-space
densities, which non-relativistically assumes the Bol@m#orm:

dfi(xap):@adfi(xap) @&lfi(l’,p) ddfi(x, p)
dt ot Jdp ot  Ox ot

Stfi(x,p) = (3.1)
wherez andp are the position and momentum of the particle, respectieelgSt f;(z, p) corre-
sponds to the collision term of these particle spe¢ies

The nucleons are represented by Gaussian shaped densityudiisns.

The total hadronic cross-section is interpreted geonalyicA collision between two hadrons
will occur whend < \/m, whered ando,; are the impact parameter of the two hadrons and
their total cross-section, respectively.

Concerning input parameters, as it is possible to choosenthadt parameter, one can control
centrality of the collision. Then, it is necessary to spetife type of the collision (target and
projectile), as well as its energy. It is possible to defire dljuation of state (here the cascade
mode is switched on), one can also stop the decay of partiflgaven types. On the output,
the model gives access to many patrticle properties, howewhis studies only the following
parameters are used: the counter of the patrticle, the [gaidentification number (which allows
one to distinguish between pions, kaons, protons and méey mhplemented types of particles),
the momentum four-vector (three components of momentunpi,,p., and energyr), freeze-
out position coordinates (three spatial componentsy, z, and timet), as well as additional
custom-added components: the variable which informs vénetie considered particle comes
from a decay and if it decays to another particle (or stayislesfaThanks to these, it is possible
to deduce the evolution of particles. Further details ofdpplication of the UrQMD model to
heavy-ion reactions may be found in [44].
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Figure 3.2: a) Elementary parton-parton scattering, thre part is in the center. The parton
ladder is symbolic; b) the complete picture of a parton lagde Open ladder corresponds to
inelastic interactions, closed ladder illustrates etastieractions [48]
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Figure 3.3: Inner and outer contributions at various emsrgeached by experiments [48]

Figure 3.1 shows a short simulation of 4n + Aw collision at200 GeV. Projectile nucleons: red

- target nucleons: red - mesons: yellow - excited baryonse.bl

The model reproduces the total, elastic and inelastic €egesgons of hadronic reactions. The
model predicts particle multiplicities (e.g. inclusiveoss-sections) and (Lorenz invariant) cross
sections as well.

3.2 EPOS

The EPOS model is suited for a broad range of collision emsrgt even takes into account
predictions for the LHC. In this model many reactions can beutated, from simple nucleon-
nucleon collisions (such gs+ p), through more complicated nucleon-nucleus systems (e.g.
d+ Au) to the most complicated nucleus-nucleus collisions (&:g+ Au, Pb+ Pb, Cu+Cu,...).
EPOS is an abbreviation, which stands for:

e Energy-conserving quantum mechanical multiple-scatteapproach;
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e Partons (parton ladders);
o Off-shell remnants;

e Splitting of parton ladders.

Produced partons are generally off-shell ones. They aresepted by parton ladders. Each par-
ton ladder is translated into color strings, which fragmatd hadrons. A parton ladder consist
of two parts: the hard one (discussed above) and the softregeré 3.2, part 1). Two interact-
ing partons, one from the projectile and one from the talgai/e remnants as a result of their
collision (Figure 3.2, part 2). A remnant can be interpreged di-quark with a string.

Open parton ladders correspond to inelastic scatteringlaseéd parton ladders illustrate elastic
scattering (Figure 3.2, part 3). There are two, highly digant nuclear “effects”: elastic (re-
lated to screening and saturation processes) and ingflaticcation) splitting of parton ladders.
The idea of “energy-conserving multiple scattering” is giea in the case of multiple scatter-
ing, when one has to calculate the partial cross-sectiomdoble, triple, .. scatterings, it is
necessary to take care about total energy which have to bedshmong individual elementary
interactions. A consistent quantum-mechanical formaratequires the consideration of open
and closed parton ladders. The closed ladders do not cotgrib particle production, but they
are significant since they affect the calculations of phctiass section. They lead to large num-
bers of interfering contributions for the same final statieofawhich have to be summed up in
order to obtain the corresponding partial cross-section.

The contribution from partons is meant as ‘inner contrilmtiand the one from remnants as
‘outer contributions’. In Figure 3.3, it is shown that remt&produce particles mainly in pe-
ripheral regions of rapidity and parton ladders- at cemtrpidities. The inner contribution rises
with energy, and it dominates central rapidities at highesrgies, whereas outer contributions
exist and have a stronger influence at lower energies, whees contributions may not have
conditions to exist. At RHIC energies a significant remnamitigbution still exist.

Concerning input parameters, it is necessary to chose tleeatyp energy of the collision. If it
is required, it is also possible to stop decays of particfemme types. One can control central-
ity of the collision by choosing the impact parameter. Thalgl@ives access to many particle
properties. In these studies only the following charasties are used: the index of the patrticle,
the particle identification number (which allows to distungh between pions, kaons, protons
and many other implemented types of particles), momentumvector (three components of
momentumay,,p,,p., and energyy), freeze-out position coordinates (three spatial comptmne
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x, vy, z, and timet). Freeze-out coordinates were added to model specialtyimparticle corre-
lations. Here also another additional components are uked:ariable which informs whether
considered particle comes from a decay and if it decays tthangparticle (or stays stable). Itis
thus possible to reproduce the particle history.

3.3 Hydrodynamics

If the system is macroscopic, then thermodynamics descthee static (temperature, pressure,
entropy, ...) and hydrodynamics- the dynamic (directed,flnisotropic flow, particle produc-
tion versus transverse momentum, ...) properties of mdtiefact, the observed particle ratios
are close to the particle ratios in an ideal gas or fluid at ¢éneperaturél’ ~ 165MeV (while
lattice QCD predicts a phase transition at the temperdture175 MeV). This suggests that the
system evolves from a state close to the thermal equilibatiine phase-transition boundary. On
the other hand, the thermal description reproduces hadt@siinp + p ande™ + e~ collisions,
where the system is small and the thermal equilibrium seerhe tmpossible. It is important to
point out here that as elementary collisions (spehp ande™ + ¢~) do not exhibit hydrodynam-
ical behavior, the excited systems produced as a resultabf sollisions are not macroscopic
ones. Therefore, a thermodynamic (static) descriptiohtalong into account a hydrodynamic
(dynamic) one, can probe a macroscopic state. In contogstrienents with heavy-ion collision
programs show evidence for hydrodynamic expansion, as miumecorrelations are observed
in the energy domains, both SPS and RHIC.

Relativistic hydrodynamics is a set of conservation lawstli@r energy-momentum tensor”
and the currenf! in the case of fluid carrying conserved chardés

9,T" =0 (3.2)

and
duJl' =0 (3.3)

In equilibrium,7* andJ! are related to the properties of the fluid by the followingtiens:
T = (e +p)U*U" — pg"” (3.4)

and
JI = n,U* (3.9)
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Heree is energy densityy is pressuren; is the number density of corresponding currént,=
v(1,v,,vy,v.) is the proper velocity of the fluid and/ = n;u”, whereN; = > . n;, g =
diag(+,—, —, —) is the metric tensor. In the case of strong interactionsctimserved currents
are: iso-spin(Jy'), strangenes§/%), baryon numbet.Jj;). For the hydrodynamical evolution,
iIso-spin symmetry is assumed and the net strangeness ivaerm so only baryon current is
considered below.

The equations for the dynamics of an ideal fluid are specifiethb 'Equation of State’ (EoS)
for the matter when the condition is get= p(e,n). Then, few elements can be specified: the
energyT” = E, the momentun¥® = )M? and the total chargé/® = R. The equations of
motion:

OE+V - (Ev)=-V-(pv) (3.6)
M +V - (Mv)=—Vp (3.7)
OM +V - (Rv) =0 (3.8)

Solving the EoS enables one to compare many experimentahatises with hydrodynamical
predictions. Starting from single spectra distributional¢ulated by hydrodynamics at given
temperature), through directed and anisotropic flow, ddpece on impact parameter (trans-
formed often in heavy-ion collisions to the number of chargarticles produced in such a
collision), momentum correlation: azimuthal and two-mdetcorrelations and many other ob-
servables, help to better understand processes and reaiticollisions with a hydrodynamical
description. Recent results show that hydro successfuligrdees single-particle distributions,
and momentum spectra, reflects well particle productionsugtheir transverse momentum and
mass; however it fails in reproducing e.g HBT radii. More atiogdrodynamical description of
heavy-ion collisions can be found in [49, 50].
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Chapter 4

Two-particle correlations at small relative
velocities

Two-particle correlations at low relative velocities allone to measure one of the smallest sizes
in nature, which corresponds to the size of a nucleon. They alake it possible to deduce
space-time properties of the sources. The measured sigexf e order ofl0~°m (1 fm)
and therefore such two-particle correlation methods dieccdemtoscopy’ [51]. The first such
measurement, which can be treated as an introduction tdagévg the two-particle interfer-
ometry method later, was performed in astronomy. R. HanBuoywn and R.Q. Twiss have
proposed a method (called HBT from their initials) [52] ofiestting angular sizes of stellar
objects by studying the intensity of electromagnetic sign@asured in coincidence. The inten-
sity interferometry for particles has similar origin, bias particle momentum and is dedicated
to measuring space-time extent of the emitting source. Kdpganore precisely, it is possible
to deduce the particle separation between sources emitirigles using dependencies of their
relative momentum. Both the HBT method from astronomy andpexdicle interferometry use
correlation techniques on one part of the phase space (whiclbe measured, e.g. photon in-
tensity in astronomy, particle momenta in nuclear colhisjoto obtain information about a part
of phase space which is not measurable.

4.1 Identical non-interacting unpolarized nucleons and pions

Two identical particles with random polarization are eedttat the space-time poinis and
x9, With four-momentap; andp, for the first and second particle, respectively (particles a
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numbered due to a convention which has to be introduced) simpler picture of two spinless
bosons, the correlation function is determined by Quanttatisics (QS) [53] (they are also
emitted at the space-time points andz, with their four-momenta; andps):

1, . )
Run(pr,po) = 5 [ei0rmimees) y ciusstonen) (4.1)

The equation takes into account that it is impossible tougelthe scenario when the particle
with four-momentump; is emitted from the space-time poimt and the particle with four-
momentumps is emitted from the space-time point. In the case of non-interacting identical
fermions with half spin values, the second factor is sulédrom the first one due to anti-
symmetrization of the wave function. In the case of nuclgbese are two possible spin states:
S = 0 (singlet) andS = 1 (triplet), with populations of /4 and3 /4, respectively. The correlation
function is determined by QS.

Rnn(phpQ) — 1 % ’61‘(?1%1+P29ﬂ2) + 6¢(P2$1+P1932)|2:| + § {l {ei(mwﬁmw) _ ei(p2r1+p1m2)‘

4 412

2

4.2)
The first term corresponds to the singlet (spin-anti-symicjestate and the second to triplet
(spin-symmetric) state. The correlation function (Equatd.1) can be expressed in the form:

Ror(p1,p2) = 1+ (cos(qx)) (4.3)
wherezx = {t, T} = x; — 22 andq = {qo, ¢} = p1 — p2. For Equation 4.2:
Runlpr,p2) = 5 1+ (cos(aa))] + (1= (cos(an))] = 1 = 5 (cos(an)) (4.4

This results were obtained by Kopylov and Podgoretsky [5dthe case of a Gaussian space-
time distribution of emission points:

smwwmpk(ﬁif_(%%f] 4.5

wherer, andr, are the source’s parameters respectively: size and timael@bon functions
take then the form:

Ren(pr,po) = 1+ cap(—q'ri — ¢373) (4.6)
1
Fon(p1,p2) = 1= seap(— a1 — gi73) (4.7)
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for non-spin (e.g. identical pions) and spin dependen@gs (dentical nucleons) respectively.

4.2 Identical non-interacting polarized nucleons

Nucleons (as the are baryons) interact through stronggotoghe case of populations of singlet
(po) and triplet(p,) states dependent on the polarization vecﬁrﬁollowing terms are consid-
ered: [55]

1
po= (1= D) (4.8)
1
pr =13+ (4.9)
Then, the correlation function is given as:
j
1+ P
Ron(p1,p2) =1 — (cos(qx)) (4.10)

2

4.3 Non-identical interacting nucleons (neutron - proton)

Below consideration may be applied to non-identical systémsroton - anti-proton but there
Coulomb interactions has to be taken into account additipnal

Due to interaction between patrticles, the plane-wave irptegious example is replaced by the
Bethe-Salpeter amplitude [56]:

elrmtrers) — %) (11, my) = PP 4 009 (), 3y) (4.11)

wheregolf,f},2 (x1, z2) is the scattered wave. In this case, the correlation fundtikes the form:

Rup(p1p2) = o {|0 0, @) )" + o (|90, ()])° (4.12)

Herezp};f},2 (x) is obtained from the Bethe-Salpeter amplitude after seiparaf the c.m.s motion:

U5 (w1, w2) = XYL () (4.13)

whereP = p; + ps, X = [(p1P)z1 + (p2P)x2]/P? = {X,, R} is the two-particle c.m.s four-
coordinate.
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The populations of singlet and triplet states are:

sl
<9

(1- (4.14)

1
;00221

el
<9

(3+ (4.15)

1
PlIZ

Now, z* = (F,t*) in the c.m.s of the pair is defined. The amplitudg,lQ(:cl,:cg) is replaced
=
r

by the wave functionﬁ(sli_if)( ) describing the relative motion of particles with asymptoti
(r* — o0) ofa superpo_sition of the plane and diverging spherical wave

S)Y(+) % ik F*) (S) (7.4 ei]??
* ) k
P = eV FO R =

(4.16)

wherek* = \/—q¢?/2.

4.4 |dentical interacting particles

Replacing the plane waves with Bethe-Salpeter amplitudedptinula is:

2

Run(p1.p2) = 1(1-P) <\% CERBERTN) >+}1<3+1¥> <\% CERBERTNG)

(4.17)

4.5 Deuteron formation rate

Assuming that deuteron formation is dominated by the FSteeh emitted protons and neutron,
it is possible to form a deuteron state. The cross-sectioa tweation of such a system is given

by the formula:

> Grp =Py 2 Py) (4.18)

oM (By) = (27)*vp <‘¢l§1)(a;) 5P 5

wherey is the Lorenz factorz/;é”(x) is the Bethe-Salpeter amplitude describing the bound triple
state of neutron and proton;p(%Pd, %Pd) ~ o,,(p1, p2) is the production cross-section of un-
correlated(n, p) pairs. It is related to the measured p) production cross-section,,(p1, p2)
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through the correlation function:

Tnp(P1,2) = Rip(D1,02)00p(P1, P2) (4.19)

The deuteron formation cross-section is related to thesamss (p, n) pairs with nearby mo-
menta.

4.6 The treatment of Coulomb Interaction

In the case of charged particles, long-range Coulomb FSllagerged. The pair wave function
is described then:

W) (7) = /4G exp(id§) F(—in. i€ (4.20)

whereA is the Gamow factor.

1
exp [+ (27 /k*ac)] — 1

AL (K*) = 4 (27 /K ac) (4.21)

the sign+(—) corresponds to repulsion (attractiok}, is the momentum of one particle in the

PRF (Pair Rest Frame reference), = % is the Bohr radius for particles with unit charges
(for protonsac = 57.5fm), 6¢ = argD' (1 +i/k*ac) is the Coulomb s-wave phase shift,
F(—in, 1,i) is the confluent hypergeometrical function where 1/(k*a.), £ = qr* + 7? =
qr* (1 + cosf*) andd* is the angle between particle relative momentgnand the initial separa-
tion .

4.7 Combining Strong and Coulomb interaction

Systems which requires combining both of FSI are first of athbinations of baryons (strong
interactions dominate in baryon systems in smaller sojrti@sn combinations of two mesons
and mesons with baryons. The Coulomb interaction is a motditaf the wave-function of the
pair and of both incoming plane waves, including the scattevave. The scattering amplitude
becomes then:

1 2
F) = | =+ 500k = ~h(kac) — ik Ac(k") (4.22)



In the case of proton-proton interactigh = 7.77fm andd, = 2.77fm. The functioni(x) has
the following form:
1 oo
= ;;n n2+$_2 — C + In|x| (4.23)

where(C is constant.

4.8 Parametrization of correlation function of identical pions

Very often, the source is assumed to be a three-dimensipha&re described by a Gaussian
density distribution in space-time. Thg vector can be decomposed into three components, the
parametrization of the correlation function was proposg&dpylov and Podgoretsky [57] (K-

P parametrization) and by Bertsch-Pratt (Bertsch-Prattrdpositions) [58] (Figure 4.1). The
longitudinal componeny,,,,, is parallel to the beam axis (the z-axis), the outward corapon
Jout 1S parallel to the transverse momentum of the pﬁTifX and the sideward componeft.

is perpendicular to both of them. More details can be founithéncaption of the figure. In this
case, one can obtain the following parametrization of theetation function* determined by

QS (it is assumed that the cross-terms vanish due to symmestspns):

C(qout’ Qside; Qlong, /\) =1+ )\Gﬂfp (_qzutrzut - qgidergide - qlzongrlzong) (424)

wherer,,, rsqs andr,,, are the size of the source in thet, side andlong direction, respec-
tively; the \ parameter indicates the strength of the correlation andngnaber in the range
[0.0,1.0]. Values of) lower than1.0 are observed experimentally and are attributed to several
reasons: the admixture of misidentified particles, theusion of non-correlated pairs and detec-
tor inefficiencies. Frequently, the correlation functisralso analyzed as a function of only one
variable - the value of relative momentum in the pair resnga?);,,.:

C(Qinv;T0,\) = 1+ Xexp ( mvr%) (4.25)

The correlation function fitted by one of above formulas jnleg the source size - the Gaussian
radius of the source, in the case of 1-dimensional correlation functions, orehr&dii: .,
Tsides Tlong IN the case of 3-dimensional correlation functions.

Very often the correlation function is measured for pagscivhich interact by Coulomb and/or

1The correlation function is denoted 16y, however very often different notations are used as W', R
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Figure 4.1: Kinematic relations for a two-particle systeireft-hand side of the plot shows
decomposition of the vector into transverse,.,, and longitudinalg,,, components. The
q vector is the difference of particle momenigand p,. The ¢,,, component has direction
of beam axis. The right-hand side of the plot show decomiposaf ¢;,.q,,s ONtO ¢y.; aNd Gs;ge
componentsy,,,; is described by the direction of transverse pair momenthey,t,. component
is perpendicular tg;,,, andg,,, components. The figure contains as well thevector which is
the half of total pair transverse momentum.
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strong forces. Such interactions have to be taken into atewlien trying to deduce the source
size.

4.9 Theoretical predictions form — w, p — p and p — p systems

The top panel of Figure 4.2 shows theoretical predictiomsrfort system for a number of
source sizes3fm, 5fm, 10fm and20fm. Only sources with\ = 1 are consideredX( = 1 is
assumed). For each source size complete calculationglingl@S and Final State Interactions
(FSI) [59, 60] have been performed. The figure also contatwitations for the QS effect only
(3 and20 fm). In this case, the correlation function reaches theevah?.0 for @);,,, = 0 GeV/c.

In the case of a bigger source0{m), the correlation effect decreases faster. (The finite si
of bins causes the first point of correlation does not reagh For smallQ);,., the correlation
function goes to zero due to Coulomb repulsion. The strenfytiowelation increases with de-
creasing source-size.

The bottom panel of Figure 4.2 shows theoretical predistfonthe { — p) system. Calculations
for many source sizes are presented. The correlation dffethe case of identical fermions
such a® — p andp — p is driven by anti-symmetrization of the wave function detered by QS.
Two FSI exist in this system as well: protons are repelled byl@uob forces and they strongly
interact. For smaller sources, the correlation has a peafn = 40 MeV due to interplay
of all types of correlation effects. Coulomb FSI repulsioniszs that the correlation function
for Q. — 0GeV/c. The correlation strength depends directly on thecsosize, it decreases
with increasing the source size. In Figure 4.3, theorepeatlictions for proton-protorp(— p)
and proton- anti-protorp(— p) correlations are shown. The second part of the plot is déelic
to p — p interactions. Proton - anti-proton combinations have m&rbmeasured so far due to
not sufficient statistic. However, the description of thesg) interaction between proton and its
anti-particle has not been estimated with a high accurabgofists needed experimental mea-
surements in order to improve the scattering calculationsdich system. Ip — p correlations,
only FSI occur. Here the characteristic, wide band beloviyucdrresponding to annihilation
processes between particles and their anti-particlessappEven if, the assumed- p andp — p
source sizes are the same (h&fra), it does not lead to the same range of interactionspth@
correlation can be twice as wide as for p. Depending on the source size, the correlation func-
tion can have a different shape, as strong interactions are dominant on smaller distances.
These two simulations were prepared assuming Gaussiacesdistributions with the radius of
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Correlation function - Size dependence
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Figure 4.2: Top panel: pion - pion correlation functionsdesumed source sizesfm including
QS only (black stars) and for QS and FSI (bright blue poiritdin QS + FSI (green triangles);
10 fm for complete calculations (blue squareX);fm for QS only (pink open circles) and for QS
+ FSI (black circles). Bottom panel: proton - proton cornelatfunctions for 6 different source
sizes: 2 fm (dark blue squaresBfm (green triangles)5fm (red triangles),10fm (gray closed
circles),20fm (black open circles) angh fm (pink open squares) [61].
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Figure 4.3:;p — p andp — p correlation functions for the source size3dfim. Top panel presents
identical proton combinations: QS (red curve), QS+COUL égreurve), QS+COUL+SI (red
curve). Bottom panel illustrates non-identical proton corabons: COUL (green curve), Sl
(red curve), COUL+SI (blue curve).
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Figure 4.4:p — p andp — p correlation functions for various source sizes.

3 fm.

Figure 4.4 shows theoretical calculations for p andp — p combinations for the source sizes
approximately achieved at the STAR experiment. For thecsosizes bigger thahfm, measur-
ing the size ofy — p sources becomes more difficult. In all simulations, no tiralag between
particles has been assumed.

4.10 Theoretical basics of non-identical particle correlations

Non-identical particle correlation analysis [62] allowseoto study space-time asymmetries in
the emission of two types of particles (e.g. pions and kapr®ons and anti-protons). The
technique is explained on the pion - kaon example, which eaeasily extended to the proton
- anti-proton system. The correlation region due to Coulomdh, &r baryon systems, nuclear
interactions depends on whether the two particles moverttsv@ach other or away from each
other in the Pair Rest Frame (PRF) reference. See Figure 4thddHustration. One has to
consider two possible asymmetries: time and spatial omethel case (1), when pion (proton) is
emitted secondly and/or closer to the center of the system:
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Figure 4.5: Asymmetry in space-time emission seen by nentidal particle correlations; and

vy correspond to the first and the second particle velocitpaetively. The first row corresponds

to the scenario when particle emitted first is slower and tmtigde emitted second catches up
with it, corresponding correlation function is shown aslw&he second row corresponds to the
scenario when the particle emitted first is faster and mowey d&rom the particle emitted later.

In this case, the effective interaction time is shorter dredinteraction is weaker. Below is the
'double - ratio’- the result of dividing the two correlatidanctions shown above. If it deviates
from unity, then possible differences in emission betweemn tiypes of non-identical particles

are observed [63].
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e Time asymmetry (particles are assumed to be emitted fromahe positions); the kaon
(anti-proton) is considered as emitted first, the pion @mpsecond

e Spatial asymmetry (particles are assumed to be emitted attine time); the pion (proton)
is assumed to be emitted closer to the center of system amd&at-proton) is considered
as emitted further from the system center

— A) the pion (proton) is faster than the kaon (anti-protohg pion (proton) catches
up with the kaon (anti-proton)

— B) the pion (proton) is slower than the kaon (anti-protong Kaon (anti-proton)
moves away

In both A cases the correlation effect is stronger and thatdur of interaction is longer than in
B cases. Such stronger correlation functions are marked §%; ,), and the weaker ones by
C—<k;kut)'

It is also possible to consider the opposite scenario, dgsehle pion (proton) is emitted first
and/or closer to the edge of the system:

e Time asymmetry (particles are assumed to be emitted fromsahee positions); the pion
(proton) is considered as emitted first, the kaon (antieprpsecond

e Spatial asymmetry (particles are assumed to be emittece ataime time); the pion (pro-
ton) is assumed to be emitted closer to the edge of the systdnima kaon (anti-proton) is
considered as emitted further to the edge of the system

— A) the kaon (anti-proton) is faster than the pion (protorije kaon (anti-proton)
catches up with the pion (proton)
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— B) the kaon (anti-proton) is slower than the pion (protong fion (proton) moves
away

Again, in both A cases the correlation effect is strongerthedduration of interaction is longer
than in B cases. Such stronger correlation functions ar&euaoy C', (k;,,), and the weaker
ones byC_(k},.)-

In our analysis the convention (l) is assumed; &9, > 0, the pion (proton) is faster and for
kk.+ < 0the pion (proton) is slower. By studying the ratio of funcgdor positive and negative
values ofk?,, < 0, the information about space-time asymmetry is deduceddasiation from
unity. One can study asymmetries in different directionabglyzing the correlations dependent
on negative and positive componentskdfprojections in three directions: theut, side, and
long components. In STAR, due to azimuthal symmetry and symmetrydrapidity, the mean
differences:< r,,, >=<rj,, >= 0. The asymmetry can be seen for the projection and it

is a mixture of two components: 7%, >=< 1, > —f; < t >[64].

out

4.11 The experimental approach

In the experimental case, the correlation function is deferea ratio of the probability of regis-
tering two particles simultaneously (in the same eventhégaroduct of registering probabilities
of such particles independently (in different events). dh e therefore obtained by dividing
two-particle distribution by two single-particle distutions:

P(p1,p2)
C(p1,p2) = =——=—"—~ 4.26
P2 = B Pl (20
This formula can be also expressed in the formalism of csessions:
dSo o o
C — - 4.27

Usually, the correlation function is analyzed as a functibpair relative momenturiy’, consid-
ered in the frame, the pair’s center-of-mass is at the testPair Rest Frame (PRF).
Constructing the correlation function in the experimente tias put pairs of particles coming
from the same event into numerator (particles are corrlaed pairs of particles from different
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events (non-correlated, as a the reference):

A(p1,p2)

B<plap2) (4.28)

C(phPQ) =

4.12 An experimental review of identical and non-identical
particle correlations

Below is a short experimental review of the most significastits concerning identical particle
correlations: excitation functions showing source-siegpahdencies for various values of colli-
sion energy, centrality dependencies versus transversg ofi@ion source sizes and multiplicity
scaling of radii.

Excitation function

Figure 4.6 shows HBT parameters (source SiZz&s;, Rsiqe, Riong andA parameter) vs. collision
energy for midrapidity. The data for centrél, + Au, Pb+ PbandPb+ Au collisions describes
w7~ correlations at low transverse momenta. The large souzes sind/or lifitimes were sug-
gested as potential signatures of the QGP state formatinrin&ease ot~ 10% (but not more)

in the transverse radit, and R, is observed. In the case &, the increase might correspond
to the large freeze-out volume for a larger pion multiplicii; is slightly increasing for higher
energies. The increase predicted by hydrodynamics in tiwe & R,/ R, as a probe of QGP
formation, is not observedR,/R; is correlated with the emission duration. Hydrodynamical
models typically calculate this value approximately eqoal.5 and moderately dependent on
kr range. TheR,/ R versus collision energy reflects flat dependence and is egpabximately

to the unity, what indicates shorter than predicted by hgignamics emission duration. The dif-
ferences between radii fQysyn = 200 GeV (open and closed symbols) occur due to different
methods of Coulomb correction [66, 67] applied in these twalyasis, respectively. Smallex
parameterRR, andR, values can be explained by applying different criteria irtipke selections.
This plot illustrates that the collision energy is not a swalhariable for HBT radii. Such be-
havior is known ad? BT puzzle. As it was expected- for higher energies there should oatur a
increase of the radii (favut component specially), however the excitation functiorspres that
the region showing this signature of the phase transitiemiodbeen achieved yet.
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Figure 4.6: Energy dependence of HBT radii for central nugleucleus collisions (Au+Au,
Pb+Pb, Pb+Au) at midrapidity region for me&n value0.2 GeV. Error bars on NA44, NA49,
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Centrality and m, dependence of source sizes

The centrality dependence of the pion source parametersharven in Figure 4.7 as a function
of my = \/m2 + k%, for six different centralities. HBT radii increase with ¢eadity, which is
consistent with initial source size and can be attributethéoinitial geometrical overlap of the
two nuclei. The increasing. for radii confirm flow; R, and R, reflect transverse properties of
collective motion andr; is attributed to the longitudinal component. Th@arameter slightly
increases with decreasing centraliy;,/ R approaches unity for all centralities, which does not
signal QGP formation.

Multiplicity scaling

Figure 4.8 shows the radii dependené® , Rside, Riong) ON (dNy,/dn)'/? (N, is the number
of charged patrticles) for different colliding systems dtetent collision energies. These studies
were done in order to check whether any relation exists az&eut time between final state
geometry and particle density. All STAR results for p, d + Au, Cu + Cu and Au + Au
collisions are combined on the left panel and confirm scahty multiplicity. On the right
hand panel there are STAR radii for differgfit ranges plotted together with the results from
AGS/SPS/RHIC. The radius parameter for tide andlong directions follows the same curve
for different collisions, the same can be said of most of thdiirfor the out direction. The
multiplicity (dN.,/dn)'/? is a scaling variable driving HBT radius parametefs,,; is a mix-
ture of space and time information, it is unclear whethes reiasonable to expect following the
tendency of this projection as well. Scaling of sideward Ebmgjitudinal radii is determined by
multiplicity only and is independent of collision energgllcding system or the impact parame-
ter. Scaling breaks down at lower energies while baryonstdate a significant fraction of the
freeze-out system.

More about the most important femtoscopic measurementbefound in [69].

Proton femtoscopy from lower energies

One of the first attempts in two-proton correlations was tteotetical work performed by S.
Koonin [70]. Two-proton correlations were intensively meeed in low energy domains: start-
ing from low beam energies of order of a few tens of MeV e.g. atibhal Superconducting
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Figure 4.9: The influence of different experimental factmmghe form of the measured correla-
tion function. The example is for a Gaussian source wjth= 2.38 fm., where each effect has
been added cumulatively [75].
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Cyclotron Laboratory, at Michigan State University, througgher energy domain in SIS com-
plex (FOPI Collaboration) [71, 72], AGS domain (E814 [73] &#®ir7 [74] Collaborations) and
SPS energies (NA44 [75], NA49 [76] Collaborations), in Dulasavell. Proton femtoscopy has
been studied as proton particles dominate the measuredesafpadrons. Now, due to large
hadron multiplicities produced at RHIC, it is possible to ext@revious measurements, as ex-
periments performed at lower energies operated with psofimm the colliding nuclei.

The NA44 Collaboration was interestedin- Pb, S + Pb and Pb + Pb collisions at450 GeV/c
and200 AGeV/c, respectively. They took into account three patéidy important methodical
factors at their studies: the admixture of indirect protomsing from hyperons (mainly products
of lambda hyperon decay) leading to ‘residual correlatianising as a result of not excluding
non-primary protons from the sample, the acceptance aneslodution of the experiment. Weak
decays of baryons are a significant source of protons andilootet to the yield measured in the
spectrometer. The influence of admixture of indirect preton the shape of the correlation
function has been studied using data from RQMD and Venus @eawdrators combined with
a detailed simulation (GEANT) of the detector. Two modelgegaimilar results: about2%

of protons measured in the spectrometer came from weak slefdgmbda hyperons in both
collisions: p + Pb, S + Pb and cannot be distinguished from direct protons. In orddake
into account this non-correlated contribution to coinaidpairs, a fraction oR2% of “decay”
protons is included giving th&9% of un-correlated pairs in two-particle sample. This cdtr
tion significantly reduces the magnitude of the observedetation effect but does not change
the general shape of the function. Another issue taken iotount was detector resolution,
which smears particles and influences most pairs for lowevalues. All these three effects
were included in the simulation procedure and are presehktgare 4.9, which demonstrates
separately the relative significance of each contributiime NA44 Collaboration assumed that
the effects of uncorrelated pairs and residual correlationld deplete the correlation function
and the resolution smearing would shift the points. Figudd4hows centrality dependence
of p — p correlations. The observed peak is much more pronouncetthdégr + Pb data than
for S + Pb, indicating that protons are emitted from a smaller souncthe case op + Pb
collisions. All functions are plotted with the associatedice size from the Gaussian model.
In the case of centrality selection for central collisions torrelation is the weakest, indicating
the biggest source size and for peripheral data the strooge®lation is observed indicating
the smallest source size. Even for lower energies, in therastifew hundreds of MeV, it is
possible to compare different observables, versus e.didiogl systems or collision energies.
The lowest of presented here energies show that comparimgusacorrelation, makes it possi-
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ble to conclude about the system evolution. Higher energi@shed at the AGS complex enable
one to compare correlation functions for two colliding st applying the same experimental
requirements on the registered particles and later pairsheAAGS it is possible to divide the
data sample according to centrality (two classes checkeelyen the reaction plane. The SPS
complex allows one to study proton femtoscopy with even éigiccuracy. NA44 compares
two different, non-symmetric reactions. The data has béadet! into three centrality classes
and enable one to observe the shape and magnitude of comdlaiction depending on impact
parameter. The NA44 Collaboration notices the fact that théop sample is contaminated by
weak decay products and tries to estimate the effect ofuakabrrelations, taking into account
other uncorrelated pairs and the effect of detector resolutlt is worth to emphasize that at
SPS first attempts have been made in order to remove Residualaions (RCs) of particles
coming from weak decays. Also the other experiment from 3549 worked with proton
femtoscopy and did first step to estimate the impact of RCs M6}y, the STAR Collaboration
provides more precise estimations (see Chapter 7).

Non-identical particle combinations

Figure 4.11 shows an example of pion-kaon correlation fanst The top panel introduces the
correlation functions for different combinations of pi&aen pairs. The consistency between
like-sign (r* K andwx~ K ) and unlike-sign{™ K~ andx~ K*) pairs is very good. The mid-
dle and bottom panel show the ratios@f /C~ for all pair combinationsC* /C~ with respect
to the signk},,, andk;,, , is unity within statistical uncertainties. Howevér," /C~ correlation
with respect tak},, is larger than unity for smak;,, for unlike-sign pair combinations (when
the correlation is positive) and smaller than unity for dmg|, for like-sign pair combinations
(when the correlation is negative). For both sign orieotedj the correlation fok*,, > 0 is
stronger than fok?,, < 0. Assuming the convention (l), as described in Section 4t1iése
results indicate that pions and kaons are not emitted orageeat the same radius and/or time.
Using the Blast Wave [77] model, these results can be intesg@Es pions are on average emitted
closer to the center and/or later than kaons. An explanatiGuch a conclusion is introduced
below.

Figure 4.12 presents simulations for two temperaturesghvborrespond to two different trans-
verse velocitys;. The average emission points of pions-, > and kaons< rx > are different.

If a system with ideal flow is produced, this implies a zero penature in Blast Wave, which

leads to the phenomenon where all particles are emittedyatoan radial direction. In such a
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Figure 4.11: Pion-kaon correlation functions fbt+ Aw collisions of200 GeV, registered by the
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profile, all particles are emitted from the same space-tioietpindependly on their mass. How-
ever, in Blast Wave, a particle velocity is sum of the flow vép@; (which does not depend on
mass; it is determined by the flow field and a thermal velogijtyIn the case of non-identical
particles (with different masses) particles with the satp@ndj3;, thus identical momenta are
produced, but their velocities are not identical. For géet with smaller masses, the average
is relatively larger, indicating the spread of the emisgiomt is larger for lighter particles (here,
pions). This is the reason why the average emission poiniooisgs closer to the center that in
the case of kaons. This effect is also dependent on tempeyaisihigher temperature provides
stronger flow. This leads to the conclusion that on averaigsspand kaons are emitted from
different areas.

4.13 Baryonic systems

Strong flow occurring imdu + Aw collisions at,/syy = 200 GeV causes that from correlations
smaller sizes of emitting areas at given temperature aengivhe results on baryon femtoscopy
comply with the ones from meson interferometry and confirehsahypothesis of flow.

On one hand, the — A andp — A interaction potentials are relatively well known; on thbaet
p—A andp— A interaction potentials have been estimated by the STAR Barégion for the first
time. Constraining baryon - anti-baryon potentials, thetimfation determines — A andp — A
annihilation cross sections. Figure 4.13 presents cordpine\ & p— A andp— A & p— A cor-
relation functions. The symbaeb means that the numerators and denominators of the systems
have been added to build a combine correlation function. olih lfunctions, the curves corre-
spond to the fit carried out using the Lednicky - Lyuboshitsrfalism [78]. The radii extracted
from like-sign o = 3.0940.347021 +£0.2 fm) and unlike-signsy, = 1.5040.057519 + 0.3 fm)
[79] correlations are significantly different. The errordanclude both statistical and systematic
uncertainties. This difference was unexpected. Correidtiactions shown here are corrected
with the best estimate of purity, however not taking intoaot any RCs. Their effect to strange
baryon combinations is expected to be significant (more tabstimating the residual correla-
tions in proton and anti-proton femtoscopy in Section 6).tHa case of poor knowledge of
strong interactions between two particles in such exostesys as{/=meson)\M/ A andAA the
correlation measurement of scattering lengths might bielyigseful. In heavy-ion collisions,
the effective radiug, of the emission region should be considered much largertt@nange
of strong interaction potential. At small the FSI contribution to the correlation function is
determined by s-wave scattering amplitutf¢t*). In the case off*| > rq, the contribution is
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of the order of| fy/ro|?> and dominates the effect of QS (in identical particle catieh), in the
opposite case the sensitivity of the correlation functmthe scattering amplitude is determined
by the linear expressiofy/r,. Theoretical predictions of theA system are presented in Figure
4.13.

Chapter 5 describes experimental complexes of RHIC accete@hapter 6 contains a detailed
description of the whole data analysis and encloses comelaxits concerning proton fem-
toscopy. and Chapter 7 contains results for proton femtgspegormed at RHIC.
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Chapter 5

The STAR experiment

In this chapter the STAR experiment is presented. Duringrseears of operation, STAR has
collected an impressive amount of data, which is used tatzk two-proton femtoscopy pre-
sented in Sections 6 and 7. First, the RHIC complex is intreduthen four experiments oper-
ating at the facility are described. STAR is one of them.

5.1 RHIC

The scientific program of the Relativistic Heavy-lon Collid®HIC) [80] is mainly dedicated
to studying the properties of matter under extreme conuticreated as a result of relativistic
heavy-ion collisions. The collider is located at the BrookdraNational Laboratory (BNL) in
Upton, New York in the United States of America. Its condtiart began in 1991 and was
completed in 2000. The collider, which consists of two rin§d740 superconducting magnets,
was constructed in a tunnel of c.a. 3.8 km circumferenceffér®an impressive combination
of energy, luminosity and polarization. It acceleratessiop to the energy of00 GeV per
nucleon; therefore, the maximum center-of-mass energpdam-beam collisions ig/syy =
200 GeV. Each collision produces a large number of particlespkample, in a centrallu +
Au collision few hundreds of primary particles per unit of pdeuapidity are produced. The
average transverse momentum is ald@wtMeV/c. Each collision also produces a high number
of secondary particles that exist due to interactions ahary particles with the material in the
detector and the decay of short-lived primaries. RHIC dermankighly advanced environment
to operate with heavy-ion collisions. A diagram of the RHIGmmex with various facilities
used to produce and pre-accelerate the beams of heavyAdmaialeons is shown in Figure 5.1.
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Figure 5.1: RHIC complex [80].

RHIC is also able to accelerate beams of polarized protons @p@ GeV/nucleon. The RHIC
program consist of one part dedicated to heavy-ion cofisi(which intends to find possible
signatures of the QGP) and another one for nucleons (whimdis to learn about nucleon
structure and its properties). The RHIC facility is composéseveral parts. The main elements
are as follows:

e Tandem Van de Graaf
The Tandem Van de Graaf at RHIC was completed in 1970. For meassyit was the
largest electrostatic accelerator. It can provide beammarke than 40 different types of
ions from hydrogen to uranium. The facility consists of twectrostatic accelerators,
each 24 meters long. Inside tandem, due to ionizations tmasasire eventually stripped
of remaining electrons and then accelerated to the kinategy of 1MeV/nucleon.

e Heavy-ion Transfer Line (HITL)
In order to study heavy-ion collisions at high energies, @ if@ter-long tunnel and beam
transport system called HITL were completed in 1986. Itvafiohe delivery of heavy ions
from the Tandem Van de Graaf to the Booster for further acagdter.

e Linear Accelerator (LINAC)
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For the study op + p or p+ A collisions at the experiments, the LINAC supplies eneeti
protons. LINAC was designed and built in 1960 in order to algrthe Alternating Gra-
dient Synchrotron (AGS) complex. The major components &fACT are the ion sources.
The LINAC is able to produce up to a 35 miliampere proton beaenargies up to 200
MeyV, for injection into the AGS Booster.

e Booster
The Alternating Gradient Synchrotron Booster is less thanquarter the size of the AGS.
It is used to pre-accelerate particles entering the AGSamgit plays a highly important
role in the operation of RHIC collider by accepting heavysdrom the Tandem Van de
Graaf facility via the heavy-ion Transfer Line and protoranf Linac. The Booster deliv-
ers ions to the AGS for further acceleration.

o AGS

Since 1960, the Alternating Gradient Synchrotron has beenod the major particle ac-
celerators and play an important role in studies of relgtiviheavy-ion collisions in the
last decades. The name AGS is derived from the concept ohatteg-gradient focusing,
in which the field gradients of magnets are alternated inwacddoutward allowing ions to
be focused in both horizontal and vertical planes at the semee Nowadays, AGS is used
as a major injector of accelerated ions into the RHIC ring. A@&S capable to accelerate
ions up to silicon, with the atomic mass of 28; together withiRHhe AGS is able to
work with ions up toAwu with the atomic mass number of 197.

e ATR
The AGS-to-RHIC transfer line sends ions or protons from AGRHIC. At the end of
this line, there is “fork in the road”, where sorting magnstparate ions bunches into two
beams. From here, two beams circulate in the RHIC where threegalided at four inter-
secting points.

RHIC provided the beam for four experiments: BRAHMS, PHOBOS, RbBEand STAR.
Figure 5.2 shows detector layout for each project. A briefcd@tion of each experiment is
presented below:
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BRAHMS

The Broad Range Hadron Spectrometer experiment [81], desipn@measure charged hadrons
over a wide range of rapidity and transverse momentum fdredims and energies available at
RHIC is already accomplished. The detector requirementsi@grapidity and forward angles
are different and the experiment uses two movable spectesmor these two regions (Figure
5.2). The mid-rapidity spectrometer covers the pseuddigpiange0 < n < 1.3 and the
forward spectrometer coveits3 < n < 4.0 range. There are four dipole magnets, three time
projection chambers (TPC) and drift chambers. Particletifiestion is possible via time-of-
flight hodoscopes and Cerenkov counter. The mid-rapiditgtspeeter was designed to record
charged patrticles below momenta of 5 GeV/c.

PHOBOS

This detector [82] was designed to measure as many prodacades as possible and to allow
the detection of particles with lower transverse momenigufie 5.2). The experiment is already
accomplished. The detector is composed of two parts: a phiaity detector covering almost
the entire pseudorapidity range{.4 < n < 5.4) measuring total charged particle multiplicity
dg’—;h over entire phase-space, and a two-arm spectrometer atamidity region. For about
1% of the produced particles, information about momentuoh @article identification is done
via the spectrometer. Each of the two arms covers about @.4nrazimuth and one unit of

pseudorapidity in the range 6f< n < 2.

PHENIX

This experiment [83] is dedicated to measuring electronsoms, hadrons and photons. Its
experimental abilities reach the highest event rates, apeio ten times of RHIC design lumi-

nosities. The goal is to collect rare signals such asjthé decays into muons and electrons,
high transverse momentunt’s, direct photons and many others. The detector is compoked
four spectrometer arms, two central have a small angle ageeait central rapidity region. Each
is built up from a silicon vertex detector, a drift chambepixel pad chamber, a ring-imaging

Cerenkov counter, a time-expansion chamber, a time-oftfigd an electromagnetic calorime-
ter. These detectors enable identification of electrons av®oad range of momenta in order
to measure low- and high-mass vector mesons. The other taarsmeters are used for muon
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detection, and are built up from cathode strip chambers. AHENIX experimental setup is
presented in Figure 5.2.

STAR

The Solenoidal Tracker At RHIC (STAR) [84] is another of therfemperiments at the RHIC ac-
celerator. STAR has been design to investigate the behafvsdrongly interacting matter at high
energies and to search for signatures of QGP formation.ols ig to understand fundamental
properties of hadronic matter and its interactions.

5.2 The STAR detector

The STAR layout is shown in Figures 5.2, 5.3. The data cotlgas performed in the magnetic
field of up to 0.5T. The main detector used to measure chargdrbhs is the Time Projection
Chamber (TPC). It is located at a radial distancé®fo 200cm from the beam axis. The TPC
is 4.2m long and hagdm of diameter. TPC is filled with th&10 drift gas (0% methane90%
argon) regulated atmbar above atmospheric pressure. The main property oftltegas is
its fast drift velocity in low electric field. The drift veldty is stable and insensitive to small
variations in temperature and pressure. The uniform loetetefield is135V/cm. The paths of
primary ionizing particles passing through the gas voluneereconstructed with high precision
from released secondary electrons, which drift to the reteond caps. Electric field uniformity
is critical to the order ofnm and electron drift paths are up 2m long.

In order to increase the TPC acceptance, the tracking is@eteto the forward region using two
radial-drift TPCs. The combination of the TPC and the tag tW&€ covers—-1.8 < n < 1.8
with complete azimuthal symmetnAgp = 2), over the full range of multiplicities. The TPC
records tracks of particles, measures their momentum amdifes the particles by estimating
their ionization lossdF /dzx)- (see more details in Chapter 5.3). Particles are bestifehin
their momentum range dfd0 MeV/c to 1GeV. Momenta without particle identification can be
measured up even 89 GeV/c.

Charged particles produced close to the interaction regiend@ntified via sub-detectors: the
Silicon Vertex Tracker (SVT) and the Silicon Strip Detec{86D). The silicon detectors cover
the pseudo-rapidity range efl < n < 1 with complete azimuthal symmetrnA¢ = 2x) and
they can find secondary vertices from weak decays of hypeeogsh, =, €2. In order to extend

90



- ZDe

TuF.l:-....---u-;___:_... :
l —/———RICH I
.

;

Amade & Pad
Seciors

Outer Field Cage
& Support Tube
Irener
s j:ie!d
Cage

\

Sector
Support—WFhes! —
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the particle identification to larger momenta for identifs@agle-particle spectra at midrapidity, a
ring imaging Cerenkov detector coverirg).3 < n < 0.3 andA¢ = 0.117 and Time-Of-Flight
(TOF) with coverage-1.0 < n < 1.0 andA¢ = 0.047 were installed. STAR has the ability to
detect hadrons in large detector acceptance, it is alsd@bieasure event-by-event fluctuations
and jets.

5.3 Performance of TPC

The STAR detector uses the TPC as its primary tracking devideresults of data analysis
presented in this work use data reconstructed by the TPCtdetenly. The STAR TPC is
presented in Figure 5.3 (bottom panel).

The track of a finite momentum patrticle passes through the diCcan reach up to 45 pad-
rows. A finite momentum track rarely crosses all rows, it defseon the radius of curvature
of the track, the track pseudorapidity, cuts nearby seatantaries and few more other details
about particle trajectory. While the wire chamber is sewsito almosti00% of the secondary
electrons, the overall tracking efficiency is low86{90%) due to cuts, track merging, bad pads
and dead channels. There is a few percent of dead channelg iracycle.

The track of a primary particle passing through the TPC ismetructed by finding ionization
clusters along the track. The clusters are found separetelyy and > directions. The local
x axis is along the direction of the pad-row, the logadxis extends from beam-line outward
through the middle of an perpendicular to the pad-rows,dbalk axis lies along the beam axis.
These clusters are split using an algorithm then looks fakpavith a valley between them and
then ionization is divided between the two tracks. Below,ezkpental details concerning the
track reconstruction and its imperfections are explained.

Distortions

The position of a secondary electron in a pad can be distostesbn-uniformities in the electric
and magnetic field of the TPC. The non-uniformities in the fielad to non-uniform drift. In
the STAR TPC, the electric and magnetic fields are parallelre@aly uniform inr andz. The
deviations from these ideal conditions are small and a &}piistortion along the pad row s 1
mm before applying a correction. The magnitude of diffedistortion corrections are presented
in the Table 5.1.
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Table 5.1: The distortion corrections applied to STAR d#tajr cause and the magnitude of
their effect on the data

Cause of the Distortior] Magnitude of the Magnitude of the
Imperfection Correction
Non-uniform B field +0.004 T .. leads to~0.1 cm
Geometrical effect | Exact calculation based 0.005
between the inner and on geometry
outer sub-sectors
The angular offset 0.2mr 0.03cm
between E and B field
TPC endcaps - non-flat 0.1cm 0.03cm
shape and tilt

Two-hit resolution

The efficiency of two-hit resolution is the ratio of the dibtrtions of the distance separatig
hits from the same event ardhits from different events. Two hits can be completely resdl
when they are separated in the pad-row direction by at [E&stm in the inner sector ant3

cm in the outer sector. Similarly, two hits are completelyalged when they are separated in the
drift direction by2.7cm in the inner sector arti2cm in the outer one.

Tracking efficiency

The tracking software performs two distinct tasks: the atgms associate space-points to form
tracks and fit the points on a track with a track model to extrdormation such as the momen-
tum of particle. The track model is a helix. Second-ordeea@# include the energy lost in the
gas which causes a particle trajectory to deviate sligintgnfthe helix.

The tracking efficiency depends on the acceptance of thetdet@nd the two-hit separation ca-
pability of the system. The acceptanc686 for high-momentum tracks traveling perpendicular
the beam. Thd% inefficiency is caused by the spaces between sectors whiehth exist due
to the wires on the sectors. The software also ignores arpegpaints that fall on the lagtpad-
rows. This cut is applied to avoid position errors that refoim tracks not having symmetric
pad coverage on both sides of the track. It also allows todaeaial distortions in the drift field,
so the total acceptancedd %.

The detection efficiency of the electronics is almt#1% except for dead channels (they count
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below 1% of the total amount). However, the system cannot alwaysdisish one hit from two
hits and this merging reduces tracking efficiency. In ordeedtimate the tracking efficiency,
simulated tracks are embedded inside real events and tharuthber of simulated tracks that
are in the data after track reconstruction are counted. t€hfmique allows to account for detec-
tor effects and especially for the losses related to a higisideof tracks. The simulated tracks
are very similar to the real tracks and simulator tries teteko account all the processes that
lead to the detection of particles including: ionizatiolgo#ron drift, gas gain, signal collection,
electronic amplification, electronic noise and dead chinnEhe results of embedding studies
indicate that systematic error on the tracking efficienctisut6%.

Vertex resolution

The primary vertex can be used to improve the momentum résolaf tracks and to distinguish
secondary vertices from the primary ones. Itis also poss$thimprove the momentum resolution
of secondary vertices as well, however the vertex resaliitas to be good enough. Many strange
particles produced in heavy-ion collisions can be idertifies way. The primary vertex is found
by considering all of the tracks reconstructed in the TPCthrdextrapolating them back to the
origin. The global average corresponds to the the vertexipesThe primary vertex resolution
is calculated by comparing the position of the vertices #natreconstructed using each side of
TPC separately. As expected, the resolution decreases aquhre root of the number of tracks
used in calculations. A resolution 850.m is achieved when more thano0 tracks exist.

Momentum resolution

The transverse momentupa of a track is measured by fitting a circle through they coor-
dinates of the vertex and the points along the track. The tetanentum is calculated using
this radius of track curvature and the angle of the trackk véspect to the- axis of the TPC.
This procedure works for all primary particles coming frdme vertex, but for secondary decays,
such aA or K?, the circle must be done without reference to the primaryexeiirst. In order
to estimate the momentum resolution, it is necessary toydhplembedding technique. A track
simulator is used to create a track with known momentum, thertrack is embedded in real
event in order to simulate the momentum smearing effectsrerare two regions of low resolu-
tion: lowery, domain: for e.g. pions - fgr < 400 MeV/c, for anti-protons p; < 600 MeV/c,
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Figure 5.4: Transverse momentum resolution of the STAR Tétthégative pions and anti-
protons in the magnetic fieldl25T. Tracks are required to be built up from more tHanhits.
Tracks are embedded in minimum bias events [84].

and highersr domain where the momentum is limited by the strength of thgmatc field and
the TPC spatial resolution (see Figure 5.4).

Particle identification using dE /dx

Energy loss in the TPC is a valuable tool to identify partsecies. It works especially well
for low momentum particles but as the particle energy ir@eathe energy loss becomes less
mass dependent and it is highly difficult to separate pagiglith their momenta above several
GeV/c. STAR is able to separate pions, kaons and protonsamtry good accuracy up to2
GeV/c. Above this region, the accuracy is much lower, buasson is still possible, up to the
momentum aboveé(O GeV. The best separation requires a relative momentumutesolof the
order of7%. ThedE /dx loss is extracted from the energy loss measured on up pad-rows.
The procedure to get particle characteristics (momentuergy, ..) is the offline analysis which
consists of several parts:

¢ Digital and analog signals (hits) are read from the detecligsters. Using known cali-
bration constants, any signal is converted into space-tiooedinates of a given cluster
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(z,y,2,1).

Tracks are assembled from read clusters.

A global track can be formed from several segments (track#)eoanalyzed part of the
detector.

With a global track present, it is extrapolated to the prynaartex. A fit to the primary
vertex can be done using the values of the magnetic field.

The velocity coordinates are specified and when the massroélpavhich left a track at
that moment is known- the momentum coordinates are givereds w

In the case of non-primordial particles (decayed from offagticle), the reconstruction of
secondary vertices and other particle daughters can be foun

The Bethe-Bloch formula on energy loss is given:

dE 41 nz* € 2 2m.c*3?

N YT — )

dr ~ mec? 5% Mre
whereE is the energyy is the distance unit where the energy is losses; © (v is the
particle velocity,c is the speed of light)in,. is the mass of electrogr = is the charge of
particle; n is the density of electrons inside the medium= Mfﬁ (N4 is Avogadro’s
number; A, Z corresponds to the atomic properties of the element whiehrtadium is
built of; p is the density of the medium); = (10eV)Z is the ionization potential of the
medium.

— 7] (5.1)

The measuredE/dx resolution depends on the gas gain which itself dependsepréssure

in the TPC. Since the TPC is kept at a constant valuerabar above atmospheric pressure, the
TPC pressure varies with time. There are small variatiohsd®n pads and groups of pads, due
to the different response of each readout board.

The length over which the particle energy loss is measureggding on: pad length, crossing
and dip-angle) is too short to average out ionizations fatbns. Indeed, particles lose the
energy in collision with the gas. It is not possible to measaccurately the average @F /dzx,
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Figure 5.5: The energy loss distribution in the STAR TPC agation of transverse momentum.
The magnetic field i$).25T. The resolution o8% of a track that crossef) pad-rows. Both
primary and secondary particles are included. Pions, kawosons can be separated from each
other up tolGeV/c. The electron band contaminates mostly sample ofpiaons and protons
for higher momenta [84].

so the mean energy losses are distinguished. They are pamedeaccording to the Landau
distribution. The energy is measured for multiple pointshaf track, then the energy Iossﬁ%
can be calculated (truncated mean). Figure 5.5 shows thg\elwess for particles in the TPC
detector.

More about the main STAR detector TPC can be found in [85].

Experimental details related to proton femtoscopy anslgee described in the next Section 6.
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Chapter 6

Analysis of two-baryon correlations

6.1 Construction of two-particle correlation function

In order to build up any correlation function, a proper sttecof correlated particles must be
applied. Collection of correlation function constituergsione on three different levels:

e events,
e particles,

e pairs.

Proper event selection is highly important for correct lggokind construction. A correlation
function is usually calculated by dividing two-particlesttibutions coming from the same event
(in numerator) and from different events (in denominatat)ere the latter- the background sam-
ple should be a "perfect reference”, reflecting an ideal seeo&non-correlated particles. On
the other hand, this sample should preserve some geonheticalations resulting e.g. from the
collision geometry (physics) and detector configuratioedsurement). It is not enough to mix
particles from any different events- they should exhibiitar properties concerning position as
the vertex in the detector along the beam axis, as well agpticilly (events should be character-
ized by comparable centrality of the collision). A commounked, simple-to-calculate variable
which enables estimation of the centrality class is a peacgnof total hadronic cross-section
of the collision. For this analysi€0 million minimum-bias events have been selected with the
collision vertex position withint-30 cm measured along the beam axis from the center of TPC.
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Three different centrality ranges are considered herd%-(entral) and 10-30% (mid-central),
30-80% (peripheral) of the total hadronic cross-sectiothefcollision. In the experiment, col-
lision centrality is specified according to the number ofrgled particles registered in the given
event (one collision). After counting charged particlesniany events as a reference, it is possi-
ble to transform such an observable into collision cenyrals not possible to access the impact
parameter in the experiment, however the number of chargeitles registered in the TPC de-
tector allows estimation basing on Glauber’s calculat{86$, of the number of binary collisions
and wounded nucleons.

Then correct particle selection must be done. First of al lmas to select properly-identified par-
ticles usingd £//dz distributions, as mentioned in Section 5.3. Particles @&tnduished using
specific gas ionization in the TPC. They are plotted in twoehsional Bethe-Bloch histograms
according to their transverse momentum and energy losstWwidreimensional Gaussian distri-
bution is fitted to each histogram cell, projected along tleen®ntum axis. Only particles which
are located within two standard deviations of the mean ofsGian can be taken into analysis. It
is also mandatory to select only tracks reconstructed usigast 20 of all 45 pad-rows in the
detector. To reduce the significant contribution from noimpry (decayed) protons and anti-
protons, a cut of 3 cm is applied to each track on the Distah¢&asest Approach (DCA) of
the track to the primary vertex. As the TPC is able to idemiyticles with low transverse mo-
mentum and for highep; values particles of different types are almost indistispable (here,
protons and electrons), only protons and anti-protons tnattisverse momentum not higher than
0.8 GeV/c are taken into account. On the other hand, due to thglr tmass, the transverse
momentum cannot be lower tham GeV/c. The total momentum can reach utd GeV/c.
As STAR has the best acceptance at mid-rapidity, selecteitipa have to be characterized by
ly| < 0.5.

The third level of correlation function construction pémtato pair selection. Three main factors
resulting from limitations of detecting devices are disagsand all these artificial effects are
removed:

e track splitting,
e track merging,

e misidentification of electrons as protons.
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Figure 6.1: Distribution of the same number of hits in twack®for four possible cases. Closed
circles are hits assigned in one track, open circles argrasdito the other. a) SL&-5 (clearly
two tracks), b) and c) SL=1 (possible split track), d) SL=0ikely two tracks)[65].

6.1.1 Track splitting

Track splitting causes an enhancement of pairs at low velgtair momentunk*. This en-
hancement is created by a single track reconstructed asdakst with similar momenta. Track
splitting mostly affects identical particle combinatiqihgre,p — p andp — p), as one track may
leave a hit in a single pad-row. Due to shifts of pad-rowsait be registered twice. In order to
remove split tracks, a comparison of the location of the foitseach track in the pair along the
pad-rows in the TPC is made. The following formula is appt®éach pair:

. Zz Si

wheresS; = +1 if one track leaves a hit on the pad-rey1 if both tracks leave a hit there and

0 if none of them doNhits; and N hits, are the total number of hits associated with each track
in the pair. After the sum is done, it is divided by the sum dfhatls (from both tracks). The
SL value is between-0.5 (both tracks have hits in the same pad-rows) &iid when neither
pad-row is shared by both tracks. All pairs witl. < 0.6 were rejected. See Figure 6.1 for an
illustration.

6.1.2 Track merging

Track merging causes a depletion of pairs at low relative smdom and appears when two
tracks are registered as a single one. The merging effemttaffnostly non-identical particle
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Figure 6.2: Two cases for oppositely-charged particleshénscenario where they cross each
other an merging effect can occur.

combinations with opposite charges: due to presence of tgnetic field their curves go in
opposite directions and if the angle between tracks is toallstiey are treated as a single
track. In order to eliminate this effect it is necessary tmoge such pairs composed of merged
tracks from both, the numerator and denominator of the t@ro& function. Track merging
is estimated by counting how many single hits with respeclit@re reconstructed instead of
separate two tracks. The algorithm is as follows:

e The hits from reconstructed helices (two tracks) are taken;

e For each hit the distande (i) between the hits coming from the first and the second track
is calculated,;

e If the distanceir(:) is less than the mean TPC distance separation, the hits arkedia
as merged;

e The percentage of all merged hits comparing with numberd bfta are counted,;
e The maximal value (the percentage) when pair is acceptqubmfed;

e If the percentage of merged hits is more than the specifieceyahir is removed from the
analysis.
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Figure 6.3: Proton - anti-proton correlation functionsueficed by"e~ pairs (top panel) and
after removing them (bottom panel).

Then, a percentage of merged hits is determined. The begtroomse between reduction of too
many suspected pairs and removing no pair is discardingtinemumerator and the denominator
of the correlation function, the pair candidates which higneefraction of merged tracks higher
than 10% of all hits.

6.1.3 Gamma conversion into electron-positron pairs

Pairs of electrons and positronst¢~) constitute a significant contribution to non-identical
unlike-charge two-particle correlation function. Foratgly such pairs may be distinguished
from other pairs and cut out from the analysis. Since theg@hat massless, conversion prod-
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ucts will have momentum only along the straight line, detaed by the gamma momentum
before conversion. Within the scope of this analysis sudfs paimary originating from gamma
conversion are present in the material of the detector. Hfersion takes place in the presence
of a magnetic field, trajectories of the electron and thetpmsiare bent in opposite directions,
leaving tracks in detector. However, 'at the moment of cosie®’, both the electron and the
positron have parallel momentum vectors (these are phraliee gamma momentum). Remov-
ing a significant fraction oé*e~ pairs improves the measurements a lot, as contaminatidn wit
ete™ pairs is the most significant artificial effect occurring irofpn femtoscopy. Figure 6.3
presents one dimensional proton - anti-proton correlationltiplied by sign ofside direction.
Due to azimuthal symmetry the result of division of two fuoos for different sign ofk?, .
should be equal to the unity. No deviation is expected. Tpepmel shows functions for two
various orientation of the magnetic field and it clearly shdhat before removing*e~ pairs,
the function is strongly distorted; the double ratio emptesthe magnitude of deviation. After
removing false pair candidates, the correlation functsomuch improved (bottom panel).

6.2 Corrections

There are two significant sources of systematic impuritgeticle misidentification (when a
simple track is treated as a one of other type) and a misirg{on of the particle origin (when
it is treated as a primary one while it is a product of weak glemfaother particle). Another
correction is related to finite detector resolution- resolusmearing correction.

6.2.1 Purity correction

The formula for single particle purity correction is as éolis:

Part pur(pr) = Pid(pr) * Fp(pr) (6.2)

wherePart pur(pr) is particle purity,Pid(pr) is particle identification probability anp(pr)

is the probability of being a primary particlePid(pr) is a number experimentally available
from dE /dx analysis (here the probability of correct proton and antign identification is in
the range greater than8 and it is smaller for the lowest transverse moment&y(pr) is an
estimated probability 0.5 , that the selected proton is a primary particle [79] (50% rotgns

do not come from decay af or ¥* hyperon, thus they are considered as primordial (primary)
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protons). The calculation is based on HIJING predictior®§ fdr transverse momenta.4, 0.8]
GeV/c (as the highest proper proton and anti-proton ideatifin probabilities are estimated in
this interval). In the terms of a pair:

Pair pur(k*) = Part puri(pr1) * Part pury(pr2) (6.3)

wherePair pur(k*) is a pair purity product of multiplying separate probakgktfor single par-
ticles part; andpart,. Pair pur(k*) is a histogram which depends on many combinations of
pr1 andpr. In the terms of a pair, the probability that a pair is complosieprimordial particles

is 0.25 (not taking into account the track misidentification). Cotegl correlation functions are
calculated according to the formula:

) —1
Ccorr(k*) = CmeaS(k )

= 1 4
Pair pur(k*) + (6.4)

6.2.2 Resolution smearing correction

Momentum resolution is parametrized in the following way:

Ap; .

p? = ap,i + bpipi" + Cpipi (6.5)
Api = ag; + by iy (6.6)
A0 = ag; + bgit;" (6.7)

wherei denotes a particle type. For each particle, basing on its entuimp and angles and

6 (the azimuthal angle with respect to the horizontal plareethe polar angle between the track
and beam axis, respectively), corresponding smeared sigmhap, o /A ¢ ando A ¢ are found.
Then, momentum resolution smedls, d¢ anddfd are generated, from Gaussian distributions
with zero mean values and corresponding sigmas; new, stheaymenta are calculated:

P = P+ Op, (6.8)
pzmear — p;neas + apy (6.9)
pzmear — pZLeas + apz (6'10)
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Figure 6.4: Two-proton distributions of momentum diffecen in the Pair Rest Frame (PRF) for
central () — 10%) Therminator data

wheredp,, dp, anddp, are the functions dependent on angleandd and, respectively,, p,
andp,.

6.2.3 Residual correlation correction

This correction allows one to estimate the impact of contatnon originating from hyperon
decays to the experimental- p, p — p, p — p correlation functions. A detailed description of
the technique is presented in the following section.
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6.3 Residual correlations

6.3.1 Basics of residual correlation effects

The motivation of these studies is that preliminary resaitroton femtoscopy indicated two
source sizes: one for identical particles and the other onedn-identical particle species. The
radii for p — p andp — p are consistent within each centrality bin, however the s®size for
p — p is considerably smaller. These observables agree for tWigion energies:62 and200
GeV. Then again, these results are obtained without takit@account the effect of residual
correlations arising due to baryons decaying into proteowisamti-protons.
From the experimental point of view, many secondary protosanti-protons are indistinguish-
able from primordial particles, as their parent particlesreot detected. Neglecting this fact leads
to misinterpretation of the results, where instead efp interactions, correlations between other
particles (which decayed finally into proton) are observBdo main weak decay channels are
the most important:

AN—p+7m (6.11)

't —p+ (6.12)

In fact, all Residual Correlations (RCs) arising from decay de#which lead to proton (anti-
proton) through hyperons are considered. In order to etatha effect of RCs occurring in pro-
ton femtoscopy, this analysis uses the Therminator (THERMaly-ion GenerATOR) Monte
Carlo event generator [87, 88], a generator designed to stardicle production at SPS, RHIC
and LHC energies. This program implements a thermal modeéhuicle production with a sin-
gle freeze-out. The geometry of the freeze-out hypersearfchosen according to the Cracow
model [89, 90] and the space-time emission point, as wellaasr information is stored for
each particle. These studies are centrality dependenthwheans that for each centrality class,
a separate sample of Therminator events is generated. eBigu4-6.7 present the results for
central events.

6.3.2 Combining contributions from several sources

The experimentally measured proton - proton (and antigoretanti-proton) correlations are
described by the Equation 6.13. It includes all pair comioams, taking into account both (ex-
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pressions 6.11 and 6.12) decay channels:

Crrue(K") = Cpp (k) Fyp (k") + Cpon (k) Fpon (k%) + Caa(F*) Fa-a(K7)
O, (k) Fy_s (k) + O (k") Fr_x (k") + Ca_ss(k*) Fa_s: (k)
(6.13)

where F,_, (k*) represents the fraction of measuned- p pairs, where most primary parents
werez andy. In order to evaluate the fractiods_, (k*) of each type of correlation, all protons
are divided into three groups: primordial particles, pnst@oming fromA hyperons and ones
coming from decays oE™ baryons. It is calculated as the numberof- y pairs (dependent
on k*) with respect to all pairs (e.g if, y mean primary protons, thefi,_,(k*) is calculated as

a number of allp — p pairs, where both particles are primary ones and their numsbecaled

by the number of alp — p pairs, where the origin of first and second proton does notemat
For all two-proton combinations;* distributions are computed (Figure 6.4). The dominant
contribution for allk* values, comes from — A pairs, indicating thap — A residual interaction
strongly affects measured— p correlation. The presence of other types of residual caticels
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is much less significant’,_, (k*) means the residual contribution:of- y correlation (explained
in the next sub-section{.;,...(k*) is the experimentally measured correlation function aiee
for particle identification probability (PID) purity. Thema of this study is to estimate the pure
p—p correlation C',_,(k*) from Equation 6.13) after removing the residual ones. Thetion of
pure correlation is slightly*- dependent function, with the mean value from 0.31 (forzthep
system) to 0.38 (for thg — p system), due t@/p ratio smaller than\ /A ratio. These numbers
correspond to central events. The main weak-decay chanh@iotons and anti-protons are
lambda and anti-lambda ones. The fractions of pure coiwetare shown in Figure 6.5.

The formula for thep — p system is a little more complicated as it contains all coratiams of
protons and anti-protons from 6 different groups. The meisma of calculating the RCs existing
in p — p systems is not described here as it is similar to the one @tidal proton femtoscopy.

6.3.3 Convolution of decay kinematics

Thep — A correlation function is measured by STAR [79] as a functibéit;p ,. However the
argument o, , in Equation 6.13 ig;_, the relative momentum between two protons; in this
case, one of the protons is the decay daughteY.ofo calculate the — A contribution to the
measuregh — p correlation function, the — A correlation function must be convoluted with
A-decay kinematics. Figure 6.6 shows regions pf,, where thep — A RC affect some ranges
of k,_,. This figure presents results for central collisions. Fehealue oft;_, the influence of
thep — A correlation is computed (Equation 6.14) as a sum ovér;all bins, of experimentally
measureg — A correlations scaled by the factors from th&k; . k> ) histogram.

Cpnlky ) = Crew (ks YW (ks k5 y) (6.14)

¥
ky_a

The p — A correlation should not be corrected for purity, as it camdaiesidual correlations
derived from higher-order decays. For mid-central andpbenial collisiong — A (andp — A)
correlation functions are analytically calculated usihg tednicky & Lyuboshitz model [78],
assuming scaling g — A (andp — A) radii according to scaling gf — p (andp — p) source
sizes before applying RC corrections. RCs from X1t andX* — X+ channels are assumed to
arise only from Coulomb interactions for all systems, in &ddito QS for>* — X*. The ¢;_,
andk; s.), (k,_, andks+_x-+) kinematic dependencies of decayof hyperons are considered
separately. In the case &f — A andA — X* interactions no correlation is assumed, therefore
for eachk* value a flat distribution is equal to unity. In these systetnsng) FSI occur (and
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QS inA — A system as well); their existing theoretical descriptioresraot confirmed so far by
any experiment, thus should not be taken into account. Owttier hand, the impact of RCs
coming from these combinations do not contribute to the pur@ correlation such significantly
asp — A system, so assuming no correlation for these cases is mpcomjate than assuming
some correlation. If such correlation would be predictéd ( A correlation would be known),
one should consider proper source size. At the moment ittislaar how to estimate the shape
of A — A correlations correctly.

In these studies only— A (andp— A) are taken from experiment. Correlating processes for other
systems are estimated if the calculation of QS and Coulon@paation is possible to perform.
Estimation of strong-interaction parameters for systékes A — A, (A—A), -+ (3T —-27),
andA — X (A — 1) is highly non-trivial and is not included in these studieewever, it does
not add significant discrepancies as fractions of such RCsatilange (see Figure 6.4).

6.3.4 Effects on extracted length scales

The net effect of the purity and RC corrections is shown in Fagu5. All correlation functions
are corrected for Particle IDentification (PID) effects fem Section 7). Here, the first estimate
of the fraction of primary-primary proton pairs w25 (i.e. fraction of of primary proton8.5);
the correlation function corrected for this purity is shomynopen circles in Figure 6.5 for— p
(top panel) angh — p (bottom panel). A better calculation of pair purity (frastiF,_,(k*) from
Equation 6.13) is shown by correlation functions marked dxy circles. Finally, the extracted
correlation is further reduced when RCs are also correctefbFack circles).

Since thep — A correlation is much stronger and wider than the A one, the residual effects
on thep — p system are more significant than thosejfor p system. This is clear in Figure 6.7,
where the effects of various corrections;on p are shown.
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Chapter 7
Experimental results

The presentation of experimental results is divided inteehsub-sections: the first one (7.1)
contains results without a precise estimation of the etb¢d&®Cs, the second sub-section (7.2)
discusses this problem with more details included. Witlichepart two kinds of corrections are
gradually applied: estimation of impurities and resolntsmnearing effects. The last sub-section
(7.3) treats non-identical proton - anti-proton corr@as in terms of asymmetry analysis in order
to discuss possible differences in the emission procesgleetprotons and their anti-particles.

7.1 Two-proton correlations without residual correlation cor-
rections

7.1.1 Raw data

The first step in the analysis of two-particle correlationda obtain the correlation functions
free of experimental distortions. Some experimental &ffeas e.g.: track merging, track split-
ting, contamination with electron - positron pairs comingnf photon conversion, can be easily
removed at the level of pair selection. However, there aneifieperfections which cannot be
removed during raw-data analysis: falsely identified teackparticles, resolution smearing of
single tracks, and contamination with non-primary pagscl These contaminations are espe-
cially important for baryon correlations, as many of thermedrom weak decays.

Figure 7.1 shows two - proton, two - anti-proton and protonti-proton correlation functions
without corrections for resolution smearing and purity. PAentioned, the effects of track split-
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ting, track merging and electron - positron contaminatie@rewemoved in the course of data
analysis. The results for identical particle combinatiagsee with each other within each cen-
trality bin and follow similar trends, as expected. The etation functions for central collisions
are weaker than for non-central ones, thus their source aizebigger. The correlation effect is
the strongest while considering more peripheral collisiofihe top-left panel illustrates proton
- proton correlations for three centralities (up to 10%, BD%, 30 - 80% of the total hadronic
cross section of the collision), the top-right panel shows-proton - anti-proton correlations
and the bottom-left panel presents proton - anti-protometation functions. Even if none of
the functions are corrected for such impurities, a cleatraéty dependence can be observed.
In the case of non-identical particle combinations, anailin processes between particles and
their anti-particles are observed as well; this effect casden as an anti-correlation (below the
value of1.0). Presented in Figure 7.1 are the raw correlation functitnesited as a base for
further corrections. The best source-size fits are not ke, as the functions need to be scaled
according to many correcting factors.

7.1.2 Purity correction

Due to corrections for purity, comparing to the raw correlafunctions, the correlation effects
become stronger and thus their source sizes are smalleluding statistical and systematic
errors, the results of fit are stored in Table 7.1. The sydiermacertainties are estimated from
the discrepancy of correction for purity. Stability of thé (fior 100% of the applied purity
correction) is checked by estimation of fitted source sizegevapplying from90% to 110% of
the correction.

Table 7.1: Source sizegn] for different proton combinations and centralities; wihrity
corrections applied; reported errors are respectiveftissical and systematic (due to purity
correction applied)
| [ p—p[fm] [ p—p[fm] | p—p[fm] |

peripheral | 2.52%01) 005 | 2.53%013 007 | 1.62701570 08
mid — central | 3597000 001 | 3-51 000 00r | 2137010 004

F0.07F0.05 F0.08F0.07 F0.09F0.03
central 4.02%5 075006 | 447008006 | 2-6170709 0,03

An agreement between identical particle combinations sepked, except for central collisions,
where the source size of the anti-proton - anti-proton datin is half of fm bigger than the
source size of the proton - proton correlation. The disarep@an be explained as an effect of
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Figure 7.2: Results of proton femtoscopy with purity and h&tson corrections: proton - proton
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the weakness of the signal for central collisions. As the@®size becomes larger, the corre-
lation becomes weaker and estimation of the source sizeeadrtter of4 — 5fm becomes more
difficult. Another interesting difference between the titeources is that one between identical
and non-identical particle combinations. In resultsjgor p andp — p, only for a very small
difference between protons and anti-protons is detectedthése two systems the same source
sizes are expected. The proton - anti-proton system is cutj@ther mechanisms (e.g. annihi-
lation processes), however smaller source sizes were petted. The two-particle correlation
technique allows one to conclude about size of emissiorone@@ng. lenght of homeogenity
which is expected to be of the same size in the cage-of as the source size pf— p andp — p-

if both identical combinations have the same radii. FSI mesvia correlation technique do
not contribute to the emission processes, they are reflacigalticle correlations and specify a
source size, but they cannot produce differences in sowres. s he conclusion from this part is
that an additional source of contamination must be consdligr next steps of analysis.

7.1.3 Purity and resolution smearing corrections

In this part, the results of correction of another experitaeimperfection are discussed. Com-
paring the output of fits from previous section to the onesratiking into account the effect of
momentum resolution for a single track leads to a concluiahresolution smearing is not as
significant as it could be suspected. In terms of two-pardrrelations it causes a decrease of
source sizes by a factor of up @2 fm. The results for a combination of purity and resolution-
smearing corrections applied are shown in Figure 7.2. Talecollects values of fits, with
their statistical and systematic errors; systematic uagdres are estimated from the discrep-
ancy between two corrections (purity and resolution smeduri Stability of the fit is checked
by estimation of fitted source sizes while applying fréf% to 110% of any correction. The
agreement between the fits and the experimental pointstis good except for the proton - anti-
proton correlation for peripheral data- other correlat®suspected to exist there. This effect
is considered in Section 7.2. Previous results obtaineddadkto account the purity correction
applied simply and the effect of resolution smearing aredesd in [91].
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Figure 7.3: Two-dimensional correlation functions forfar- proton combinationsf,,,, versus
k;..ns)- Left-hand side of the top panel shows correlation for mimin-bias events, right-hand
side of the top panel illustrates the correlation function dentral data, left-hand side of the
bottom panel exhibits function for mid-central data andrigbt-hand side of the bottom panel
shows peripheral data.

Table 7.2: Source sizegin] for different proton combinations and centralities; pyand res-
olution smearing corrections applied; reported errors@spectively, statistical and systematic
(due to purity and resolution smearing corrections)

| | p—plUml | p-plfml | p-plm |

- F0.1170.05+0.02 F0.I370.08+0.04 F0.1270.05+0.02
peripheral 2317 1 0002 | 2417015 007005 | 1627075 005 0.02

- T0.0970.0470.02 T0.0970.0770.04 F0.I0F0.0470.01
mid — central | 3.4170 09 001 002 | 3-52 000 007004 | 2-147010-0.03-0.02
3 8QTU-0TF0.05F0.03 [ 4 57 F0.09F0.07F0.01 | 5 oF0.09F0.03F0.02

-09_0.07-0.06—0.03 91 _0.09-0.07—0.04 -20_0.09-0.03—0.02

central
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Figure 7.4: Two-dimensional correlation functions of jarot anti-proton combinations:f,,,
versusk;....). Left-hand side of the top panel shows correlation for munin-bias events, right-
hand side of the top panel illustrates the correlation fiondor central data, left-hand side of the
bottom panel exhibits function for mid-central data andrigat-hand side of the bottom panel

shows peripheral data.
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7.1.4 Two-dimensional correlation functions

As one-dimensional correlation functions are measuredawery good accuracy, two-dimensional
correlations can be also estimated. For these studies e data collections are used. Due to
statistical limitations, the quality of such correlatiamttions is lower than in one-dimensional
cases. For one- and two-dimensional analysis the samstistais considered; even if statistical
uncertainties are bigger, some properties of two-dimerditunctions can be discussed. Figure
7.3 shows clearly a centrality dependency for two-protomlaimations, as expected- the corre-
lation effect is stronger for less central collisions. Tauwk-proton correlations are statistically
more limited comparing to two-proton ones, thus they areshotvn here. Proton - anti-proton
correlations (see Figure 7.4) have the best statistics.

Two-dimensional correlation function data is neither eoted nor fitted, experimental values of
PID numbers are not separately available for transverséomgitudinal components of particle
momentum. These results indicate a statistical possilidit proton femtoscopy measurements
for higher than one-dimensional case. Future experiments ALICE [92] that is being pre-
pared to operate at the LHC accelerator), where collisidriseavy-ions will occur at higher
energies that those achieved at RHIC, will provide much biglgéa collections. then, perhaps
studies of proton femtoscopy even for three-dimensionsgsavill be possible.

7.2 Two-proton correlations with residual correlation correc-
tions

7.2.1 Purity correction

The RCs correction introduced in Section 6.3 was applied ®rebults discussed in this section.
The first consequence which may be observed is the removagofisant discrepancies in
source sizes between identical and non-identical protonbamations. The results of the fits
(Table 7.3) are much closer to each other than before agpthi@ RC corrections. Statistical
and systematic errors are listed in table as well. Systematiertainties are estimated from the
discrepancy between the two corrections (purity and RCs).sTdtality of the fit is checked by
estimation of fitted source sizes while applying fro6%6 to 110% of either correction for each
point of correlation function.
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Table 7.3: Source sizegn] for different proton combinations and centralities; pyiand RCs
corrections applied; reported errors are respectivedyissical and systematic (due to purity and
RCs corrections)

| | p—pl/ml | p-blml [ p—-PlUm |
peripheral | 27970117002 T008 [ 2817015 00015 | 2-3170.15- 0.08- 006
mid — central | 4.01700700:7 001 | 4-227000 0.01-0-15 | 3-397010-005- 006
central | 4517007700600 | 5. 117008 006 011 | 4197000 003000

7.2.2 The significance of RC correction

This section complements results shown in Section 6.3 aesepts correlation functions for
all three systems and centrality bins separately; twosioli energies are discussed. As it was
mentioned in Section 6.3, RCs affect proton - anti-protonesyisnore than proton - proton one.
Figure 7.5 is composed of six panels; each of them presentslaon function before (red
points) and after (black points) applying RC correction. Boch identical system gs— p,
the correlation functions after taking into account theuefice of RCs do not differ from those
before including an RC correlation procedure significanflgr non-identical system as— p,

the impact of RCs is more dominant. Such dependence occurs @sRC observed ip — 7 is
stronger thap — A RC measured witlhh — p (more details was discussed in Section 6.3). Due to
statistical limitationg—p are not presented. Figure 7.6 shows results for highesamilienergy-
Vvsnvn = 200. Conclusions are similar as discussed in Section 6.3: the R&st abn-identical
systems more. The figure complements Figure 6.7 and presemtsentral (mid-central: first
raw, left column and peripheral: first raw, second columragatsults ofp — p, non-central
(mid-central: second raw, left column and peripheral: sda@w, right column data) results of
p — p and three centrality bins fgr — p system (mid-central: third raw, left column, peripheral:
third raw, right column, central: fourth raw, left columnlagnitude of RC correction is not
centrality dependent, but centrality dependence efA andp — A RCs measured in — p and

p — p influence on the magnitude of RC correction.

7.2.3 All corrections applied

This section introduces fully-corrected femtoscopic nieasents of proton correlations (as dis-
cussed in the previous sections, the additional corre@iosingle track for resolution smearing).
The agreement between the results for identical and narticde particle correlations for colli-
sion energy,/sny = 200 GeV is good, however small discrepancies do remain. Thejuthte
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Figure 7.5: Results for proton - proton (top panels) and protanti-proton (bottom panels)

for collision energy,/syny = 62 GeV. Correlation functions before applying RC correctiort (bu
corrected for purity and detector resolution effects) #itestrated by red circles; correlations
after taking into account effects of RCs are shown by blacktpoin
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with the systematic error bars- see Table 7.4. Statisticdlsystematic errors are listed in the
table as well. Systematic uncertainties are estimated fhendiscrepancy between three correc-
tions (purity, resolution smearing and RCs). The stabilityheffit is checked by the estimation
of fitted source sizes while applying frof9% to 110% of either correction. Results are pre-
sented in Figure 7.7. The agreement between peripherarpranti-proton data and the fit is
much better than before implementing a significant coroecti

For lower collision energy,/syy = 62 GeV, correlation functions with the best fits are pre-
sented in Figure 7.8; their calculated source sizes areatell in Table 7.5. Data for lower
collision energy are statistically limited comparing te thnes for higher collision energy; thus
their agreement between experimental points and the bgss fitot as good as in the case of
collision energy,/syy = 200 GeV. For anti-proton - anti-proton system to perform sualrse
size calculation is almost impossible, thus not discusged.h These results indicate that all

Table 7.4: Source sizegn] for different proton combinations and centralities; pyrresolu-
tion smearing and RCs corrections applied for collision engy/gyy = 200; reported errors
respectively, statistical and systematic (due to purggptution and RCs smearing corrections)

| \ p—plfm] \ p—plfm] \ p—Dlfm] |
1+0.11+0.05+0.02+0.06 2.59+0.13+0.08+0‘04+0.14 2‘22+0.12+0.05+0‘02+0.05

peripheral 2.7 —0.11-0.05—0.02—0.05 0.13—0.07—0.05—0.13 0.12—0.05—0.02—0.06

. F0.0970.0470.0270.05 F0.09F0.07F0.04F0.13 F0.1070.0470.0170.08
mid — central | 3.827509 504 0.02-004 | 4027009 007004012 | 3-270'10-0.03-0.02-0.06

F0.07F0.05F0.03F0.07 F0.08F0.07F0.05F0.10 F0.09F0.03F0.02F0.05
central 4.517007-0'06-003-0.10 | 2-957008-0.06-0.01-0.11 | 4-080.09-0.03-0.01-0.06

Table 7.5: Source sizegin] for different proton combinations and centralities; pymesolution
smearing and RCs corrections applied for collision engygyy = 62 GeV, reported errors
respectively, statistical and systematic (due to purggpiution and RCs smearing corrections )
| | p—plfm] \ p—Dlfm] |

: F0.I3F0.06F0.02F0.05 F0.I3F0.05F0.02F0.05
peripheral 24875 15 005002005 | 2:3320'15-0.05-0.02-0.05

. F0.12F0.06F0.02F0.09 F0.13F0.05F0.02F0.04
mid — central | 3.2375 157005 002006 | 2-727013-0.04-002-0.06
central 4 17FOTIFOIIFU03F0.09 | 3 £oF012+F0.04F0.02+0.04

0.11-0.12—0.03—0.20 0.12—0.03—0.01—-0.05

corrections should be applied together. The RC correctidghagnost essential one, it should
be performed with purity correction due to misidentificatiof particles. RC correction causes
all proton femtoscopic measurements to be consistent \&ith ether. In the case of like-signs
combinations§ — p andp — p) no asymmetry in emission process between identical pestic
is expected as their emission properties are identicalgkiewthe production gf — p pairs can

be different. On the one hand, different strong interactibaetween identical and non-identical
particles should not affect source sizes, as they do notecorteSI, but production mechanisms.
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Figure 7.8: Results of proton femtoscopy with all correctiomcluded: proton - proton (top
panel) and proton - anti-proton (bottom panel) for colilsenergy,/syy = 62 GeV.
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Figure 7.9: Left panel shows correlation functions fomultiplied by the sign of* for given
projection:out, side andlong; right panel presents their 'double ratios’.

On the other hand, such differences are measured. Thusyabse of other additional corre-

lations, which arise due to existence of residual partjagesoncluded. This is the reason why
proton and anti-proton studies reflect different sourcessiZ his problem would not exist in the
case of perfect particle detection, where all particlesgig finally into protons or anti-protons
would be registered and identified properly. Such resuéisalso described in [93].

7.3 An asymmetry between proton and anti-proton emission

7.3.1 Nonidentical particle correlations

Hydrodynamical models do not predict any space-time asymyniie@ emission processes be-
tween non-identical particles with the same mass. In thegkes protons and anti-protons are
considered; the ratio gf/p at mid-rapidity is about- 0.75 (according to BRAHMS measure-
ments [94]). In the case of non-equal masses, for a givendsatyre, flow phenomenon causes
a space-time shift in the emission. The non-identical plarttorrelation technique introduced
in Section 4.3 allows one to measure possible shifts and yt lbeaapplied to any of particle
combinations, e.g. proton - anti-proton as well. In ordeat@alyze possible asymmetry, all
pairs are divided into two groups, depending on the sigh*ofector in a given directionout,
side, long. Then, one-dimensional correlation function is multigliey the sign of pair inut,
side andlong projections oft*. Long andside projections are used as a cross-check, due to
symmetry in rapidity and in azimuth in the STAR experimermt asymmetry can occur in these
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two directions. Any discrepancy (except statistical flatitons) between correlation functions
for positive and negative sign fdong and side component and any deviations in the division
product ('double ratio’) of two functions are interpreteglrasult from impurities in the analyzed
sample (e.g. due to contamination with electron-positr@nspmerging effects, ..) and has to be
eliminated in order to draw a physical conclusion (see se¢ti3). Figure 7.9 shows correlation
functions with no correction (raw data) fér (sign(k:)), wherex meansout, side andlong;

in the case of minimum bias data feide andiong components. Both of correlation functions
are similar and their 'double ratios’ are flat, howeverdot projection small deviation from the
unity is observed in the division product. The studies othseffect are shown in the following
parts. Figure 7.10 demonstrates proton - anti-proton taioa functions for three centrality

Table 7.6: Source sizegn] for proton - anti-proton combinations for different cealities
(purity and resolution smearing corrections applied)jéfyy = 200 GeV, reported errors are
respectively, statistical and systematic (due to purity @solution smearing corrections)

| | Roulfm] | Ry

out
+0.13+0.05+0.02 +0.13+0.07+0.02

peripheral 3.3970 15 005002 | 040551570 '070102

- TO.1370.0570.02 T0.1370.07T0.02
mid — central | 3.787 15" 5 01 o2 | —0-205055 007 0.02

T0.12-0.04-0.02 T0.1270.0870.02
central 397 515 003—00 | —0-707515 0'06—0.02

Table 7.7: Source sizeg ] for proton - anti-proton combinations for different ceadities (pu-
rity, resolution smearing and residual correlations atio@s) for,/syy = 200 GeV, reported
errors are respectively, statistical and systematic (dueutity, resolution smearing and RCs
corrections)

| | Ry [fm] | Ry |

out
. +0.13+0.05+0.024+0.09 +0.13+0.07+0.024+0.09
peripheral | 283 1005000000 | 070 p15 007000009
. —+0.13+0.054+0.0240. +0.13+0.074-0.024-0.
mid = central | 3-392015 0ni-guaoog | ~0-102015 007 00001
+0.12+0.04+0.0240. +0.12+0.084-0.024-0.
central 3'75—0.12—0.03—0‘01—0.06 _0-50—012—0.06—0.02—0.09

bins for theout projection of thek* vector before the RC correction and Figure 7.11 exhibits
correlation functions after applying RC corrections. Kitsource sizes with their statistical and
systematic uncertainties (estimated identically as le@fdor the case before applying RCs cor-
rections are are stored in Table 78],, numbers can be translated into source size. They vary
from the source sizes from Table 7.2, as different paramsgions were assumed during these
two calculations. In order to estimate just the source see Sections 7.1 and 7.2), a simple
Gaussian source profile is assumed with no time and spa@atiffes in emission processes
between both particles (this is a very good reference to emengirectly all three types of pro-

ton and anti-proton combinations). In the case of possityenaetry studies, such a delay or
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Figure 7.10: Results of proton - anti-proton femtoscopy wathity and resolution smearing
corrections for three centrality bins: central (red), ro&htral (green), peripheral data (blue) for
out projection ofk*.

a spatial difference is calculated, so it might lead to srdidfierences of source sizes between
two calculation procedures. On the other hand, if such éEmcies occur they might indicate
that assuming no space and/or time differences in emis&tween protons and anti-protons is
an approximation. (However, as possible detected asymingetrot as significant as in cases
of systems with particles of non-equal masses, such appatikin of no asymmetry does not
disqualify results from Sections 7.1 and 7.2).

The parameteR]!;*" corresponds to the quantitative asymmetry in emission &&twnon-
identical particle species. The same, negative here, didtf,0 values indicates a similar ten-
dency for all centrality bins. Variations of such parameter different centrality bins are not
monotonic. Table 7.7 present results of fits after applyingd@@ections. As the correction is
applied identically to the correlation functions of bdt}), signs, it should not affect the mean
value ofR,,;. Observed discrepancies are interpreted as systemagctaimties due to applying
the RC correction. Again, for each centrality, the deviawdnz;*" value from zero and of
'double ratio’ from unity is observed; it is clear in the casfethe most central collisions (the
numbers vary after applying the correction, however theaig strong enough to conclude), in
the case of semi-peripheral collisions. It is almost impgmego draw a conclusion about cen-
trality dependence of emission asymmetry, where for thet pespheral and central data the
signal of asymmetry is strong and for mid-central data atndasappears. In other words, the
data indicates no centrality dependence on such asymmetry.

According to the (I) convention described in Chapter 5.18hsstudies suggest that the average
point of proton emission is closer to the center of the systean in the case of anti-protons. On
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Figure 7.11: Results of proton - anti-proton femtoscopy \aitttorrections applied.
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Figure 7.12: Results of proton femtoscopy with all correwsi@pplied for minimum-bias colli-
sions for three different projections bf.

the other hand, protons are also considered as emitteddsit@verage) than anti-protons.

In such case when proton is faster (correlation functiorkfgr > 0) it catches up to the slower
anti-proton, so they stay close to each other longer, tlffeicteve interaction time is longer, hence
the correlation effect is stronger. When proton is slowerr@ation function fork?,, < 0), the
faster anti-proton flies away fast, the time they spend dos=ach other is short, hence the ef-
fective interaction time is short and the correlation dffssmaller.

Figure 7.12 presents results fully corrected (RC corredtictuded as well) for minimum-bias
collisions with the respect to the sign of each component; side andlong. Deviation from
unity for theout component is clearly visible, while 'double ratio’ for twah@r ones remains
almost flat. In order to try to check whether the asymmetry (@arwhich centrality) occurs, the
new technique of spherical decomposition is studied.

7.3.2 Spherical Harmonics decomposition

Three-dimensional correlation function can be decompasedthree components [95, 96], as
shown in Figure 7.13. The spherical coordinates, () are related to the Cartesian coordinates
as:

Q, = Qsinfcosp (7.1)
Qs = Qsinbsing (7.2)
QL = Qcost (7.3)
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Figure 7.13: Decomposition of the = 2k* vector [97].

The correlation function can be binned@h 6 and¢ and represented via its spherical harmonic
coefficients, which depend ap:

all—bins

Alm(Q) = Z O(Q7 97;, gbz)yim(em qbz)Em(ezv Acos@a Aqﬁ) (74)

whereF; ,, represents a numerical factor correcting for finite binsize,,» = NLG andA, =

]2\,—’;; it turns out not to depend df. Y,,,(0;, ¢;) are the spherical harmonics functions (Legendre
functions),C'(Q, 6;, ¢;) represent bins of the correlation function.

In proton femtoscopy measured at the STAR experiment, dsiatstical limitations and limited
acceptance it is not possible to decompose two - proton, teti-proton and proton - anti-
proton correlation functions perfectly- there are manyesashere no pair can be characterized
by a givenC(Q, 0;, ;).

While decomposing spherical harmonics, one obtains napycoefficients. All coefficients for
odd/ should vanish in the case of identical particle combinatidfor non-identical particles, the
coefficients with odd lead to the asymmetry in the emission process (coefficlgnt Ay has a
structure of the one-dimensional correlation functiorl.idlaginary parts should vanish as well.
Ay > 0 occurs whemRy > Ry (Ry = \/R% + R% and Ry, are the transverse and longitudinal
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components of radii of source respectively, < 0 otherwise. A5, > 0 tells if R, < R,
Ass < 0in the opposite scenario. As shown in Figure 7.14 (protorotgmr), the source seems
to be spherical. In the case on non-identical proton - amtigm systems (Figure 7.14, bottom
part), the most interesting coefficient 45,, which especially for central collisions seems to
deviate from zero value. For other centralities, statticnitations occurs. For each system,
centrality dependence is reflectedAg, coefficients, which claims propriety of decomposition
technique. It is clear that for proton femtoscopy it is veifficllt to conclude about source
properties basing on spherical harmonics decompositiomtal statistical limitations. However,
the results on non-identical particle correlation techeifave not been discarded.

Application of the RC correction would not change conclusiasa the correction would be iden-
tically done on each direction (the same scaling factoriwithe sameé:*). On the other hand,
the RC correction would provide an additional source of utaiety, so drawing any conclusions
would be much more difficult than in the case on non-corredted.
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Chapter 8

Discussion

8.1 Importance of residual correlation corrections

Fully corrected correlation functions fotu + Au collisions at,/syy = 200 GeV for differ-
ent centrality bins are shown in Figure 7.7. For lower cmllisenergy-,/syn = 62 GeV such
corrected correlations (proton - proton and proton - ardgtgn systems) are presented in Figure
7.8. For all systems the correlation effect decreases witreasing centrality. The extracted
Gaussian radii with their statistical and systematic utaceties are given in Section 7.2 in the
Tables 7.4 and 7.5, foy/syn = 200 GeV and,/syy = 62 GeV respectively. The approxi-
mate consistence for different pair combinations, for a#irgies and centrality selections, gives
confidence in the stability of our results. Comparing resialtswo collision energies, they are
consistent within error-bars, however in the most systemascantralities, the radii deduced for
lower collision energy are slightly lower, which is integped as a consequence of lower particle
multiplicities registered in such collisions (more in Sent8.2). Results not corrected for RCs
are shown in Section 7.1. Radii for identical particles vaoyt non-identical ones as additional
correlations measured with— p, p — p andp — p were not taken into account. Neglecting the
presence of residual sources of correlations may signtficéaisify physical conclusions, thus
correct source sizes and their agreement for identical anddentical protons and anti-protons
combinations would not be possible to deduce if the RC cametiad not been applied.
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Figure 8.1: R;,,, values extracted from hadron femtoscopy,&iyy = 200 GeV for 10% of
central collisions [68].

8.2 Transverse mass dependencies

Extracted radii for central collisions (up to the% of the total hadronic cross-section of the col-
lision) confirm the hydrodynamical description of sourcelation, where for given temperature
and phase-space, heavier particle species are expectedeimitied from smaller areas. The
system’s collective expansion produces such differentéise length of homogeneity (the size
of area emitting particles of a given type) due to thermaliamt Massive particles (e.g. pro-
tons) are on average more pushed towards the edge of sysiartighter ones (e.g. pions). The
explanation of such behavior is described in Section 4.4ZEigure 8.1, the present results are
confronted with the "universath systematics established with other particle species [B&)-
ton femtoscopic results complement those for mesons ared, dtbavier baryon combinations.
Black symbols refer tp — p, p—p andp — p. The radii extracted from — p is about 1 fm bigger
than the ones fop — p andp — p. As it is described in Section 4.9 (see Figure 4.4), it is very
difficult to distinguish between correlation functions deising source size of 4 and 5 fm. Their
shapes and magnitudes of correlations are almost identiued due to e.g. statistical and/or
systematic uncertainties any difference between them tniglndiscernible. As the outcomes
of strange baryon femtoscopy € A, 5 — A, 7 — A, p — A) were not corrected for the effects of
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Figure 8.2:(dN.,/dn)'/? scaling of source sizes from proton femtoscopy/atvy = 62 GeV
and,/syy = 200 GeV

RCs, the results of correlation fpr— A andp — A are expected to be affected stronger than two
other ones by RCs, thus observables indicated by green poiisae reliable. In general, the
results of proton femtoscopy agree with the other STAR nressent more.

8.3 Multiplicity dependencies

Another experimental result is the nature of eV, /dn)'/? scaling (V.,- number of charge
particles) of HBT radii, seen in pion interferometry [68]idbbserved also in proton femtoscopy.
Studying such relations is motivated by relation @, /dn)'/® dependencies with the final
state geometry through particle density at freeze-outurei®.2 presents such scaling 8y,
source sizes extracted from- p, p — p andp — p at\/syy = 62 GeV and,/syny = 200 GeV
energies. Errors shown are both statistical and system@benparing to pion measurements,
proton ones are smaller by the orderofl fm. Discrepancies between three systems are shown,
however results agree with error-bars. Source sizes moiaity increase with(dN.;, /dn)*/>.
Radii fluctuate due to statistical limitations. Such figuresifientical pion observables present
a linear dependence ¢4N,,;, /dn)'/? (multiplicity, which is distinguished via collision cear
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Figure 8.3: Spectra for all negative pions and protons enhitt UrQMD sample. Left-hand side
of the top panel shows the rapidity distributions, rightiaide of the top panel reflects pseu-
dorapidity distributions, the left-hand side of the bottpamel illustrates spectrum of transverse
momentum and right-hand side of the bottom panel exposesviease position distributions.

ity). In the case of pions th&,,;, R4 andR,.,, dependencies ofil V., /dn)'/® are checked.
These three components follow a linear dependence,soli®esdduct of the freeze-out volume
(Vi =~ RoutRside Riong ~ R%,.Riong). Such studies for pions are performed as the contribution
of pions to the particle production significantly rises witlsreasing beam energy and for RHIC
conditions pions dominate the data sample. Thus, the syaddume can be approximated by
the pions volume. Even if the contribution of protons is rosmnificant as in the case of pions,
it is still interesting to see how their source sizes scalé wiultiplicity. Protons enable one to
see the scaling tendency as well, however as they reflect parhef the phase space only, one

cannot expect that all proton sources would scale as Iyearpions do.
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8.4 Comparison with model predictions

This subsection presents the results of simulations with ttveoretical models: UrQMD and
EPOS. First, simple one-particle distributions are diseds rapidity, pseudorapidity, transverse
momentum and freeze-out coordinates. Then, two-part@pamtion distributions are shown
(see Appendix 3 for details). Many systems composed of uarfgarticle combinations are
checked and compared to each other, but only distributibpsotons and anti-protons are shown
here; non-identical combinations are also discussed ¢mod kaons). The possibility to detect
asymmetry in the emission process is checked on experithektawn cases (like and un-like
signs combinations of pions and kaons). These studieseatett as a base for deducing possible
asymmetry in emission between protons and their antipastic

8.4.1 UrQMD
Single-particle distributions

Single-patrticle distributions allow one to take a look iptarticle production mechanisms. The
UrQMD model was discussed in Section 3.1. Data has beenrgatter Au + Au collisions
at,/syn = 200 GeV. In order to see how the production mechanisms look tiike following
distributions are calculated: rapidity, pseudorapiditgnsverse momentuny,; = \/m
and transverse freeze-out position: = /72 +r2. Seen in the Figure 8.3 increased numbers
of protons at higher rapidity and pseudorapidity intenaatks a result of taking nuclear remnants
into account. Higher multiplicities of pions are generatéalue to higher proton mass, more
protons with higher transverse momentum are observed aparechto pions. The last plot of
Figure 8.3 presents the distributionaf. Figure 8.4 shows ratios of particle productions ver-
sus rapidity. The ratio of negative to positive pions reradiat through of the rapidity interval,
showing that similar amount of negative and positive piaespaoduced (the production af
mesons is slightly increased in higher rapidity rangesk pfoduction of kaons is not identical
for positive and negative particle species. In mid-rapiditerval (up to|y| = 2) production of
KT and K~ hadrons is similar; for higher rapidity values, productmfrpositive kaons domi-
nates. For protons, even for mid-rapidity|(< 1), twice as many protons are produced as their
anti-particles. For the highest of ranges of rapiditiesashbere, the production of anti-protons
is highly decreased. Comparing to RHIC measurements (BRAHMS, [P#n production in
UrQMD is similar to measured in the experiment and for midigdeeral rapidities kaon pro-
duction looks comparable as well, however for the highgsidigaes in UrQMD production of
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Figure 8.4: Rapidity distributions of ratios of producedtdes: 7~ /7 (black circles) K~ /K™
(open triangles)p/p (closed squares).

negative kaons is decreased. In terms of protons, the ;%ai'm/iates from the BRAHMS mea-
surements. In experiment, the ratio of anti-protons wigpegt to protons is not equal to unity
indicating the contamination of protons from nuclear remaddue to conservation of baryon
number, the production of anti-protons must be equal to tiheber of produced protons, any
excess of protons come from colliding nuclei- for mid-rapid; ~ 0.8 [94]).

Two-particle distributions

The formulas for two-particle distributions in this sectiare given in Appendix 2. Three win-
dows in figures: 8.5-8.7 illustrate the freeze-out sepamadiistribution in the CMS reference
frame; the fourth shows th&me separation. The analysis of such distributions can provide
information about emission processes of such particles. iidan values ofide andlong dis-
tributions should always remain around zero value due tonsgtry reasons, while in the case
of non-identical particles any possible difference in thenissions should be reflected ant
andtime components. In other words, for identical particles, alamealues should be close
to zero. The differences between distributions for all piet! particles (primordial and coming
from decays) and such for primordial particles only can Ensa Root Mean Square (RMS)
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values, where the width of distributions can be transforioetie source size emitting particles.
By primordial (or primary) proton is meant such particle, ethdoes not come from the weak
decay ofA or X1 hyperons. Primordial (or primary) anti-proton is such jgéet which does not
come from weak decay of or ¥+. Primordial particles come from a smaller area than non-
primary particles which might come from much bigger sourcBsstributions of all particles
are always plotted in gray and those for primordial partgpecies- in red. Figure 8.5 presents
two-proton separation distributions (the peak#ding andtime distribution appears as a conse-
guence of taking into account particles lying very closeh® axis in the laboratory frame),
Figure 8.6 illustrates two-anti-proton distributionsesSkables 9.10 and 9.11; comparing to two-
proton distributions, the scale on the vertical axises dferdnt) and Figure 8.7 presents proton
- anti-proton distributions (as a first particle proton isided, as a second one- anti-proton).
Especially important are those for primordial particlebgne the separation distributions fart
direction andiime remain away from zero, indicating some asymmetry in the sionsprocess
(see Table 8.1). For identical particle combinations alli®a remain close to zero, except the
few containing remnants from nuclear matter which mighttaonnate the analyzed sample (see
Figure 8.5 and 8.6). Each distribution does not represens&an shape (which is indicated by
the general shape of each distribution- they have 'nonggan'stails observed in the logarithmic
scale, so a Gaussian can be fitted to the central partgtand side distributions only), as the
model generates tails which cannot be parametrized in tays w

Correlations

As the UrQMD model gives momenta and freeze-out coordinatispossible to calculate corre-
lation functions for many particle combinations as long @sagated statistics enables estimation
of the shape of correlation. In Figure 8.8 correlation fiores for identical particles are pre-
sented: pion-pion correlation functions, taking into agaoboth QS and Coulomb interactions
for all positive pions (gray points) and for primordial peles only (red points). Obviously, the
correlation function calculated for primary particlesyid stronger and leads to smaller source
sizes than in the other cases. The same conclusion comegfodam-proton correlations: gray
points illustrate correlation of all protons and red poiotsrespond to the primordial protons
only (not taking into account the remnants of colliding raiclin order to increase statistics, the
correlation functions for anti-proton - anti-proton ardccgated as well and then their numera-
tors and denominators respectively were added in orderteroborrelation functions. Besides
identical particle combinations, the non-identical ones @nsidered as well. In the bottom
panel of Figure 8.9, correlations for like-signs combioas of pions and kaons are shown. All
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Figure 8.8: Identical two-particle correlations (two-piand two-proton) from UrQMD.

pairs were divided into two groups (following the same rubéshe STAR Collaboration, see
Section 5.12). Dividing the correlation for positive signkg,,, by the one for negative sign, it is
possible to detect the differences in the emission, depgnah the deviations of ‘double ratio’
from unity (see the right panel of Figure 8.10 for like-sigmmbination). The top panel of Figure
8.9 and the left panel of Figure 8.10 present results fokardigns. The 'double ratio’ for the
same signs of particles goes below unity and for oppositessigrises above unity exactly as
observed at STAR, indicating than in the model pions are imeayeeemitted from bigger area
(or earlier) than kaons (according to the flow predictionje3e correlations are obtained for
minimum-bias collisions, where impact parameters indicathe collision centrality is in the
wide rangeb € [0; 15] fm; therefore the magnitude of detected asymmetry cannobbepared
directly to the STAR data.

Figure 8.11 shows proton - anti-proton correlation funt$io The correlation effect clearly
indicates annihilation of protons and their anti-particleThe first plot in Figure 8.11 shows
correlation function with respect to the sign/gf,, the last plot illustrates one dimensional cor-
relation function; for smalk* values (close t® GeV/c), an attraction due to Coulomb forces
can be noticed, then an annihilation channel due to strotggaations is present. Two of the
'double ratios’ indicate small deviation from the zero \alfthe tendency is illustrated below
unity), which indicates that on average stronger corm@haticcurs fork? , > 0. These model
predictions are consistent with experimental results. §drae convection (described in Section
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4.10) as in data analysis is used, so the fact that 'doubie’ iatbelow unity for smallerkx
values indicate that in model in average protons are emtted bigger area and/or earlier than
anti-protons.

Asymmetry discussion

As it was mentioned in the previous sections, the asymmatgmission mechanisms can be
detected in non-identical particle combinations. Figut28&hows two-particle separation dis-
tributions in the CMS reference, same for primordial protand anti-protons only, for 3 classes
of centrality: central collisions (up to 10% of the total hawic cross section of the collision),
(10-30)% and (30-80)%. The plots and corresponding tabkdsi¢ 8.1 for Figure 8.12 and Table
9.12 for Figure 8.7) show that the deviation of the mean vafug,,; distributions from zero in-
dicates possible spatial asymmetry of emission betweeloms@nd anti-protons. There is also
an asymmetry in time indicated by time distributions. Alégle deviations monotonically rise
from central to peripheral collisions: for central coltiss the deviation of?,,; separation dis-
tribution from zero value is aroun@7 fm, for mid-central-~ 0.9 fm for peripheral data~ 1.2
fm. Such behavior indicates influence of final-state resdaty; non-central collisions seem to
be affected more, thus stronger effect in two-particle s distributions. The mean values
and RMS are stored in Table 8.1 (together with results for R®& model). Tables 9.8 and 9.9
present the values of separation distributions from piaarkdistributions (together with results
for EPOS).

8.4.2 EPOS
Single-patrticle distributions

The same single-particle distributions are presentedHerBEPOS model. Data gathered for
Au+Au collisions at,/s vy = 200 GeV, same as for UrQMD sample, are shown in Section 8.4.1.
Figure 8.13 shows rapidity, pseudorapidity, transversenergum and position spectra. Here,
mid-rapidity and mid-pseudorapidity (up tg| = 2 and|n| = 2) pion and proton distributions
are constant, for the other ranges of rapidity and pseudbtag|y| > 2 and|n| > 2) they are
naturally decreasing. Concerning momentum spectra, as p@ve smaller mass, they populate
mainly lower momentum intervals. The last plot in Figure3iddicates. Figure 8.14 shows
rapidity distributions of particle ratios. For mid-rapigi(|y| < 2), ratios: I and% are flat.
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Figure 8.14: Rapidity distributions of ratios of producedtigdes: 7~ /7" (black circles),
K~ /K™ (open triangles)p/p (closed squares).

Similar number of negative pions is produced as of positivesp the ratio of kaons is 0.9.

For higher values of rapidity intervals the number of negapions is slightly bigger than that
of positive ones. Fofy| < 5 and|y| > 2, the production of negative kaons slightly decreases
comparing to mid-rapidity region. In the experiment pra@nd anti-protons (used in proton
femtoscopy) are taken from the mid-rapidity|(< 0.5).

In EPOS their ratio i§; ~ 0.7. It indicates the contamination of nuclear remnants. Edgui4

is similar to the BRAHMS [94] one, assuming that particle prctetn in Au + Aw collisions for
Vsnvn = 200 GeV in EPOS is similar to RHIC observables.

Two-particle distributions

The same distributions as for the UrQMD model are shown. dkemtical particle combinations
(Figure 8.15 for two-proton and Figure 8.16 for two-antpqan), all mean values remain around
zero as expected from theoretical predictions. In the chsemidentical, proton - anti-proton
combinations (Figure 8.17), mean valuesafe and/ong components equal zero, whereas other
distributions indicate some possible asymmetry. In the cdglistributions of 'ALL’ particles,
the contamination of nuclear remnants is reflected by dewiatfor out andtime components
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Figure 8.15: Two-proton separation distributions for alltcles (gray points) and primordial
only (red points) in CMS reference. The figure’s layout is thms as in 8.5.
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Figure 8.18: Pion-pion correlation function, left panebais functions for QS and FSI included,
right one illustrated correlations for QS only. Grey mar&ieows correlation functions calculated
for all particles, red marker indicates correlation fuaos for primordial particles only

(for positive values of separation). Each distributionslaet represent a Gaussian shapé (
andside separations seen in the logarithmic scales- central pgptesents Gaussian shape but
their tails imply non-Gaussian source distribution), vdses componenteng andtime do not
exhibit Gaussian form at all. The distributions for p andp—p systems are highly contaminated
by residual and nuclear remnants.

Correlations

Figure 8.18 shows identical pion correlations for QS calttahs only (right panel) and QS+FSI
included (left panel), the second plot can be compared tplibteof correlation function calcu-
lated for the UrQMD model (Figure 8.8, left panel). This cami$ what two-particle separation
distributions indicate: EPOS gives smaller source siza theQMD, therefore the correlation
effect is stronger for the EPOS model.

The correlation function for pion-kaon combinations arevgh in Figure 8.19; top panel of the
figure shows un-like signs combinations and the bottom psimaivs like signs particle combi-
nations. Their 'double ratios’ are shown in Figure 8.20t(jeinel for un-like signs and right
panel for like signs). Also in pion-kaon correlations for@&®, the correlation effect is stronger
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than in UrQMD, which again indicates smaller source sizd{gger RMS values in two-particle
separation distributions). Another issue is the magnifdasymmetry: in EPOS it is weaker
than in UrQMD.

Figure 8.21 shows proton - anti-proton correlation funtéio The correlation signal is clearly
visible. For pairs composed of primordial particles- therelation effect is stronger. Top panel
presents correlation functions with respect to the sigh’gf The left-hand side of the bottom
part illustrates their 'double ratios’, which fluctuate anal unity. As EPOS model does not con-
tain final particle rescattering implemented- the emissibprotons and anti-protons seems to
be similar to each other.

Asymmetry discussion

This section contains similar distributions as the sedfieticated to the asymmetry discussion in
UrQMD. Figure 8.22 shows centrality dependence of protorti-@roton separation distributions
in the CMS reference frame for primordial particles only. Alean values fokide andlong
components are close to zero, however small deviation fienm is observed in distributions for
out direction andtime as well. For peripheral collisions the magnitude of asymynséems
to be the strongest and for central collisions the weakesenkf they are reflected in both
separation distributions: fewt andtime components, the deviations from zero are much smaller
and weaker than in the UrQMD model; they should not be inttgal as a clear evidence of
asymmetry in emission process between protons and anbxmoAnother two distributions can
be deduced for pion-kaon combinations from Tables 9.8 add@nfirming what is observed in
the experiment and UrQMD model asymmetry in emission pobetween pions and kaons.
Table 9.7 collects results for two-pion system and confidmas in the case of identical particle
combinations no asymmetry is expected.

8.4.3 UrQMD and EPOS comparison

In terms of single-particle distributions (Figures 8.318and 8.4, 8.14), the EPOS model pre-
dicts observables similar to BRAHMS measurements. For sepamistributions, both models
do not represent Gaussian shape of any source of partidiescamparison of mean values from
separation distribution is collected in Tables: 8.1 and®12.

Table 8.1 stores RMS and mean values for both models for thfisgemt centrality classes,
Tables 9.7, 9.8 and 9.9 contain these distribution chatatits for pion-pion, pion-kaon (like
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figure layout is the same as in 8.5.
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Table 8.1: Proton - anti-proton separation distributiarsG@MS reference (centrality dependen-
cies)
’ UrQMD ‘ out ‘ stde ‘ long ‘ time ‘
Central: mean value | -0.670| -0.003 | 0.003 | 1.224
Central: RMS value | 9.979 | 10.293| 12.786| 16.776
Mid-central: mean value -0.908| 0.003 | -0.003 | 1.884
Mid-central: RMS value 9.642 | 9.504 | 12.532| 16.443
Peripheral: mean value -1.204| 0.002 | 0.001 | 2.183
Peripheral: RMS value| 8.515| 7.353 | 10.081| 15.059
EPOS out stde long time
Central: mean value | -0.022| -0.006 | -0.003 | 0.052
Central: RMS value | 4.421 | 4.388 | 4.213 | 3.401
Mid-central: mean value -0.058| -0.004 | -0.004 | 0.045
Mid-central: RMS valug 4.191 | 4.138 | 4.197 | 3.351
Peripheral: mean value -0.090| 0.006 | 0.001 | 0.066
Peripheral: RMS value| 3.486 | 3.413 | 4.179 | 3.421
Therminator out side long time
Central: mean value | 0.002 | -0.001| 0.003 | 0.001
Central: RMS value | 3.882 | 5.190 | 8.398 | 2.433
Mid-central: mean value -0.002| -0.001 | 0.001 | 0.02
Mid-central: RMS valug 3.041 | 4.041 | 6.994 | 1.914
Peripheral: mean value -0.002| -0.003| 0.001 | 0.002
Peripheral: RMS value| 2.641 | 3.222 | 4.451 | 1.002
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signs) and pion-kaon (un-like signs) respectively. Anotteee tables: 9.10, 9.11 and 9.12
contain results proton - proton, anti-proton - anti-protord proton - anti-proton systems re-
spectively. In all cases, RMS values are smaller for prinarparticles only (smaller source
size) within the same model, the tendency of a bigger sowrdaigher particle mass is observed
indicating that collective phenomena are applied in botdem EPOS reproduces stronger cor-
relations (smaller RMS values). Concerning correlation fioms, source sizes follow tendencies
expressed in separation distributions. Both models canrgasonable correlation. Advanced
correlation techniques (as the method for non-identiceigles) deduce relative shifts in time
and space between two particle’s species. In the case @ipranti-proton correlation functions,
the correlation effect is stronger for UrQMD than for EPO8efin data asymmetry in emission
process between protons and anti-protons is observed iMOr@odel as well. Hydrodynam-
ics does not reproduce any difference between protons ainckttti-particles. Similar emission
properties of such particles are assumed. The generatomirfaor which includes resonances
decays, but not rescattering processes, does not refldacasymmetry as well (see Table 8.1).
EPOS model does not include hadron rescattering (only padatterings), thus no asymmetry
is seen. Finally UrQMD includes hadron rescatterings (lodrgerved annihilation processes)
and space-time differences between protons and antifpsa@mission are reproduced. STAR
data are not sensitive to the centrality dependence of dppaedalifferences in emission process,
however UrQMD shows such tendency.
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Chapter 9
Conclusions

The results of this work complement information obtainedietaby the HBT Physics Work-
ing groupof the STAR experiment at BNL. A detailed analysis performiedaaly for identical
mesons: pions and kaons and the pioneer work with the pion-karrelations have reveal a
lot of unexpected effects commonly knownREIC HBT puzzleMore information was clearly
necessary. This work is a step forward to fill this gap.

Considerably larger mass of baryons with respect to the nfgssms and kaons points out to a
new sort of information that can be obtained from the analgEbaryon correlations. Protons are
not so copiously produced as pions and their mean numberdaapidity is still larger than that
of antiprotons. The net-baryon free system has not beepahyet at RHIC energies. The ther-
mal motion in the state of equilibrium, results in smalleramerelocity of protons with respect
to the velocity of lighter pions and kaons. On the other hainel collective motion of particles
superimposed on the thermal one, gives a specific patterarto€le velocity distributions. As a
consequence, the final space time distribution of freezgzounts for different particle species
reflect the relations between thermal and collective madiamot and expanding system created
in heavy ion collisions.

The length of homogeneity measured by femtoscopy metharlades the effects of space-
momentum correlations. Together with the relations betwiermal and collective motions,

between chemical and thermal freeze-out, with the effett®sonance production and sec-
ondary rescattering the final image of space-time evoluiidhe system represents a very com-
plex phenomena, difficult to quantitative description. Asistent description clearly needs the
information coming both from the analysis of light (pions)deheavy (protons) systems.

163



The following classes of two-particle systems, incident ergies and event centralities have
been considered in the frame of this work:

¢ all combinations of two particle systems consisting of pnst and antiprotonsp(— p),
(@ —pp—D)
e two energies of colliding gold nuclei: 200 GeV and 62 GeV paclaon pair,

¢ three classes of event centralities, according to the p&age of the total hadronic cross-
section: central (0-10)%, mid-central (10-30)%, perihés0-80)%.

The following experimental results have been obtained:

e For the first time the analysis of two antiproton correlasidras been performed and the
sizes of antiproton emission region in relativistic heawy collisions has been estimated.

e For the first time the analysis of two-particle correlatidosall systems of protons and
antiprotons, simultaneously and in the same experimeatalitons, has been performed.
The obtained gquantitative results are consistent withgretkperimental uncertainties.

e For the first time the asymmetry between space-time parasnet@roton and antiproton
emission has been analyzed and quantitatively estimatesm#l asymmetry has been
found, showing that antiprotons are emitted earlier or netoee to the edge of the emitting
system.

The analysis for all three proton/antiproton systems haenlperformed in the same way in all
energy/centrality classes; the same event selectiorriaritave been applied; the same correc-
tions have been introduced and the same approach was usshtate the influence of residual
correlations. Thus the role of systematic errors was styoregluced, what is important for the
guantitative comparison and for common analysis of all #seiits obtained in this work.

The following physics conclusions can be drawn:

e The measured values of proton/antiproton emission regiaes are systematically smaller
then that of pions and kaons with similar transverse momentaame of hydrodynamic
approach and taking into account the larger mass of protetisrespect to kaons and
pions, one can understand it as an interplay of thermal alectoe motion of hot and
expanding system. Thus, pairs of lighter particles are @naage emitted from the region
of larger dispersion.

164



The increase of measured sizes with the event centraligctsfthe geometry of the col-
liding systems. This dependence is similar to that for pemd kaons.

The values of emission sizes obtained for 200GeV are sjiddniyjer than those for 62GeV.
More statistics is necessary however to make quantitatimelasion.

The obtained results are in qualitative agreement with tediptions of theoretical models:
UrQMD and EPOS. It is not the case however for the asymmesyiteof nonidentical
particle correlations (see below).

A small, but definitively nonzero, asymmetry shift have béeumnd in the analysis of
proton-antiproton correlations. One should mention hiea¢ & relatively large shift was
experimentally found earlier for the pion-kaon system. sTigisult is consistent with the
hydrodynamic description, where the mass differencesttetite space-time asymmetries.
Such effect cannot be attributed however to the particlés the same masses. The asym-
metry shift is also absent in the results of simulations wh#nEPOS model but is seen in
the results of UrQMD simulations. As the difference betwB&®OS and UrQMD, impor-
tant for the final stage of the interaction dynamics, is theeabe of rescattering processes
in the EPOS model, one can conclude that the annihilationgsses at the last stage of
the collision can be responsible for the observed asymmeég conclusion is also con-
sistent with the sign of asymmetry effect, showing that@otions are emitted earlier or
more close to the edge of the emitting system than protons.

In order to obtain the physics results free of experimental dstortions some specific kinds of
methodical analysis have been performed.

e A set of cuts have been applied for the registered tracksitarelte the merging effect
which makes that instead of two separate tracks, only orex@structed.

e A dedicated analysis of the tracks located very close in #tedalor space have been per-
formed in order to avoid the splitting effect which causest thstead of one single track,
two track are found.

e The contamination of electron - positron pairs have beeroveah

o The effect of finite detector resolution have been takenactpunt as well.
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e A special attention have been put to the effect of residuadetations resulting mainly
from the contamination of the proton/antiproton sampletmsy particles (also protons or
antiprotons) coming from the week decays of hyperons. Tiéckis much more dan-
gerous for protons than for pions. The kinematics of lamivwgaeron decay makes that
proton practically follow the direction of lambda partiglethe detector space and can-
not be distinguished experimentally from that coming disefrom the interaction point.
A detailed procedure have been developed and the decaysbiltaand sigma hyperons
have been considered, including the decay kinematics. éftextion of FSI correlations in
the proton/antiproton hyperon systems, in the studiecbprantiproton correlations have
been taken into account. One should mention here that satysewas made for the first
time in the analysis of correlations for the baryonic systeirhis can be important for the
comparison of the results obtained here with the other tesbttained elsewhere, where
the residual correlations have not been taken into accaopeply.

The analysis performed here is a step forward in the direatioconsistent description of the
dynamics of heavy ion collisions, mainly in the part of sdedlsoft processes.
The next steps can be the following:

e Complete the existing results for meson-meson and baryprebaystems by the analysis
of meson-baryon correlations. It can serve as an importargistency test.

e Perform the analysis with larger statistics for more céityrhins.
e Continue the asymmetry analysis, also with larger stasistic

o Make the analysis and find the source sizes in three dimesisiofy side andlong. It will
allow one to obtain information about the shape of the source

e Perform common analysis of source sizes for different gargsystems and for different
transverse mass intervals. It will allow one to measurevede the effects of collective
motions with higher precision.

e Make the azimuthally-sensitive two-proton correlationdses. It will help to assess the
source-size depending on reaction plane and to find thaaetabetween the geometry
and dynamic factors in heavy ion collisions

In order to perform the analysis proposed above it is necgssdave more statistics of experi-
mental data. In a natural way it can be achieved in the nex¢rgéion experiment ALICE being
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prepared now at CERN. Much larger particle multiplicities #mel better detection possibilities
makes good perspectives for such measurements. Howetleg, latiC conditions it is not clear
what one would expect. As nobody knows what system will batea(QGP or sQGP), it is not
possible to predict what results concerning femtoscopylshize expected. On the other hand, it
seems to be reasonable to check what RHIC Il will bring as thelaator and detector upgrades
will allow to analyze data in the collision energy closerhe present RHIC observable. RHIC
Il plans to collect data with much higher luminosity that RHiGuld do, so the following field
of research are the main topic of interest:

° ngh Pr

Heavy Flavor

Equation of State

Electromagnetic Probes

Forward Physics

Spin

The correlation analysis might be very interesting, howde program to study such measure-
ments is not worked out.
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Appendix 1- Elementary units, particles
and their interactions

Elementary units

The basic units in physics are length, mass and time and tegs&m expresses them in meters,
kilograms and seconds. These units are not very approprigteggh energy physics, where
typical lengths ard0~'*m and typical masses at®2"kg. The above table introduces basic
units used in high energy physics. In calculations, the tles of Planck constant and speed of
light occur frequently, so their units are set to= % = ¢ = 1. Basic units are listed below.

Quantity High energy units | Value of Sl units
length 1fm 107°m
energy 1 GeV=10° eV 1.602x 1071°J

mass 1 GeVi? 1.78 x 102" kg
h=h/(2r) | 6.588x 10 GeV's| 1.055x 10734 Js
c 2.998x 10% fm/s 2.998x 108 m/s
he 0.1975 GeV fm 3.162x 1072 Jm

Particle classification

Fundamental particles [98] are of two types: particles \W#lkf-integer spin are called fermions
because they obey Fermi-Dirac Statistic, while those witbger spin obey Bose-Einstein statis-
tics and are called bosons. The statistics obeyed by a lgartietermine how the wave function
U describing an assemble of identical particles behavesruntigchange of any pair of parti-
cles, say 1 and 2. The theory says that under exchange ofddeimbsonsl is symmetric and
under exchange of identical fermiolisis anti-symmetric.
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Fundamental fermions

The experimental data from high-energy experiments careberghed by Standard Model [12,
13] of particles and their interactions, formulated in tlee@nd part of twentieth century. Ac-
cording to this model, all mater is built up from a small numbiEfundamental spin /2 particles
(fermions): 6 quarks and 6 leptons. For each constituensyiinbol and a ratio of of its electric
charge() to elementary chargeare given in the Table 9.1.

Table 9.1: A list of elementary fermions.

| Particle| Flavor| | | Q/le][|
leptons e w| ™| -1
Ve vy | vy 0

quarks u c | t | +2/3
d s | b|-1/3

e Leptons

The leptons carry integer electric charge, the electrigrfamiliar to everybody and other leptons
are muorny and taonr, heavier than electron. The neutral leptons are calledtfimas” v. A
different flavor of neutrinose( 1, 7) is paired with each flavor of charged leptons. Neutrinoswer
postulated by Pauli in 1930 in order to explain energy and smdom missing in the process of
nuclear( decay, where an electron is emitted together with its neaitri. The masses and mass
limits are collected in Table 9.2.

Table 9.2: The masses of leptons taken from Particle Phizsioklet, edition 2004.
| Flavor | Charge lepton massNeutron lepton mass

e m.=0.511 MeV m,, < 3eV

1 m,=105.658 MeV | m,, < 0.19 MeV

T m,=1776.990 MeV| m,_ < 18.2MeV

e Quarks

Quarks [99] (see Table 9.3) carry fractional charges-&fe| or —:|e|. Two quarks:b andt are
called as 'beauty’ or 'true’ respectively as well. Leptongseas free particles but quarks do
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not. It is a peculiarity of the strong forces between quaheg they cannot be found existing
separately. Protons and neutrons are composed of 3 quasksiud, n = udd. The material of
universe is composed of stable particles, i.e. electearsd quarks: andd. The heavier quarks
also combine to form particles, but much heavier and nolestéiey decay rapidly and heavier
leptons decay into electrons. Two types of quark combinatiare established as existing in
nature:

e 'baryon’ =QQQ (three quark state) or 'anti-baryong})( (three anti-quark state)

e ‘'meson’ =QQ (quark - anti-quark pair).
These strongly interacting quark components are called ‘tee@rons’. Table 1.3 shows all quark
flavors, wherg) means the electrical chargg,is a baryon number; is the third component of

spin, J¥ means spin and parity. The last four columns reflect to quasiofs: S- Strangeness,
B’- Beauty,C- Charm,T-Top. Quark composition of few examples of mesons and barjn

Table 9.3: Quarks and quark properties taken from Particlesies Booklet, edition 2004.

| Name | Symbol | Mass | Q[B| L | ¥ [s|B]C]|T|
up u 1.5-40MeV | +2/31/3|+1/2/1/2t | 0| 0| 0| O
down d 4.0-8.0 MeV /3 (13| -12112F 0, 0|00
strange S 80.0-130.0MeV| -1/3 |1/3| 0O |12t |-1/ 0| 0| O
charm c 1.15-1.35GeV | +2/3|1/3| O |12t | 0| 0 |+1]| O
bottom b 41-49GevV |-1/3 |13, 0 |12T|0|-1|0 |0
top t 174.3-178.1 GeV +2/3 | 1/3| O /271 0| 0| 0 | +1

presented in Table 9.4.

Table 9.4: Quarks compositions.
| Meson| Composition | Baryon| Composition|

Tt ud P uud
wt ud n udd
0 i + dd + s3 A uds
Kt us =0 uss
K~ su O~ $Ss
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Interactions
Standard Model does not describe all interactions of el¢éangiparticles. There are four funda-

Table 9.5: Fundamental interactions.
| Interaction | Mediator | Spin/parity|

Strong gluon, G 1
Electromagnetig photon,y 1~

Weak w=*, 29 1-,1°F

Gravity graviton, g 2t

mental forces responsible for all interactions betweendamgbjects, which are listed in Table
9.5 with their basic properties. Two of them (gravitatioaatl electromagnetic) are commonly
known and they share some common characteristics.

e 'Gravitational’ interactions exist between any objectshamon-zero mass. Such inter-
actions are the weakest and their potential is determinechdgs of interacting objects.
They play a crucial role in astronomy and astrophysics. 8segly that are mediated by
2 bosons called 'gravitons’. Experiments dedicated to@epsuch bosons (LIGO [100],
VIRGO [101]) still perform their measurements.

e 'Electromagnetic’ interactions are quite similar but tleecke acts upon electrical charge.
There are two of types of electrical charge: “positive” anédative”. These interactions
are responsible for many phenomena in nuclear physics rircplar for the bound states
of electrons within nuclei, i.e. atoms and molecules anctarged by 'photon’ exchange.

e 'Strong’ interactions are responsible for confining quarisde hadrons (in protons and
neutrons), and the protons and neutrons within nuclei. Tiemgth of these forces binds
nucleons inside a nucleus exceeding a repulsion interechetween protons. The theory
of strong interaction describes dependencies betweeksjuvariewed in the section 1.2.
In addition to the other types of charges (mass, electricge)aquarks have a “color”
(red, blue or green and three anti-colors: anti-red, anibanti-green), the charge of
strong forces and they combine in two (quark-anti-quarkghcee quarks or anti-quarks
to form a “white” meson or baryon. The energy in this field isrgmasing as the distance
between quarks is growing! In the case of separating, tleefof interaction is increasing
to the point where a new pair quark-antiquark can be produtkd interactions between
quarks are carried by 'gluons’.
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e 'Weak’ interactions are specified by the process of nugbedecay, involving the emission
by a radioactive nucleus of an electron and neutrino. TheetararelV+, Z° bosons with
their masses of order 100 times of the proton mass.

To indicate the relative magnitudes of the four forces enxggh present universe, the comparative
strengths of the force between two protons are as presentkd Table 9.6.

Table 9.6: Strengths of forces.
| strong| electromagnetid weak | gravity |

1] 1072 [ 1077 | 1079 |

Limitations of the Standard Model

Standard Model provides successful description of thegntags of the fundamental constituents,
as well as of the electromagnetic, strong and weak intenastetween them. It describes per-
fectly many experimental data, however a model does havdifesations. Gravitational in-
teractions are not included despite of many attempts to fim@yato combine all interactions
together. In the Standard Model neutrinos are considerathas-less particles, when there is an
evidence confirming non-zero mass of neutrinos. The Moddgiates many arbitrary parameters
and the origin each of few of them is not clear. The phenomeriaark matter still waits for
an explanation and the problem of asymmetry between matteaiati-matter existing in present
universe as well. However, the Standard Model forms an itapopart of a complete theory of
elementary particles and their interactions.
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Appendix 2- Symbols and conventions used

This part define the formulas which are used for two-parteparation distributions. In terms
of two-particle correlations, distinguishable particleand?2 are considered. Each particle is
described by its coordinates of freeze-out: spatjal, z and time:¢ (four-vectorx = {t, 7'}),
and by its momentum coordinateg;, p,, p. (momentum) and> (energy) (four-momentum
p = {E,7’}) in the reference frame of the emitting source (CMS). When taxdiges are
combined into a pair, a new reference frame can be introduciedme where the center-of-mass
of the pair rests. This frame is called Pair Rest Frame (PRH)e¥an PRF are marked with
asterrisks *.
The total momentum of pair

P=p,+p,=2p (9.1)

and the relative momentum of pair
q=pP; — P (9.2)

are the most important quantities. For non-identical pkasiare generalized momentum differ-
ence is defined:

¢=d - P(gP)/P’ (9.3)

In PRF the one has
i =1{0,2k"} (9.4)

where k* is the momentum of first particle of pair in PRF. In CMS one alse tiee spatial
coordinate
X = [(P1P)X; + (p,P)x2]/P° (9.5)

Also new directions can be defined, similar to the, side andlong decompositions of Bertsch
and Pratt. Théong direction is the direction of beam axis, or In the transverse plane theat
(or z) direction is the one of the momentum of the pﬁr andside (or y) is perpendicular to
out andlong.
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Pair separation can also be calculated:

T =TT (9.6)
Thetime difference:
At =1, —to (9.7)

Both of the variables can be calculated in the PRF and then tiesyesmoted as’ andt*.

For non-identical particles it is significant which partids$ first and which is second, as the signs
of 7 and ¢ depend on ordering. Therefore a convention is adopted hieafirist particle is
always the one with lower mass, if both particles have theesauasses, the one with larger value
of charge is taken as first.

The procedure of decomposition of and%” into out, side andlong is described below. First,
the pair is boosted to the Longitudinally Co-Moving Syster€KlLS), that is the system where:

P12 = —P2. (9.8)
along thez axis with velocity
B. = p-|/E (9.9)
Then
Kiong = pfSMS _ —pﬁ?MS (9.10)
Tlong = Tz = T2,z (9.11)

Then a pair is rotated so that itsaxis is along the pair transverse momentum. Then a pair is
boosted to the PRF alongaxis with

B = |pel /(E* = p2) (9.12)
Other components are given:
Kow =Pla’ = Dy (9.13)
and
kige = DLy = —pon" (9.14)
Similarly:
Th = rffF — rng (9.15)
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and

« _ _PRF _ _PRF
Tside = T1y — T2y (916)

The initial separation in CMS~ can also be decomposed into three components; 74,
Tiong- SiMple relations between the pair separation in two refedrames are given:

Tside = Tside (9.17)

Tl*ong = ’YZ(rlong - 6zAt) (918)
Atroms = 7:(Al = B:Tiong) (9.19)
Tout = Ve(Tout — BiAtronrs) (9.20)
t* = ’Yt(AtLCMS - ﬁtrout) (921)

wherey, = (1 — 8%)~Y2andy, = (1 — g7)~V/2
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Appendix 3- Two-particle separation
distributions - comparison of UrQMD and
EPOS

This part contains the results of Mean and RMS values for tanbigde separation distributions
presented in Chapter 8. Here pairs of particles composean§@nd kaons are listed:

Table 9.7: Mean values and RMS for two-pion separation distions for all pions and only
primordial ones separately. The table contains numbersifoside, long andtime components.
Precision of each number is of the orderofl %.
’ UrQMD ‘ out ‘ side ‘ long ‘ time ‘
All: mean value 0.002 | 0.019 | 0.002 | 0.003
All: RMS value 11.632| 11.163| 16.464| 17.660
Primary: mean value -0.001 | 0.001 | 0.001 | 0.002
Primary: RMS value 7.845 | 7.735 | 2.564 | 14.324
EPOS out side long time
All: mean value 0.006 | 0.003 | 0.009 | 0.005
All: RMS value 5.828 | 5.693 | 7.817 | 9.782
Primary: mean value -0.003 | -0.002 | 0.002 | -0.003
Primary: RMS value| 4.125 | 3.732 | 6.129 | 5.031
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Table 9.8: Mean values and RMS for pion-kaon (like signs) sejman distributions for all par-
ticles and only primordial ones separately. The table ¢ostaumbers foout, side, long and
time components. Precision of each number is of the order 0.
’ UrQMD \ out \ side \ long \ time ‘
All: mean value | -2.102| 0.002 | 0.003 | 0.910
All: RMS value 11.316| 10.261| 15.707| 17.474
Primary: mean value -2.343 | 0.001 | 0.001 | 1.786
Primary: RMS valuel 8.2090| 7.601 | 12.643| 14.82
EPOS out side long time
All: mean value | -0.623| 0.000 | 0.012 | 0.523
All: RMS value 5.827 | 5.060 | 7.350 | 7.443
Primary: mean value -0.121 | 0.002 | 0.012 | 0.624
Primary: RMS value| 3.827 | 3.633 | 6.143 | 5.056

Table 9.9: Mean values and RMS for pion-kaon (un-like sigepasation distributions for all
particles and only primordial ones separately. The tablgans numbers fovut, side, long
andtime components. Precision of each number is of the order 6.
] UrQMD \ out \ stde \ long \ time ‘
All: mean value | -2.088| 0.002 | 0.002 | 0.917
All: RMS value 11.333| 10.274| 15.719| 17.484
Primary: mean value -2.342 | 0.001 | 0.002 | 1.815
Primary: RMS value 8.218 | 7.602 | 12.629| 14.826
EPOS out side long time
All: mean value | -0.626| 0.000 | 0.005 | 0.277
All: RMS value 5.820 | 5.059 | 7.338 | 7.427
Primary: mean value -0.120| 0.001 | 0.004 | 0.613
Primary: RMS value| 3.832 | 3.633 | 6.121 | 5.038
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Table 9.10: Mean values and RMS for two-proton separatiamiloligions for all particles and
only primordial ones separately. The table contains numfeeut, side, long andtime com-
ponents. Precision of each number is of the order df%.

’ UrQMD \ out \ side \ long \ time ‘
All: mean value 0.002 | 0.002 | 0.002 | 0.001
All: RMS value 16.784| 14.307| 17.728| 20.542

Primary: mean value 0.001 | 0.002 | 0.001 | 0.001

Primary: RMS value| 9.517 | 8.397 | 11.366| 16.527

EPOS out side long time
All: mean value | -0.004| 0.002 | 0.006 | -0.004
All: RMS value 4.344 | 3.955 | 4.611 | 4.516
Primary: mean value 0.003 | 0.000 | 0.000 | -0.003
Primary: RMS value| 3.763 | 3.714 | 4.268 | 3.435

Table 9.11: Mean values and RMS for two - anti-proton sepamatistributions for all particles
and only primordial ones separately. The table containsbheusnforout, side, long andtime
components. Precision of each number is of the order v%.

] UrQMD \ out \ stde \ long \ time ‘
All: mean value 0.000 | 0.002 | 0.004 | 0.004
All: RMS value 10.381| 8.624 | 11.781| 16.123

Primary: mean value -0.001 | 0.002 | 0.002 | 0.003

Primary: RMS valuel 8.904 | 7.622 | 10.335| 15.339

EPOS out side long time
All: mean value | -0.013| 0.005 | -0.009 | -0.003
All: RMS value 4.372 | 3.966 | 4.541 | 4.507
Primary: mean value -0.008 | -0.002| -0.001 | -0.001
Primary: RMS value| 3.798 | 3.712 | 4.138 | 3.403
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Table 9.12: Mean values and RMS for proton - anti-proton sejmar distributions for all par-
ticles and only primordial ones separately. The table gostaumbers foout, side, long and
time components. Precision of each number is of the order 0.
’ UrQMD \ out \ stde \ long \ time ‘
All: mean value | -6.481| 0.004 | 0.004 | 6.770
All: RMS value 13.910| 12.187| 15.949| 19.051
Primary: mean value -0.818 | 0.003 | 0.002 | 1.591
Primary: RMS value| 9.160 | 8.374 | 11.191| 15.913
EPOS out side long time
All: mean value | -0.059| -0.005| 0.013 | 0.048
All: RMS value 4281 | 3.878 | 4.586 | 4.5087
Primary: mean value -0.051 | -0.003 | -0.005 | 0.0323
Primary: RMS value| 3.689 | 3.627 | 4.204 | 3.410
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Glossary

Presented definitions refer to the subject of discussed werk. They may not contain full
information about defined term.

Anti-particle - a particle associated with every particle, it is charazeer by exactly the same
mass and life-time, but opposite values of electric chargegnetic moment, baryon num-
ber and flavor.

Baryon - the family of subatomic particles which are made of threarkgs. The family includes
the proton and neutron, which build up the atomic nucleus.

Big Bang - the cosmological model of the universe whose primary &sses that the universe
has expanded into its current state from a primordial camdibf enormous density and
temperature.

Boson - particles with an integer spin, they obey Bose-Einsteitisiies, i.e. the wave-function
describing two identical bosons is symmetric under patichange.

Bottom quark - quark which is also called 'beauty’ quark, it has electhiage—1/3|e|, it was
discovered in the form of upsilon mesdib),

Charm quark, charmonium - quark of electric charge-2/3|e|, it forms charmonium state
J/V = cc

Chirality - Mathematically, it is the sign of the projection of the spéttor onto the momentum.
Mass-less particles such as the photon or the gluon havduébshirality: a mass-less
particle appears to have spin in the same direction aloraxissof motion regardless of
point of view of the observer. A mass-less particle moves whe speed of light, so a
real observer (who must always moves slower than the spekghtf cannot be in any
reference frame where the particle appears to reverselatsveedirection, meaning that
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all real observers see the same chirality. Because of tlaglitbction of spin of mass-less
particles is not affected by a Lorentz boost (change of vangpin the direction of motion
of the particle, and chirality is fixed for all reference fraspit is absolute. Particles which
do have mass such as electrons or quarks have relativeitghivahtich depends on the
observer’s reference frame. In the case of these partitlisgpossible for an observer to
change to a reference frame that overtakes the spinniniglpam which case the particle
will then appear to move backwards, and its apparent ctyinadil reverse.item [Color] -
a fundamental property of quarks, was given to the stronggehaf quarks, which interact
with each other. As more than one fermion cannot exist in #messtate with another
fermion, color differs them.

Collider - atype of a particle accelerator involving two beams ofipkas$ approaching directly
against each other. Particles collide moving in oppositeations.

Confinement - a property of strong color interaction between quarks,re/lg@arks cannot exist
in a single states, but they has to be bound inside hadrons.

Correlation function (of two particles with close velocities) - a function illuating FSI and/or
QS (depending on system) which allows one to deduce sowree si

Cross section- the rate of particular reaction. This is an effective anglasiended by the target
particle to an incident beam. It is numerically equal to thaction rate per target particle
per unit incident flux.

Debye-screening- The effect known in electrostatics, in the case of few elecharges, the
effective potential of interaction depends on e.g. Debyeesing radius, which lead to that
the electrical charge of some sources is screened by armtksr Then, it was proposed
that similar screening can occur in QGP, and the interadigtveen quark 'c’ and their
anti-quark (// Psi particle) becomes weaker with increasing their relatiatatice; thus
production of.J/ Psi particle was proposed as one of signature of QCD.

Fermion - particles with a half-integer spin, such as protons andtelas. They obey Fermi-
Dirac statistics, i.e. the wave-function describing twertcal fermions is anti-symmetric
under particle exchange.

Flavor - a generic name to describe different types of quarks (upndstrange, charm, top,
bottom).
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FSI - Final State Interaction (Coulomb and Strong) present dunmal state of source evolution,
in two-particle correlations FSI are reflected in the shdpmaelation function

Flow - a collective motion of matter created in heavy-ion cadiis.

Freeze-out - final part of hadronization, it can be thermal or chemicdteAthis part of source
evolution- hadrons and other products move to detector ande identified in the case,
when do not decay before registration.

Gluon - elementary particle that cause quarks to interact, analdisectly responsible for the
binding of protons and neutrons together in atomic nuclei.

Hadron - strongly interacting composite subatomic particle. Adldnons are composed of
guarks. Hadrons are divided into classes of mesons andimryo

Hadronization - the process of the formation of hadrons out of quarks andngu

Hyperon - subatomic particle which is a baryon (and hence a hadroradadmion) with non-
zero strangeness, but with zero charm and zero bottomness.

Hydrodynamics - is a branch of theoretical fluid dynamics which deals withvflaf an ideal
fluid. An ideal fluid is both incompressible and inviscid.

Impact parameter b - parameter describing a collision centrality; it is theg#nof vector con-
necting centers of collided nuclei, while nuclei are cdlid In the case of central col-
lisions, parameter [b]=0, for non-central ones can achexen two radii of nuclei; for
ultra-peripheral collisions it exceeds [2R] (in symmetridlisions of two identical nuclei,
where [R] is the radius of one nucleus).

Isospin - a quantum number related to the strong interaction andespfd the interactions of
the neutron and proton, it differs proton and neutron.

Jet - a stream of particles produced in hard processes.

Meson - a strongly interacting boson, a hadron with integral spis,composed of combination
of valence quark and anti-quark.

Mini-jet - is a pair of partons which go in opposite directions (likenstard jet), but their trans-
verse momentum can be considered as a lower limit of harcepses)f; > 2 GeV).

Participant (of a collision) - part of collided nuclei which directly talpart in the collision.
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Resonance- unstable hadron due to strong interactions.

SH - Spherical Harmonics are angular portion of an orthogoralo$ solutions to Laplace’s
equation represented in a system of spherical coordinates.

Spectator (of a collision) - nucleon from collided nuclei that does tette part during collision
directly.

QED - Quantum electrodynamics (is a relativistic quantum fi¢ldory of electrodynamics.
QED was developed by a number of physicists, beginning inldtee 1920s, it mathe-
matically describes all phenomena involving electricalharged particles interacting by
means of exchange of photons.

QCD - Quantum chromodynamics is theory of the strong interadiolor force), a fundamen-
tal force describing the interactions of the quarks andmggufound in hadrons (such as the
proton, neutron or pion). QCD is a quantum field theory of a spdand called a non-
abelian gauge theory. It is an important part of the Stant&rdel of particle physics. A
huge body of experimental evidence for QCD has been gathesxdlee years.

QGP - a quark-gluon plasma is a phase of quantum chromodynaQIC® ) which exists at
extremely high temperature and/or density. This phasestsraf (almost) free quarks and
gluons which are the basic building blocks of matter.

QS - Quantum Statistics, a calculation of quantum mechanicsléntical fermions or bosons.

Rapidity - a variable connects energy and longitudinal componentofientum:y = 1in <§%§>

. . o d — . — > o 2
Another relations are giventy = <=, cosy=-= andsmy—jl—T, wheremy = /m? + p3.
is a transverse mass aft= +/p? + m2.

Thermodynamics - a branch of physics that studies the effects of changesnpeeature, pres-
sure, and volume on physical systems at the macroscopie lsganalyzing the collective
motion of their particles using statistics.
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