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Streszczenie

Praca stanowi c& programu badazderzé cigzkich jonéw wykonywanych dla wyfnienia
wiasndsci silnie oddziatujacej materii w wysokich temperatira@rzy duwzej gest&ci liczby
barionowej. Do tego typu badazbudowano eksperyment NA49 (typu statej tarczy) rejestru
jacy czastki natadowane. Jest on usytuowany na przysgees czastek Super Proton Syn-
chrotron (SPS) w Europejskim&odku Bada Jadrowych (CERN). Podstawowe detektory
tego eksperymentu, Komory Projekcji Czasowej - Time Pt@gedChambers (TPCs), rejestruja
Slady czastek natadowanych, co pozwala na rekonstrigdigku elektrycznego, masy i pedu
czastki. W wysokich temperaturach, odpowiadajacynzydu gest&ciom energii, mpe
nastepowa przegcie fazowe z materii hadronowej do materii uwolnionych Kwav i glu-
onow nazywanej plazma kwarkowo gluonowa - Quark Gluorsiak (QGP). W czasie ponad
dwudziestoletniego okresu badaykryto szereg zjawisk wskazujacych na produkcje QGP w
zderzeniach cigkich jader przy wysokich energiach. Eksperyment NA49rgt&fekty ktére
wskazujaze proég na produkcje QGP znajduje sie w obszarze ener§ii SP

Podstawowym celem tej pracy jest analiza produkcji rezedani*(892)° i K*(892)°
w centralnych oddziatywaniach otow-otow przy energii gka 158 GeV na nukleon. Pro-
dukcja rezonansow jest szczegolnie czuta na dynamikezedex i warunki, w ktérych us-
taja oddziatywania pomiedzy wyprodukowanymi czastk@mw. wymrazenie, ang. freeze-out).
Przekroczenie progu na produkcje QGPzmd\t sygnalizowane przez anomalige kroseo
(liczba rezonans6w na pojedyncze oddziatywarie}892)° i K*(892)" w zalendsci od en-
ergii zderzenia. Otrzymane krotec rezonanséw moga pomoc W wyznaczeniu progu pcre)
fazowego pomiedzy materia hadronowa (HG) a plazma kavao-gluonowa (QGP).

Analiza produkcji rezonansow *(892)° i K*(892)° napotyka na dee trudnéci déwiad-
czalne. Ze wzgledu na mate kro6w i szerokie rozktady masy (krétki czagcia~ 4 fm) syg-
naty rezonansow tona w olbrzymim tle generowanym przezkaitkczbe wyprodukowanych

czastek.



Podczas realizacji pracy pragieszono czasochtonne programy do analizy danych.
W znaczacy sposo6b ulepszono procedury do opisu tta magynieaniczej dzieki stworzeniu
nowego algorytmu tzw. mieszania przypadkéw. Algorytm temaszczono w oprogramowa-
niu eksperymentu NA49. Okstono efektywnéC detekcji potrzebnej do otrzymania ostate-
cznych wynikéw poprzez symulacje przypadkow i generoeaygnatu odpowiedzi detektora.
Dla symulaciji i rekonstrukcji przypadkéw dokonano szeregtymalizacji skryptow generujac
duza statystyke symulowanych zdainze

W celu zbadania wiasiai fizycznych mezondwk™* i K* przeprowadzono szereg bada
Wydobyto sygnat rezonansow* i K* z rozktadu masy niezmienniczej. Sygnat rezonanséw
jest dobrze widoczny w @nych przedziatach @piesznéci i pedu poprzecznego. Otrzymano
rozktady kinematyczne @piesznéci i pedu poprzecznego mezondw i K* wraz z okréle-
niem ich krotnéci dla centralnych zderaeotéw-otéw dla energii wiazki 158 GeV na nukleon.
Uzyskane wyniki poréwnano z wynikami eksperymentu STAR i adelami UrQMD oraz
HGM. Zaobserwowano efekt ttumienia produkcji rezonansé¥umkciji czasuzycia dla rezo-
nansowk*, A(1520) i ¢. Przésledzono efekt ttumienia rezonansdw i K* w funkcji wielkosci
systemu w poréwnaniu do danych modelu HGM.

Pokazanoze mezonyK* i K* sa szczegOlnie weiiwe na dynamike zderzenia. Spadek
krotncsci rezonanséw w poréwnaniu do modelu gazu hadronowego (H{gst zapewne
spowodowany absorpcja krétkgciowych czastek w gestej, silnie oddziatujacej miater
zarazem rozpraszaniem produktéw ich rozpadu. Informacjmaga poméc w oszacowaniu
czasu
hadronizacji pomiedzy wymeaniem chemicznym, a wynzaniem kinetycznym.

Wyniki tej pracy motywuja do dalszego pomiaru produkciiaaanséw w zderzeniach zie
kich jader przy wysokich energiach, w szczeg@&ciado analizy rezonanséw przy wszystkich
energiach dostepnych w eksperymencie NA49 oraz do praguaizenia petnej analizy pro-
dukciji krétkazyciowego rezonansp(770). Wyniki dotyczace jego produkcji mogtyby istotnie

wzmocnt interpretacje wynikow dotyczacych rezonans&Wprzedstawionych w tej pracy.
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Chapter 1

Introduction

This thesis is a part of the broad program to study hadronymtozh in central lead+lead colli-
sions at beam energy 158 GeV per nucleon (correspondingitereef-mass energy7.3 GeV
per nucleon pair).These investigations allow to estalgrsiperties of strongly interacting mat-
ter at high energy densities created in relativistic nusleucleus collisions. The work is based
on the data registered by the NA49 experiment located atuiper3 roton Synchrotron (SPS)
accelerator at European Organization for Nuclear Resg&ERN) in Geneva, Switzerland.
The NA49 detector is a large acceptance spectrometer witltleadentification capabilities,
where a beam lead nuclei collide with a fixed lead target. @thparticles are registered by
the Time Projection Chambers (TPCs) in the form of trackidally about1000 tracks are
recorded in central Pb+Pb collisions at 158 GeV per nucldus s the highest SPS energy for
Pb+Pb interaction).

With increasing collision energy, the energy density ofteratreated in nucleus-nucleus
collisions increases. At low energy densities stronglgratting matter is in the form of a gas
of hadrons. At sufficiently high energy densities (0.6 — 1 GeV/fm?) the created matter is ex-
pected to be in a state in which quarks and gluons are decdnfoecalled quark-gluon plasma
(QGP) is created. During the last twenty years of reseahehietwere numerous observations
of possible signatures of QGP creation. Difficulties in datarpretation are caused by the re-
quirement that the QGP signatures should survive the psadfdsadronization not succumbing
to the change from the QGP state to the hadrons registereaatticlp detectors. The results of
the NA49 energy scan program with lead-lead collisionsesas/an evidence for the onset of
deconfinement at the low CERN SPS energies. Some of the frddignatures of QGP appear
rapidly when crossing the CERN SPS low energy domain (30-GéeV).



CHAPTER 1. INTRODUCTION

This work is a part of a vivid effort to study resonance praducin nucleus-nucleus col-
lisions. Resonances are strongly decaying hadrons watirlies that are comparable to the
lifetime of hot dense matter produced in heavy-ion colhisioThey are particularly sensitive to
the dynamics of collision as well as conditions at which styanteractions between hadrons
cease, so-called freeze-out of the system.

The specific goal of this work is to analyze the productiodkof892)° and K*(892)° res-
onances in central Pb+Pb collisions at the top SPS ener@/ GeV. This is the first step
towards establishing the energy dependencE af892)° and K *(892)° production properties
in the region where the onset of deconfinement is locate&s@rg the threshold for the produc-
tion of QGP may also influence the production of strange r@scesk *(892)° and K *(892)°,
and thus a next evidence for the onset of deconfinement magthblished. Measuring the
K*(892)" and K*(892)° is important due to their short life-time and the non-zerarggeness
content. The strangeness production carries informatiotne early stage of collisions, when
its yield is established. The short life-time results in assgévity to the rescattering and re-
generation effects in hadronic phase, which propertiesdamdtion depends on the history of
collisions. Experimental analysis of resonance prodadtiomucleus-nucleus collisions encoun-
ters huge difficulties and thus the existing data are redtigoor. First, this is due to the small
multiplicities and the broad mass distributions (shod-liimes) of resonances. Second, due to
a high multiplicity of all produced hadrons and consequewmry high background present in
the resonance analysis. Thus, the weak resonance sigakised by a flood of background.

The thesis is organized as follows. In Chajiler 2, the thaldiackground relevant for this
work is introduced. The experimental setup and the recoctsbn software are described in
ChapteB. Special attention is given to the particle idimatiion using the specific energy loss
in the TPC gas, fundamentals of this procedure are presentedaptefd. The data analysis
methods are explained in details in Chapler 5. The resultamdity and transverse momentum
spectra of *(892)° and K*(892)° are shown in Chapté&f 6. The data are compared to the other
measurements and to the Ultrarelativistic Quantum MobacDlynamics (UrQMD) model as

well as to the Hadron Gas Model (HGM) in Chadikr 7. The worluimmarized in Chaptél 8.

10



Chapter 2

Theoretical background

In this chapter theoretical concepts which are needed temstahd a motivation of the per-
formed experimental study are summarized. The StandarceMicelementary particles and
interactions is presented in sectionl2.1. The concept ohgly interacting matter (SIM) and

a hypothetical phase transition between hadron-resorgasgéHRG) and quark gluon plasma
(QGP) are discussed in sectlonl2.2. In Eigl 2.1 an artistieaf two phases is shown: hadronic
matter and the state of quark gluon plasma. The experimeriglof nucleus-nucleus colli-

sions in the study of the phase diagram of SIM is presenteédtici[Z.B. Signatures of the
phase transition between HRG and QGP are discussed inrd2dioThe production of strange

resonances and their role in the study of A+A collisions tedduced in sectiof 2.5.

Figure 2.1: Artistic view of the two phases of strongly irteting matter, quark-gluon plasma
(left) and hadron-resonance gas (right) [1].

11



CHAPTER 2. THEORETICAL BACKGROUND

2.1 Standard Model

The Standard Model summarizes the current orthodox vielw@elementary particles and their
interactions. The main theoretical idea was born in 197@stamas developed in 1980s. Up to
now, almost all strong, electro-magnetic and weak teste®Standard Model, that describes
the three fundamental forces, have agreed with its predistiHowever, the Standard Model
falls short of being a complete theory of fundamental irdBoas, primarily because of its lack
of gravity inclusion. Furthermore, quantitative predicis for strong interactions are up to today
limited only to a very rare class of processes with a verydangmentum transfer. The Standard
Model has a large number of numerical free parameter$d) that must be put "by hand" into
the theory. The matter particles described by the StandadieMall have an intrinsic property
known as "spin” that absolute value is determined.t¥hus, the matter particles are fermions
and they follow the Pauli exclusion. Apart from their antipde partners, a total of twelve
different types of matter particles are known and accoubyeitie Standard Model. Six of these
are quarks: up, down, strange, charm, top and bottom, aratlieesix leptons: electron, muon,

tau, and their corresponding neutrinbs]2,13, 4].

Three Generations
of Matter (Fermions)

| [l 1

mass—|3 Mev 1,24 GeV 172.5 GeV 0
charge— 24 2 24 t 0 'y
spin—| %2 u Y2 C Ya 1
name—  up charm top photon
6 MeV 95 MeV/ 4.2 GeV 0
v [ -1 -
cxd xS kbl 9
s BB 15 Vs it
8 down strange bottom gluon
=2 eV =0.19 MeV =18.2 MeV 90.2 GeV O
0 'I) 0 0 I ! 0 Z
15 (SHEE"A ) 1 o
electron muon tau eak | &
neutrino || neutrino || neutrino orce O
0.511 MeV | [106 MeV 1.78 GeV 80.4GeV Vi
@ kM TIEW ¢
A
g_ b7) s ]J- 7] 1 o
electron muon tau weak | -
@ ol -

Figure 2.2: Particles of the Standard Model. Figure takemf[3].

12



CHAPTER 2. THEORETICAL BACKGROUND

In the Standard Model the interactions between mattergb@stare pictured as an exchange
of bosons. Electromagnetic interactions are mediated byoph, exchange, weak interactions
are described by bosod® ", W~ and bosonz’. The strong interactions are determined by
gluons. Each quark is able to have one of the three colorsti@aa quantum number) which
indicates state of charge. Finally, the three colorful gkhargive color charge which is equal to
zero. It is similar situation to tone of light for example blugreen, and red. After mixing the
three colors together, they give white neutral color. Femtiore, each quark has an opposite
charge particle that is called anti-quark. They have threecalorful charges (anti-red, anti-
green, anti-blue). So far all observed strongly interacparticles are color neutral, they are
called hadrons and consists of different combinations efkgiand anti-quarks. Two types of
hadrons are distinguished: mesons and baryons. Mesoramrcguaiark-antiquark pairs, barions
contain quark-quark-quark combination and anti-bariomstain three anti-quark structures.
Thus quarks are confinemed into hadrons and this is an unigpepy of strong interactions.
A carrier of strong interactions is gluon which has colorrgea(an unit of color and unit of
anti-color). A particular feature of strong interactiossconfinement, it is when the distance
between two quarks increases then the interaction betvireem becomes stronger. The strong
interactions are described by the Quantum ChronodynaQIC®j. In the description of quark
properties it is necessary to take into account also el@etgmetic and weak interactions. The

properties of particles which were discussed above are suiped below and in Fig.—2.2.

e Each quark carries one of three color charges (red, gredo@y, lenabling it to participate

in strong interactions.

e The up-type quarks (up, charm, and top quarks) carry anrelettarge of+§, and the
down-type quarks (down, strange, and bottom) carry anretedtarge of—%, enabling

both types to participate in electromagnetic interactions

e Leptons do not carry any color charge - they are color neutraventing them from

participating in strong interactions.

e The electron-type leptons (the electron, the muon, andathéepton) carry an electric

charge of -1, enabling them to participate in electromagmeteractions.

e The neutrino-type leptons (the electron neutrino, the maririno and the tau neutrino)
carry no electric charge, preventing them from particigain electromagnetic interac-

tions

13



CHAPTER 2. THEORETICAL BACKGROUND

e Both quarks and leptons carry a handful of flavor chargedudnag the weak isospin,

enabling all particles to interact via the weak interacgion

2.2 Phase diagram of Strongly Interacting Matter

Modern Universe

|

a

=

a

=

= =
= = wr
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=} = =
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2 w o =
= - = e
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= =] = 30
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o
-

|

Y
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Age of the Universe

Figure 2.3: Sketch of a possible Universe evolution. Figaken from [6].

Properties of an equilibrium state of strongly interacipagticles, Strongly Interacting Mat-
ter (SIM), have been discussed since beginning of 19706j7@. of the goals of contemporary
physics is to establish properties of SIM its phases anditians between them. It is com-
monly believed that QGP existed in the first moments of theséhsie creation (see Fig._R.3 for
illustration) and today may exist in the interior of neutsiars. The only method which allows
us to study QGP in the laboratory is to collide heavy nucl¢ith& early stages of the collisions
QGP may be createdl[8, 9].

Accordingly to the current theoretical prediction the stat which matter exists depends
on values of the thermodynamical parameters, such as temper7’, and baryo-chemical
potential,; 5. Fig.[2Z.4 shows the hypothetical phase diagram of SIMlin{.5) plane. The
matter at high values @f andyu g exists in the QGP state, whereas the matter at low valués of
andyu g in the state of HRG. The gray strip indicates a region of tte &érder phase transition
which the matter exists in the mixed phase. The strip end$fié\ctitical point of the second
order. Between this point angdz = 0 the cross-over region is located. The critical point is
predicted by QCD based calculations using analytical mitfhd0] and using numerical lattice
QCD simulations[[11]. At zeraz QCD methods allow to determine the equation of state EoS
of QCD and indicate that the transition is a crossover.

The current best estimate of the location of the criticaihpgives its position afly =

162 4+ 2 MeV and % = 360 + 40 MeV [12,[13,[14]. The search for the critical point is the

14



CHAPTER 2. THEORETICAL BACKGROUND

aim of future heavy-ion programs at the CERN SPS and at the BNIC [15]. Results of the
first estimate[[16] of the shape and size of a phase diagraionré@gwhich matter properties
are affected by the vicinity of the critical point are showrHig.[Z5. Guided by consideration
of [L8] the critical point signals were parametrized Gaaisshapes ifi’ andy g with o(T') ~

10 MeV ando(15) =~ 30 MeV respectivelyl[1I7].

quark gluon plasma

MeV)

— 200

T

chemical freeze-out
A 515 AGS
W SPS(NAdg)

RHIC

100~

color

- hadrons
i Me

super-
conductor

M, (MeV)

Figure 2.4: QCD phase diagram of nuclear matter in termseofeémperature (T) and chemical
potential (:z). Solid points indicate chemical freeze-out points of carfteavy ion collisions,
whereas the colored solid line hypothetical trajectorfeh® matter created in these collisions.
Figure taken from(J1].

Potentially important for the search of critical point isatithere is an extendeétl — up

region which is affected by the vicinity of the critical pbin

2.3 Ultrarelativistic nucleus-nucleus collision

The main goal of research programs, in which relativisticleus-nucleus collisions are stud-
ied, is to establish properties of strongly interactingteraand, in particular, discover its high
density state the Quark-Gluon Plasma. For this purposdeininom Pb to proton have been
collided with various collision energies. Matter in the teidefore collisions is in its low en-

ergy density state and consists of bound protons and neut&mon after a collision hot and

dense fireball is formed. Its proprieties depend on the sizeemergy of the colliding nuclei.

15



CHAPTER 2. THEORETICAL BACKGROUND

120
Xq/quree
2.0
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1.0
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>
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s
-
100 A
a0
150 200 250 300
H [MeV]

Figure 2.5: The model calculations of the shape of critiegion (« = p5/3). The values of
quark number susceptibility is divided by that of the masslieee theory(x,/x} ). Figure
taken from[16].

In particular, it temperature increase with increasindisioh energy. At sufficient high ener-
gies the fireball energy density is high enough to liberatkjand gluon from their hadrons.
The matter in the QGP state is formed. The sketches of theedpae evolution of this dense
matter are shown in Figs 2.6 ahdl12.7. The fireball createdanrtitial stage of collisions ex-
pands and cools down maintaining local thermodynamicalliegum (for RHIC ~ 0.6 — at

7o = 1 fm/c). This expansion can be modeled by relativistic hydrodyioafi8,[19/20]. This
state of matter might be represented by fluid dynamic. Itdutiem is simulated using finite
difference algorithm([21, 22, 28, P4,125]. When the mattgrrapches” ~ (150 — 200) MeV

a phase transition from QGP to HRG takes pldceé [26]. Hadrodsresonances are formed.
During further expansion and cooling-down first inelasticgmical freeze-out) and later elas-
tic (kinetic freeze-out) interactions cease. Final stadrbns are detected by an experimental
apparatus surrounding a collision point.

Nucleus-Nucleus collisions at relativistic energies hbeen studied experimentally over
last 40 years in several laboratories which carried vanessarch programs performed by nu-
merous experiments. In particular, these were performeatiénJINR Dubna, the LBL Berkeley,
the BNL AGS, the CERN SPS and the BNL RHIC.

In the near future new programs shall start at the CERN SRSCERN LHC, the BNL
RHIC (low energy), the JINR NICA and the FAIR SIS-100/300.

16



CHAPTER 2. THEORETICAL BACKGROUND

Before the collision Initial stage  Chemical equilibrium  Hadronization Freeze out of hadrons

*®

®
; '
i
3

L 2

Figure 2.6: The space-time evolution of a heavy ion collisitop: stages of evolution [28].
Bottom: visualisation of UrQMD model simulation]29,130].

time t

without QGP

with QGP

Hadron formation Parton formation and thermalization

beam axis z

%’&}
53 /‘/

Figure 2.7: The space-time evolution of nucleus-nucledksamns with (right) and without
(left) QGP formation. Figure taken frorn [31].
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CHAPTER 2. THEORETICAL BACKGROUND

2.4 NAA49 searches for the transition: HRG - QGP

Two strategies have been followed in experimental studiesioleus-nucleus collisions with
the aim to investigate properties of SIM. First collisiorisieavy nuclei at the highest possible
energy have been studied with the hope to identify signate@fQGP creation at early stage.
Many signatures of QGP creation have been proposed. Amaqtst popular are: an en-
hanced production of strange hadrons and a suppressioodiigiion of.J/¢) mesons as well
as high transverse momentum hadrons. These signals wezevetdsn A+A collisions at the
CERN SPSI[[32] and BNL RHIC33], but appeared to be not speaifig for QGP. Second, the
energy dependence of hadron production properties havedtedied with a hope to observe
the signals predicted when crossing a threshold energyh®QGP production, the so-called
onset of deconfinement. This strategy have been followetksmid 90s by the experiment
NA49 experiment at the CERN SPS. The results of this progmanfirened the predictions for
the onset of deconfinement and suggested that the thresheiglyefor the QGP creation is lo-
cated at about 30GeV (,/syy ~ 7.62 GeV). The future measurements at the CERN SPS5 [34]
(NA61/SHINE [35]) and at BNL RHICI[36] (STARI37], PHENIXI3B are planed in order to
verify the NA49 results as well as to perform a detailed stafithe transition region. In the
following subsections the basic ideas and the recent seeunlthe onset of deconfinement are

summarized.

2.4.1 The onset of deconfinement - SMES model

The Statistical Model of The Energy Stage (SMES) [39] preditat the onset of deconfinement
is located between top AGS (1U7GeV) and top SPS energies (15&eV). The NA49 data
suggest that the deconfinement starts at about@eV [40,41].
The main assumptions of the SMES model are:
- the matter created at the early stage of A+A collision isguoikbrium,
- at low temperatures the matter is in the confined state vaseaehigh temperatures it is de-
confined state,
- the transition is assumed to be of thé order,
- the entropy and total number efands quarks are assumed to be conserved from the early to

the final states.
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The SMES model has several additional assumptions. Thégdsaand the "Bag model”
equations of state are assumed for the confined matter and i@§gectively. Characteristic
property of the first order of phase transition is presendb@mmixed phase, the phase in which
confinement and deconfinement phases coexist. The SMES assighes that the temperature
of the phase transition i5. = 200 MeV, somewhat larger than the temperature of the chémica
freeze-out. The number of internal degrees of freegantreases at deconfinement, due to an
activation of partonic degrees of freedom. In final stagesthieopy is proportional to the total
number of pions. Thus, the SMES model relates the propestidee early stage, be the QGP
or the confined matter, with the properties of the final state.

The SMES model predicts rapid changes in the energy depeeaddrseveral hadron pro-
duction properties. Three of them, the ’kink’, the "horn'datie 'step’ (FidZZ.B) concern inclu-
sive particle production, whereas the other two eventamnefluctuations of hadron production
properties (the 'shark fin’ and the 'tooth’ see [39] for d&tpiThe first three will be discussed
here in detail as only for them a conclusive comparison withexperimental data is possible.

The ’kink’ prediction concerns the energy dependence oftoked entropy to the number
of participant nucleon. If the state of matter does not ckathg total entropy is predicted to

increase linearly with Fermi’s energy [40]:

F

[Wm_ sz)T/“, (2.1)
SNN

where, /sy is the center-of-mass energy per nucleon pairrardhe rest mass of the nucleon.
The slope of this dependence is proportionajtd, whereg is the internal number of degrees
of freedom at the early stage. In the QGRs larger than in the confined matter due to the
activation of partonic degrees of freedom. Thus, the SME8ehpredicts an rapid increase
of the slope of entropy dependence on the Fermi’s energyuneéhe 'kink’) at the onset of
deconfinement.

The ’horn’ structure concerns the energy dependence oftthegeness to entropy ratio.
A narrow maximum is expected and called the ’horn’. It is do@treduction of the ratio of
internal number of degrees of freedom for strange and namge particles and a reduction of
the mass of strangeness carries at deconfinement.

The 'step’ structure concerns the energy dependence oftiyestage temperature, which

in the final state is reflected in the energy dependence ofhtleese slope parameter of the trans-
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verse mass spectra of produced hadrons. In the pure phiasegrifined matter and the QGP,
the temperature increase with increasing energy densitytars with increasing collision en-
ergy. In the mixed phase the temperature is independene@fitargy density and consequently
collision energy and is equal to the assumed temperatuteegittase transition, in the SMES
T = T, = 200 MeV. Therefore the SMES predicts a step like structure inrtfveed phase
region with the plateau extending approximately over domat3 < F < 2.9 GeV'/2 (g
from 304 to 644 GeV).

400

o
PN

T MeV]

300+

200
100+

o L L L L L o L L L L L o L L L L L
0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6
F [GeV'/2 F [GeV'/2 F [GeV'/2

strangeness/entropy

Figure 2.8: The SMES model predictions: left - the kink stawe, middle - the horn structure,
right - the step structure. Figure taken frdml[39].

The predictions of SMES model were verified by the NA49 expent at the CERN SPS.
The study was focused on the pion and kaon production in @lelRb+Pb collisions at 240,
304, 404, 804 and 1581 GeV which were registered during the data taking period<9®0]1
2000 and 2002. Fi§.2.9 shows the mean multipli¢ity = 1.5 ((z*) + (7~)) per wounded nu-
cleon(N,) as a function of the Fermi’s energy measure. The world data@mnpared with the
SMES prediction. The results are consistent with the kik&-$tructure, however other models
(HSD and UrQMD) which do not assume the onset of deconfinesotcan approximately

reproduce the results.
The strangeness to entropy ratio predicted within the SMB®ve the 'horn’ structure at

the onset of deconfinement is in a good approximation prapwt to the(K ™) / (z*) ratio

and theF, ratio defined as:

B, = . (2.2)
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Figure 2.9: Left: Energy dependence of the mean pion midiiplper wounded nucleon mea-
sured in central Pb+Pb and Au+Au collision (solid symbatenpered to the corresponding
result fromp+p reaction (empty circle). Right energy dependence of tHemihce between the
measured mean pion multiplicity per wounded nucleon andanpetrization op + p data. The
meaning of solid and empty symbols is the same as in the left Phe lines indicate various
model predictions. Figure taken from[40].

Within the modelFE is calculated as:

(Ns+ N5) ¢
(S —85) /4 —a(Ny)’

E,= (2.3)

where( = 1.36 is experimentally estimated ratio between total strange®d strangeness
carried byA and K + K mesons_S, is the fraction of entropy carried by strangeness carries
anda = 0.35 is a correction for the transfer of entropy to baryons. Magtads can be found

in [39]. Calculations within the SMES for thg&, show in fact the 'horn-like’ structure, which

is consistent with the world experimental data, see[Eigd.ZResults on thé K ") / (") ratio
also show the ’horn-like’ structure. The SMES model can @dpce the sharp maximum in
the (K+) / (") and E, ratios located at about 30GeV. The UrQMD with the bag model
equation of state and strong first order of phase transitiogualitative agreement with the
experimentally observed step-like behaviour in the:w; > excitation function[[42].

The world data on the energy dependence of the inverse skopenpter of the transverse
mass spectra oK~ and K~ mesons are shown in Fig._2]11. The data confirm the predicted
'step-like’ structure, with the plateau characteristictfte mixed phase region. A linear increase
of the inverse slope parameter with the collision energgensoutside of the plateau, for AGS
and RHIC energies. The model assuming the first order phassition reproduces well the

data, whereas the models which do not assume the transaildo tlescribe them.
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Figure 2.10: Left: Energy dependence (@) / (x*) ratio measured in central Pb+Pb and
Au+Au collisions (solid symbols) compered to correspogdesults fronp+p reaction (empty
circles). Right: Energy dependence of the relative straage production as measured By
ratio in central Pb+Pb and Au+Au collisions (solid symbalginpered to corresponding results
from p -+ p reactions (empty circles). The curves in figures shows ptiedis of various models.

Figure taken from(]40].
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Figure 2.11: Energy dependence of the inverse slope pagaimef the transverse mass spectra
of K* (left) and K~ mesons (right) measured at mid-rapidity in central Pb+Rb Aum+-Au
collisions. TheK* slope parameters are compered to those fpomp reactions on the left-
hand plot (empty circles). The curves on right-hand plotresent predictions from various

models. Figure taken from [40].
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The phase transition to QGP seems to be observed at the lowrgP§es, future measure-
ments can further confirm this hypothesis. The signaturéseobnset of deconfinement, which
have been described above, are observed in the region off@\e8ergies. The experiments at
the CERN SPS such as NA49 and its successor NA61 have a dmliemvestigate the area

of the mixed phase and give a significant evidence for phassitron.

2.4.2 Other signatures of QGP creation

The pioneering signatures of QGP were proposed in the 18&08e of them are briefly dis-

cussed below.

e Strangeness enhancementn dynamical approaches to the A+A collisions the strange
hadrons or quarks are assumed to be produced in elementargations of matter con-
stituents (quarks and gluons or hadrons). As the strangd quass is much lower than
the masses of strange hadrons, the strangeness produd@H was originally expected
to be much easier than in the confined matter([48,44, 45]. Bitengeness yield relative
to the pion yield was predicted to increase when the threstioérgy for QGP creation
is crossed. This prediction is in contradiction with the NAekperimental data, and with
SMES predictions which indicated that the relative straw@gs production decreases with

increasing energy [39].

e Charmonium suppression.The suppression of charmonilﬂmroduction relative to the
Drell-Yan pairg was predicted as a signal of QGPI[46], 47]. This is due to theegtion
that in QGP the quark-antiquark QCD potential (color chargécharm quarks) will
be screened by deconfined quarks and gluons. Indeed the stfgnsuppression was
measured in central Pb+Pb collisions at 2158eV by the NA50 experiment, and the
results are presented for examplelinl[46, 48]. This supfmesannot be explained via
J /1 absorption in normal nuclear matter. It is seen only for @riRb+Pb collisions at
energy density higher theh2 GeV/fm? [48]. The data can be, however, explained by
the statistical models af /¢ production [49], which do not invoke the QGP creation.

Moreover the recent result from PHENIX experiment at RHI@ssingly showed the

1Charmonium is charm quark/anti-charm meson so-calledkguérm.
2Quark of one hadron and an antiquark of another antihadroiméate, creating a virtual photon or Z boson
which then decays into a pair of oppositely-charged leptons
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same level of//¥ although the energy density at RHIC is much higher. This fguzan
be probably solved only at LHC heavy ion experiments [50].

Electromagnetic probes.Leptons and photons created during the A+A collisions trave
practically undistorted through the created dense matighe@y do not participate in
strong interactions. The electromagnetic radiation mawiémportant probe to study
the early stage of the collision process. It can be produtéide QGP phase vigy anni-
hilation and also in the hadron gas phase, essentially via annihilation. The thermal
radiation emitted via quark-anti-quark annihilation pFes produces an exponential spec-
trum with a slope parameter reflecting the temperature afyhtem|[511, 52, 54]. Photons
and leptons may provide a measure of the thermal radiatom & quark-gluon plasma,
if the QGP emission can be isolated from the other procestasever, the yields of
electromagnetic probes are small with respect to the baackgr processes, it is electro-
magnetic decays of hadrons and resonances after freef#&5put/p to now there are no
conclusive experimental results concerning the electgmagc radiation from the QGP

phase. Nevertheless, the direct photon measurementsrésenpby many experiments.

Jet quenching.The jets are strongly focused beams of hadrons which areaupeadas
a product of a fragmentation of quarks or gluons with higimgxeerse momentay;. In
heavy ion collisions jets can be produced by the hard soagte@f quarks and gluons
from colliding nuclei. In particular, so-called dijets axgo jets emitted in the opposite
direction. Due to momentum conservation each jet is exgeitéhave a "brother” jet
emitted in the opposite direction. In the case of QGP craadigtrong jet quenching in
the dense QGP matter is expected |58, 57]. This should casspmession of the jet
yield, as well as a suppression of the "brother" jet produnctin fact, experimental data
at the BNL RHIC confirm these predictioris [58].

2.5 Production of resonances

Resonances were discovered in 1950s when strong maximabhszeved in the meson-nucleon

interaction cross section as a function of collision enefiese phenomena were classified as

nucleon excitations. The excitation life time is abaot?*s and the phenomenon was called

production of resonances. At the beginning, these "resmmsiates” were not seen as particles.
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First, a resonance as a particle was discovered in the 1352 aas A (1238) resonance pro-
duced in pion-proton interactions. Mass of the resonandefisied as a position of the peak
maximum in the invariant mass spectra of its decay produ¢ts.width of peak is connected
to the lifetime of the resonance according to the Heisenbeagrtainty principler = % The
meson for example(770) has a mass 771 MeVWand width149 MeV which corresponds to
lifetime 7 = 4.3 - 10~?*s. Soon after the first observations there was a sequenceaufveiries

of new resonance states. Due to very short life times onlygdeenance decay products can be
observed in the detector. For a long period it was discus$edher resonances are real parti-
cles [59[60]. Currently, it is commonly accepted that trerances are particles like any other
elementary particles but they only have a short life timea@, a resonance decay process
conserves all quantum numbers as well as energy and mom§®ilie2,[63]. Thus, the mea-
surement of the decay products determines the resonangerpes. The invariant mass of

particles is given by:

2 2

N N
=0 =0
in the particular the invariant mass of two particles is:
Mipy = \/(El + E»)? — (p1 + p2)*. (2.5)

Figure 2.12: Sketch of the resonance production and decaj@avy ion collision.
The study of resonance production in heavy ion collisioniffscult because in the nucleus-

25



CHAPTER 2. THEORETICAL BACKGROUND

nucleus collisions a large number of hadrons is produces. [Eads to a very large combina-
torial background. Nevertheless, numerous experimeesalts on the resonance production in
A+A collisions are already published. In particular, theaa be found in:

- overview of the resonance production in REF.[[8,[64, 65],

- resonance production in heavy ion collisions at STAR in. f&4],

- ¢ production in Pb+Pb collisions in Ref_[67,168] 69],

- K* production in Au+Au angb+p collision at,/syy = 200 GeV in Ref. [70],

- K* production in relativistic heavy ion collisions gisyy = 130 GeV in Ref. [71],

- K* production in Cu+Cu and Au+Au collision gsyy = 62.4 GeV and200 GeV in STAR

in Ref. [72].

Life-time of resonances is similar to the duration time @& Hadronization, hadronic expan-
sion and freeze-out processes. Thus, resonances giveeuopportunity to study these late
phases of A+A collisions. Furthermore, strange resonaacessensitive to the strangeness
production. As both, strangeness production and the syspewe-time evolution should be
sensitive to the creation of QGP, the resonance producsi@momsidered to carry an impor-
tant information on nucleus-nucleus collisions. The resmes can be produced directly at the
hadronization or formed later in the processes of hadraindmescattering. The decay products
may interact with the produced matter and thus lead to a sgpjam of the resonance signal if
the decay take place before the freeze-out.

The high-density state evolves into a hadron resonance lgiab finally decouples into the
observed hadrons. ThE*(892)° and K*(892)° resonance states contain amand s valence
guark respectively and therefore are sensitive to the giragss enhancement effects. Due to
the short lifetime ofk*(892)° and K*(892)° (~ 4 fm/c) the resonance productions is sensitive
to the hadronic phase. Thus, scattering process mighiogestregenerate them and thus their
yields were conjectured to be sensitive to the duration efttadronic fireball stagé[7B,174].
Furthermore K *(892)° and K*(892)° propagate in dense matter thus fraction of produced res-
onances might be absorbed. In Hig.2.12 there is an illustrat p(770), A(1520), ¢(1020),
K*(892) and K*(892) production during the nucleus-nucleus collision.

Studies of K*(892)° production at mid-rapidity in p+p, Cu+Cu, and Au+Au collies at
RHIC energies have been performed by the STAR collabor§fidn/1[72]. This thesis present
measurements ok *(892)° — K*r~ and K*(892)° — K= production at the CERN SPS

in central Pb+Pb collision at 158GeV. The data were recorded by NA49 experiment.
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NA49 experiment at the CERN SPS

The NA49 experiment is described in this chapter. The beamdsbaam counters are intro-
duced in sectiof3l1. The overview of the experimental pasgiven in sectiof312. The Time
Projection Chambers (TPCs), the most important sub-det®care presented in sectibnl3.3.
The Time-of-Flight (TOF) detectors and the Veto calorimete characterized in sectidnsi3.4
and[3.b, respectively. Data acquisition system is intredua sectiofi_316. Finally, the NA49

reconstruction, simulation and analysis software is diesdrin the sectiobh3 7.

3.1 Beams and beam counters

The H2 beam line is located in north experimental area of theS Swhere
the NA49/NA61 detector facility is installed. The experimbés uses beams from the CERN
SPS, acircular accelerator with circumferencé.6fkm. The beam is produced by a chain of ac-
celerators. Firstions are produced by Electron CyclotresdRance (ECR) source. The Pbions
are pre-accelerated in Radio Frequency Quadrupole (RF@).imear Accelerator (LINAC).
lons are striped from the electrons and they are injectethédProton Synchrotron Booster
(PSB) and then to the Proton Synchrotron (PS) acceleratmally; the beam enters into the
Super Proton Synchrotron (SPS) and is accelerated to ilssfireagy. The CERN accelerators
schematic view is shown in Fif.—3.1. From the SPS the beantiaa®d to the H2 beam line.
The transverse position of incoming beam patrticles is nredsin the telescope of the beam
position detectors located along the beam line (BPD-1/262 Fig[Z312. The resulting preci-
sion of the predicted beam position at the target is aboutm for Pb andl70 pm for proton

beams. This has to be compared to the beam profile avitih 0.5 mm and1.3 mm, respec-
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tively [[/5]. The primary event vertex position is obtainedrh the extrapolation of the beam
projectile trajectory which is measured by the BPD detectAdditional method to obtain the
interaction points is a fit to main vertex position. The dmgition of fitted points is delivered

by extrapolation the beam of the beam particle measured éypéam position detectors to
the target foil (BPD vertex). Both methods give almost thesaesults so the difference be-
tween the BPD and Fitted vertex should equal zero. Togethikrquartz Cerenkov counter S1,
helium-gas Cerenkov counter S2 and S3 detector behind &i®elect one specific nucleus.

The information about charge is given by the pulse heightesignal in the counters S1 or S2.

CERN Accelerator Complex

2007 [27 k] NA49/NA61

North Area

LHCBH

<P

CN[:;\

EEE. Gran Sasso

» ion P neutrons » p[antiproton] === pr ingantiproton conversion b neutrinog ¥ glectron
LHC Large Hadron Collider SFS Super Proton Synchrotron PS5 Proton Synchrotron

AD Antiproton Decelerstor  CTF3  Clic Test Faoilty CNGS Cern Neutrinos to Gran Sasso  ISOLDE  Isotope Ssparator OnLine DEvice
LEIR LowEnergylonAing LINAC LINear ACcelerator  r-ToF Neutrons Time Of Flight

Figure 3.1: Overview of the CERN accelerators. Figure tdkeam [[/€].
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Figure 3.2: Setup of the NA49 experiment with beam definitaol target arrangement for
Pb+Pb collisions. The target position is at front face of fir& Vertex Magnet. Figure taken

from [[75].

3.2 Experimental setup

The NA49 experiment was designed to measure charged hgohaehsced in elementary (p+p)
and heavy ion collisions with a large acceptance, good mtumenesolution, and good two-
track resolution. The NA49 is a fixed-target experiment taased to register high-multiplicity
particles produced in central lead-lead interactiondelbeht target configurations are available
for the NA49 (lead P24 mg/cnt foil, carbon C561 mg/cn?, silicon Si1170 mg/cn? disks,
and liquid hydrogen cylinder). Main components of the ekpent are four large volume time
projection chambers TPCs. They are able to register a largear of particle tracks, for in-
stancel500 charged particle in central Pb+Pb interaction at the top &RSgy. Two of the
TPC detectors (VTPC-1,VTPC-2) are installed inside thekdwf the superconducting mag-
nets (VTX-1, VTX-2).

Operation of the TPCs in a magnetic field requires either adgmaneous magnetic field
precisely aligned with the drift field, or precise knowledgenagnitude and orientation of the
magnetic field. For 158 GeV the magnetic field of the first magnet (VTX-1) was set.@oT
and the second magnet (VTX-2) had the field reducet. 1ol [77]. The magnetic field was
calculated with the TOSCA software. The magnetic fiBldeflects tracks of charged patrticles.

In case of the uniform field the momentum of a particle is deteed by following formula:

p=q-B-R- (3.2)

cos\’
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whereq [€e] is the charge of a particlé? [m] the radius of curvature of the track, and thes an
angle of track iny direction.

Downstream of the magnets the two main TPCs are installedP@AL, MTPC-R). Simi-
larity to VTPCs they allow for particle identification by tlemergy lossiE /dx measurement.
For MTPC resolution is aboui%. ThedFE /dx particle identification is complemented by a
measurement of the time-of-flight, with a resolution of at@ups, in two TOF detector arrays
positioned downstream of the MTPCs. The start signal forlt@€& detectors is measured by
the Quartz Cerenkov counter S1. The mass of a particle igetkta its momentum (measured
by the TPCs) and its time-of-flight (measured by the TOF detsf The relativistic relation

gives opportunity to determine
pc = ypPmopc, 3.2
Bmoc? (3.2)
wherey =1/4/1 — 5?2 andg = v/c and
242
(moc®)? = (pe)? (1 - 1) | (33

Another sub-detector of the NA49 facility is the Veto catoeter which was designed to
determine centrality of collisions by measuring the enafjhe projectile spectators (protons,
neutrons and nuclear fragments). The Veto-Calorimeteydated20 meters behind the target
for 1584 GeV. A typical threshold setting &f,.;, < 8 TeV results in a selection of about
4% of the most central Pb+Pb collisions with an impact patamieelow3 fm [I75, [28,[78].
Experimental setup contains also the BPD-1, BPD-2, BPD&rbposition detectors and the
S1, S2, S3, S4 scintillator detectors used for the beamipositeasurements and triggering.
Fig.[33 shows a schematic view of the NA49 experiment witfidated sub-detectors. The
experimental setup is described below in more detail. Adabcription of the NA49 detector
can be found in Ref[[75].

The origin of the NA49 coordinate system is located in thedi@df the VTX-2 magnet.
The z axis is oriented along beam line, theaxis goes to the top andaxis is horizontal and

oriented towards Jura Mountains (Hig.13.4).
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Figure 3.3: Schematic view of the NA49 experiment. The setectors are indicated in the plat:
the super-conducting magnets around the vertex TPCs, ni@s Bnd TOF detectors. Figure
taken from [27].

Figure 3.4: The NA49 coordinate system and definition of thedkinematic variableg.(mo-
mentum vector)d (polar angle) (azimuthal angle). Figure taken from]79].
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3.3 Tracking system: Time Projection Chambers

Tracking system of the NA49 experiment consists of four Tiamejection Chambers (TPCs)
which can record three dimensional trajectories and theggriess of charged particles. In the
case of NA49, these are boxes filled with a gas in the electiid (Fig.[25). Top planes of the
TPC detectors contain readout chambers and electroniesg€ih particles ionize gas atoms
along their tracks. Under the influence of electric fieldefetectrons drift to the top plane of

detector. The readout chambers contain three wire plartea pad plane (Fig.—3.6).

GASBOX

Figure 3.5: Design of the Main TPC (MTPC). Figure taken fraff][

After passing the gating grid, the electrons are sudderdglacated in the direction of the
sense wires until they have sufficient energy for secondarization. The original number of
drifting electrons is proportional to the amount of elens®riginated in secondary ionization.
The cathode plane separates the drift volume from the acgiibin volume. The total charge
of secondary electrons is deposited on the sense wires.

Furthermore, electron-ion pairs and photons are produdesl; cause a noise by additional
ionization with spark discharges. Charge deposited ondghgeswires induces charge on several
pads (a cluster) of the pad plane which allows to determieentirizontal coordinates of the
primary ionization. The vertical coordinate is determirfemm the measured drift time and
known drift velocity. The distribution of clusters is shownFig.[3.1 for the main TPC detector
(MTPC-R). The accuracy of the coordinate reconstructicabisut 0.3 mm. The large particle
multiplicities encountered in heavy ion collisions leadetdreme track densities of up €06
particles per crhin the plane orthogonal to the beam direction [75].

The pad geometry is optimized to obtain a good momentumugsaoland a good two track
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resolution. The energy loss of the charged particles isra@ted by integrating charge on its

clusters. This allows to distinguish between protons, kapions and electrons.
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Figure 3.6: Schematic layout and operation of TPC readacandter. Figure taken from [75].

The two vertex TPCs (VTPCs) are located inside the magnetricg2 m x 2.5 m plane
with a drift length of0.67 m. Between the VTPCs there is a gap20f cm. The two larger
main TPCs are installed outside of magnetic field and havétdedrgth of 1.12 m and plane of
3.9m x 3.9m. The MTPCs are also splitinto two equal halves located ¢in &ides of the beam
line. The gas mixtures are chosen to reduce diffusion angenéior the VTPCs a gas mixture
of Ne/CG; (90/10) and for the MTPCs of Ar/CHCO, (90/5/5). Diffusion coefficients have
been measured to 20 ym/+/cm and270 um/./cm respectively, for the two gases, in both
transverse and longitudinal direction. Drift fields200 V /cm (175 V /cm) correspond to drift
velocities of1.4 cm/us (2.4 cm/us) in the two types of detectors. The characteristic progeert
of NA49 TPCs are summarized in Tablel3.1.

The TPC readout system records signals fro$2000 pads. Each front-end card reads
32 pads and contains two pre-amplifiers, analog memories aaldgudligital converter (ADC).
The front-end cards work with 5@s cycle which representd 2 time bins.

Theg bit channel of ADC card stored charges and transferred widrcmency ofi 00 kHz [75].
The total number of front-end cardsig88. The digitalized information is transferred to Con-
trol and Transfer boards (CT) which are also located on the Sipport plates. Each CT-board
receives the data fror4 front-end cards. The TPC readout system contad¥sCT-boards.
The data are sent to the counting room using the optical fibles vith the speed d#2.5 MHz.
The 768 electronic channels are multiplex in a single fibre. Storage digital data processing

tasks including pedestal calculation, zero suppressioisgrrejection and event buffering are
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performed by receiver board30(2 channels per boards) mounted in a VME crate system. All
these tasks are managed by a VME computer using Motorola B8B809rocessors. In this
stage the data volume is compressed to lessitb&nof its raw volume. The raw events contain

8 MB data for central Pb+Pb collisions at 15&eV.

VTPC-1 VTPC-2 MTPC
Ne 90% 90% 0%
Ar 0% 0% 90%
CO, 10% 10% 5%
CH, 0% 0% 5%
length 2.5m 2.5m 3.9m
width 2m 2m 3.9m
height 0.98 m 0.98 m 1.8 m
drift length 0.67m 0.66 m 1.12m
sectors 6(2x6) 6(2x6) 25(5x5)
pads 27648 27648 63360
pad rows per sectar24 24 18
pads per row 192 192 192/128
pad length 16/28 mm 28 mm 40 mm
pad width 3.5 mm 3.5mm  3.6/5.5 mm
pad angles 12°-55° 3°-20° 0°-15°

Table 3.1: Physical properties of NA49 TPCsI[75].

Figure 3.7: Cluster of particle tracks in MTPC1. Figure tak®m [27].
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3.4 Time of flight detectors

Figure 3.8: The pixel-scintillator wall (TOF-TR/TL) as arpaf TOF detector systems[B80].

The NA49 Time-Of-Flight detectors (TOF) are scintillatatectors which measure a par-
ticle time of flight from the interaction point to the TOF deter. The TOF detectors are asso-
ciated with trigger detector system. The NA49 experimemntaims four Time Of Flight walls.
Two pixel-scintillator walls (TOF-TL/TR) oft.4 m? total surface work with time resolution of
60 ps (Fig[3:8). The pixel detectors TOF-TR/TL contaif®2 individual scintillation counters.

To determine a mass of particle using the TOFs detector, ttreentum measurement is
necessary. The momentum of the particle is known by tracgargjcle curvature in the mag-
netic field. The Time-of-Flight andF'/dx measurements allow identification of particles in
most efficient way. Performing two dimensional histograrhthe energy loss and mass mea-
surements increases separation between different sqestatles and thus improves precision
of the particle identification (Fig._3.9). Unfortunateliiet TOF detectors have a limited accep-

tance and therefore are not helpful for the analysis perdrin this work.

dE/dx
o

s TOF-R STD- 10

5GeV <p<6GeV|

Figure 3.9: Particle identification witlhZ /dx and time-of-flight. Data for central Pb+Pb colli-
sions with total momentum interval chosensas p < 6. Figure taken from]81].
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3.5 Centrality measurement

(D Photon Saction
(@ Hadron Section
(3@ Wwave Length Shifter Bars
@ Photomultiplier

(8) mexipop Scintiator

Iron

@ Lead

i Beam Hole

Figure 3.10: The Veto calorimeter. Figure taken froni [82].

The collisions centrality is determined by measurementefdnergy deposited by spec-
tators in the Veto calorimeter. The Veto detector contamglactromagnetic section of lead
scintillator layers ofl 6 radiation lengths which is followed by a hadron section efiton scin-
tillator layers of7.5 interaction lengths. The Veto calorimeter is composed hy gegments
of electromagnetic part in the front and a hadronic part smliback (see Fig._310). The light
conductors located on the left and right sides of the calet@mtransport the light produced in
each segment to photo-multipliers. Readout is provide8 plyotomultipliers for each section.
The calorimeter is locate2) m behind the target to avoid possible hitting of particijgasnd
produced particles. All projectile spectator protons,tras and nuclear fragments reach the

Veto calorimeter([83,84] .

3.6 Data acquisition

Flow and order of data is managed by the NA49 data acquisgystem. Data of an event
(100 MB) are transferred from the front-end electronic$toreceiver boards by fibre optical
links. The receiver boards are installediVME crates with 9U bus slots. The receiver boards
buffer data which can hold2 raw events. A digital signal processor DSP processes leaffer
data and applies zero suppression algorithm. Until datamsferred from TPC front-end elec-

tronics, the buffered data are not accessible for the D®iFin§tdata is controlled by a master
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processor based on the Motorola 68040 CPU with master/slagdeVSB/master interfaces.
Reading the event fragment is done by directly access twtted imemory of the master CPU
installed in the master VME crate which steers all the datmsation. Finally, complete events
are assembled by the master VME CPU processors. Raw evertarsferred to a SONY DIR-
1000M 19 mm tape recorder which can operate at a transfeupate 16 MB /s. The drive of
the type operates in streaming mode. Abtift minutes of uninterrupted recording correspond
to 10000 events on tape which has capacity 100 GB. All the VME processors run under
the OS9/68000 operating system. The standalone UNIX maslare responsible for booting
and file hosting over the network VME computer card. The sydekes approximatelys ms
to assemble a single event and transfer to the tape comtfidg The data taking mode was
changed in year 2000. The events were sampled by 256 timénistesid of 512 in the standard
mode. Smaller size of the raw events allows to configure theiver boards to keep 64 raw
events. A compression algorithm was optimized into DSRijamg the event size fro®iMB

to 3 MB [B5]. These allowed to increase the data taking speeddatald events per spill.

3.7 Reconstruction, simulation and analysis software

The process of measuring and reconstructing charged learpooduced in collisions of nuclei

in the experiment NA49 is a complex procedure. It can be éwieto four basic stages.

e Storing measured data by sub-detectors ("on-line"). Tlaigesis performed during a data
taking period. Raw events are stored and are managed by theadauisition (DAQ)

system.

e Reconstruction of the stored data ("off-line"). In ordeetdract physical information the
raw events have to be processed to obtain information n@gefs physics analysis like

particle momenta, charges and masses.

e Physical analysis of the reconstructed data ("off-linAfalysis is done using as an input

the reconstructed data.

e Monte Carlo simulations which allow to correct the resutis the experimental effects

such as a limited detector acceptance and efficiency.
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3.7.1 Reconstruction of raw data

The process of the reconstruction can be divided into theeges:
e Cluster finding
e Track and vertex finding
e Track and vertex fitting

A typical reconstructed event is shown in Hig.—3.11.

Reconstruction of raw events is done by the NA49 software fHtonstruction software
contains many small programs, which form a complex recangtm system the so-called re-
construction chain. Such a design is characteristic forXJhde software. The programs per-
form: cluster finding, track finding, positioning of primaaynd secondary vertice8F /dx and
time-of-flight (TOF) determination and a lot of other tasksfirst, the data on magnetic field
and detector geometry are given in the configuration filegchvare the parameters for the
programs of the reconstruction chain. Data events areeatelivby a DSPACK server which
is started during the reconstruction. DSPACK is a struttlrant-server data manager system
which provides a technique of passing data between the gmugl86]. DSPACK operates on
raw data files and writes reconstructed events into outpte Bammary Tape (DST) files. Thus
all programs have a multiple 10 access to the raw data fileP&Wfiles during the reconstruc-
tion. The results of the reconstruction are stored IDBI's. In order to reduce the amount
of stored information th®&STs are converted toi ni DSTs. Them ni DST files are written

using ROOT[[8F] format files. This operation is done afteorestruction.

Cluster finding

The prograndi pt is responsible for cluster finding. It looks for connecteelsain pad row of
the TPCs when the ADC value is above the threshold value. €htecof charge distribution
determines a position of the cluster. The coordinates-inplane are calculated from the pad
positions, whereas thgcoordinated is calculated using the drift time. High traehsity may
result in overlap of track clusters. In order to recognizedkerlapping clusters special criteria
on the distance between two maxima are set up. The force adriftieg electrons is not com-
pletely vertical and this leads to deflection from an ideatigal trajectory. This is important at

edges of the VTPCs where the magnetic field is not homogeraualslose to the sense-wires
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Figure 3.11: Visualisation of three dimensional tracks@nstructed for central Pb+Pb colli-
sion. The tracks are interpolated between TPCs detectaesclystruction software_[27].

where the electric field is not uniforia[B8]. These distams@re corrected by thedi st o, and
vt _ncal c clients. [89]. The remaining deviations of the recons&ddrack trajectories from

ideal ones are corrected by the residual corredtipa_r escor b client.

Track finding

Track finder begins to find particle traces from the most digpaints measured from the vertex
with an additional criterion of track pointing to the mainriex.

First stage of tracking is done in each TPC detector sepgrhtstarts from tracking in MT-
PCs which is done by thet r ack client. Tracks in MTPCs are straight lines, which simplifies
the tracking. The VTPCs are close to the vertex and placdteimiagnetic field, thus the track
density is high and the trajectories are curved. Therefording tracks in this case is more
difficult. Thus a complex track model of a distorted helix g&d. The program predicts a track
trajectory in VTPC by extrapolating the MTPC track. This gedure facilitates reconstruction
of tracks’ part in VTPC2 bypat r ec client. In order to match each track, the reconstructed
VTPC2 tracks are extrapolated to the MTPC by tigat program. Reconstructed tracks in
VTPC2 and MTPC are extrapolated to VTPClmgyat .
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Track and vertex fitting

In order to determine momentum all track trajectories atedito the main vertex or to the
secondary vertices .

Ther 3d program is responsible for the momentum determinatios.thaicing the particles
in the magnetic field. The momentum resolution is of ordedjgfp* ~ 1071 [(GeV/c)~!]. By
a backward track extrapolation the main vertex positioretednined by theut x) client.

Using the fitted trajectory the number of potential pointsakulated according to detectors’
geometry by thgpoi nt s client. The merging of track segments is done by dioerer ge
client.

After these procedures the reconstruction software searfdr tracks which do not orig-
inate from the main vertex. The reconstruction chain pnogracognises the secondary ver-
tices which are produced mainly by weakly decaying pasitle, =,, 2, and K?). The clients
vOf i nd,vOfit,andxi findare used inthis procedure.

Finally the information on a particle flight time is reconstred byt of _cl i ent,
tof r_cli ent andt of g_cl i ent.Inthe last stage of reconstruction the energy tsgdx
is determined bgen_dedx client. The clients’ scheme of reconstruction chain from data

to the reconstructed event is illustrated in Fig_B.12.

3.7.2 Simulation

The simulation is necessary to correct the data for effetéded to imperfectness of the detec-
tor.

The simulation input can be taken from Monte Carlo eventsegeors such as Venus
and UrQMD models. The initial momentum vectors are deligareASCII file format to the
GEANT detector simulation package. The GEANT softwareksggarticles through the ma-
terials of the detector in the magnetic fields. The GEANTwaft adopted to the NA49 ex-
periment is called GNA49. In the simulation and the recartdton chains the same detector
geometry and magnetic field maps are used. The tracks fronNGEAust be distorted by TPC
simulation program so-called MTSIM. This program takes ke@arlo points of a track and
produces digitalized data based on the properties of the g@Cand the readout electronics.
The signal is prepared in the same format as raw data evelnsreéd from data acquisition
system (DAQ) with the threshold cuts and compression algoriln the case of the embedding

simulation the simulated raw data are added to the raw datare&l event. The real events
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Figure 3.12: The NA49 reconstruction chain. Figure takemf{Z8].
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are delivered by GTEMBED. The process of track embeddingireg adding ADC signals in
each pad-timeslice pixel from the both data sets. Such pedpaw data events are processed
through the reconstruction chain in the same way as for ra@ deconstruction. In order to
compare reconstructed tracks to the simulated tracks tH&BI tool is used. It matches TPC
points with the track MC points. Simulated MC tracks andtiheconstructed tracks are com-
pared. Number of matched points is used to select recomstitiack candidates for matched
MC tracks. The output of the simulation chain is written inEA&K file, which can be con-
verted to ROOTI[87i ni DST format [27]. The schemats of the simulation chain is shown in
Fig.[3I3.

Raw data

Y

> MTSIM > GTEMBED »| Reconstruction

Input | GEANT »| GTEVAL

Figure 3.13: Simulation chain software of the NA49 expenine

3.7.3 Analysis software

The analysis of reconstructed events is based on the seftwROOT environment. The ROOT,
is an object oriented data analysis framework with numepackages and tools. The ROOT
environment has the C++ interpreter so-called CINT whidbved to write ROOT macros in
C++ language style and interactively compile and procetbgas. Originally the ROOT project
started within the NA49 experiment. The NA49 experimentdragleal environment to develop
the next generation of data analysis tog@Is [87]. Nowadays)ynexperiments and projects re-
lated to high energy physics (HEP), heavy ion physics, asd ather research fields use this
software.

The NA49 experiment has a special ROOT extender called RO@/Mch contains two li-
brariesT49DST, T49ANA dedicated to the experiment. The NA49 libraries are call@ldnal-
ysis framework. The T49 libraries support thieni DSTs format that is based on ROOT file.
Them ni DSTs event format is reduced and compressed to analyze the teectesl events in
the frame of the smaller amount of data. The ROOT49 allows dilect access to NA49 data
in DSPACK format using’Root DS class.
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Chapter 4

Specific energy loss in the TPC gas

In this work the specific energy loss in the TPC gas is used lerissuitable candidate of
particles {<,7). reduce the background of unwanted particles. Thereforis chapter a ba-

sic information concerning the specific energy loss andoiis in the particle identification is

discussed.
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Figure 4.1: Bethe-Bloch function for different particles.

4.1 lonization energy loss

A charged particle traversing the active volume of the TP@ders ionizes the chamber gas
by Coulomb interactions with the electrons of the gas madéscurhe magnitude ionisation

depends on gas which was used in the TPCs of NA49. The spaaiiization of particles is
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obtained from the measurements of the charges of clusteteacks. The Bethe-Bloch for-
mula [90,[91] describes the relation between particle maomerand mean energy loss as pre-
sented in Fig—4]1 for several particle types. It is seentti@imean energy loss depends on the
particle mass. Thus, a simultaneous measurements of tbdismergy loss and momentum
allows a patrticle identification. For example, selectingipkes within a band around a selected
Bethe-Bloch curve allows to enhance a contribution of amgparticle type within the selected

particle sample. The Bethe-Bloch formula is given by:

dE\ 4mwNe N 2m,.3? e
<——>— L (1 5 6(5)), (4.1)

where(dE /dx) is the mean specific energy logs= v/c is the particle velocity is the charge

of the electronm, its mass,N is the density number of the electrons in gas of detector and
I the average potential excitatidn [85]. The reduction ofisation at large velocities, due to
coherent polarization of the surrounding atoms which slsighe field of the traversing particle,

is parametrized by the function[85].

0 it Oy <a
0=2 2(InBy —b) +c(lnay —nBy)? if a1 < By < ay (4.2)
2(In Gy — b) if By >as

Parameters, ¢, andd in equatior 4R are tabulated for many materials, but aelfitb data in
the case of parametrization used by the NAZ9 [92, 93]. Theegbfa; anda, are calculated

S0 as to makeé as continuous function of [].

4.2 The(dFE/dz) measurements

The (dE'/dx) measurements are based on the measurements of the toge ettaich is de-
posited on each cluster on a track registered in TPC. Théeclolarge, follows an asymmetric

Landau distribution:

p(z) = % /OOO exp (—tlogt — xt) sin(nt)dt. (4.3)

Figure[42 in left panel shows the distribution of the clustkarges which has a long tail.

This is an intrinsic property of the ionisation process.hé tparticle track measured in the
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TPCs is long enough then many clusters are measured anddigy doss distribution becomes

similar to Gaussian (right panel of Fig. 1.2). For the tragkth small number of clusters the

most probable energy loss is significantly lower than themesgergy loss. In order to reduce
statistical fluctuations of the mean value the fixed perggnta the smallest and the highest
energy loss measurements are rejected. From the clustecseskby this produced the mean
is calculated which is called the truncated mean. Its digtion is approximately Gaussian for
tracks which have at lea80 clusters. For tracks with lower number of clusters the diigtron

is significantly asymmetric. For p+p, C+C and Si+Si systemshe NA49, the best results

=F 5
F 5,
SE —
zF =
= s
-c% F o] f’l z‘\
a o / \
oF S / \
o @ 1 \!
o E E \\"\
ZF ©
@E o }
[
.l 1 | | | i L | I IS S =S~ . L . LS ]
energy loss [a.u.] -0.4 -0.2 0 0.2 0.4

energy loss [a.u.]

Figure 4.2: Left: Outlook view of Landau distribution of teeergy loss of a charged particle.
Right: Truncated mean distribution of Main and Vertex TP&cks with different number of
clusters(10, 20, ..., 90). Figure taken from[94, 95].

are obtained by cutting off upp&n% of the clusters and for Pb+Pb the uppé® [9€]. The
resulting resolution of the truncated meayp, depends on the type of mater{al) and the total

number of clustersN, .i,.:s) [96]:

C < dE) “
Oabs = T 5 (44)
\/ Npoint dx

wherex is about).5 for the VTPCs and abouit 7 for the MTPCs, and for the combined energy
loss measurements from all TPCs it is ab0o6R5. The parametet’ is about).4 resulting for
example in a relative sigma abotfo for a typical track length o100 points and alF/dx
(normalized to minimum ionization) df 2 [96]. A distribution of the truncated mean of a given

particle is parametrized by an asymmetric Gaussian:

o\ 2T

(25 C, 0,8) = —C— exp [—% (ﬁ)] (4.5)
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The asymmetry parametédetermines the difference between the width of left andtifigihves
of the Gaussian.

In order to improve the resolution of the track-by-track suaments of the specific energy
loss the measurements from different TPCs are combined bogées/E /dx value for each
track. The main TPCs and vertex TPCs have different gas-ositipns and the read-out prop-
erties thus the energy loss measurements are differentVTRE dE /dx measurements are
scaled to the MTPW@E/dz, using the ratio of the parametrizéd’/dx (equatior[41l) in the
Vertex and Main TPCs.

The cluster charges are corrected for many experimentsébid hey included drift length
dependent charge losses due to electron absorption amtseffated with high track density
in Pb+Pb collisiond[747].
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Data analysis

In this chapter data, selection cuts and analysis methasescribed. The used data set is
introduced in section’3.1. The event and particle seleafidaria are presented in sectibnl5.2.
The methods of analysis are explained in sedfioh 5.3. ThetdGarlo simulations of{* and
K* signals and their reconstruction are given in sediioh 5 feconstruction efficiency of
K* and K* is presented in sectidn .5. Systematic and statistic tainges are discussed in

sectiof&.b.

5.1 Data set

This analysis is based on a high statistics data set whictaic@mnapproximately three million
collisions of1584 GeV Pb ions in a Pb target 887 mg/cn? (approximatelyl.5% interaction
probability for Pb ion) recorded by the NA49 experiment ir0@0The trigger selected the
23.5% most central Pb+Pb collisions. The corresponding mearbeuwf wounded nucleons
N,, was calculated using the Venus modell[97] to(Bg,) = 262 + 1(stat)+ 5(sys) [98]. The
data set is reconstructed by the NA49 reconstruction cherisian01l H. The analysis is based

on the ROOTi ni DST. It is summarized in Table3d.1.

System Beam energy Magnetic fieldr /o, [%]  Nevent (Ny) version
Pb+Pb 158 GeV STD+ 23.5% 2968504 2624+ 145 00l

Table 5.1: Data set on Pb+Pb collisions used for studi tf892) and K *(892) production.

1The standard field configuration are called STD+ and STD-SffB- configuration is field up, and the STD+
configuration has the inverse polarity. STD+ sends negatite MTPC-R, STD- sends positives into MTPC-R.
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5.2 Event and particle selection criteria

The event selection criteria are introduced in order towgkelnon-target interactions. The track
selection criteria aim to select well reconstructed tragkih originate from target interactions.

In the following subsections the event and track cuts areugsed in details.

5.2.1 Event selection

The Beam Position Detectors (BPDs) measum@ndy coordinates of a beam nucleus at the
z positions of the detectors. This data allow to predict thsitpm of a hypothetical inter-
action point in the target. In this prediction the surveyedoordinate of the target is used,
z = —581.4 cm. The interaction point reconstructed using the BPD datalled the BPD ver-
tex. In addition, the interaction point can be reconstrdidte a backward extrapolation of the
TPC reconstructed tracks. The interaction point recontgtlusing the TPC data is called the
FIT(ed) vertex. Proper FIT vertex reconstruction is sitgthby the value of FIT vertexflag
equal to zero. Only events witlflag = 0 are selected for the analysis. HIg.15.1 shows distribu-
tions of coordinates of the BPD vertex, the FIT vertex andiifference between them. Statisti-
cal uncertainties lead to smearing of the difference diistions(o, = 0.21 cm, o, = 0.15 cm,

o, = 1.3 cm). Systematic biases (e.g. imperfect residual correctioas)cause shifts of the

vertex position. The event selection cuts are as follows:
—0.3 < xppp < 0.3 [Cm],

—-03 < Yyppp < 0.3 [cm],

and

—03 < zprr <0.3 [Cm],
—0.3 <yprr < 0.3 [cm].

The cut inz coordinate is:

—b82 < zpir < =580 [cm].
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Red vertical lines in Fid_ 511 indicate applied events chisally, only events with the recon-

structed charged track multiplicity in the range are seléct

400 < N, < 1600.

Distributions of multiplicity and Veto energy for acceptedents are shown in FigL5.2. Fig.b.3
shows the two dimensional histogram illustrates corretabetween the energy deposited in

Veto calorimeter and the multiplicity of charged particle.
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Figure 5.1: The distribution of, y, z coordinates of the main vertex position (23% central
Pb+Pb collisions at 158 GeV). First raw of plots shows distributions coming from thesam
position detectors (BPDs). Middle raw of plots shows thaesefit distributions. Bottom raw
of plots shows differences between the vertex of the beami@osletectors (BPDs) and the
vertex fit 2.9 - 10° events).

5.2.2 Track selection

Charged particle tracks were reconstructed from the chdegters left in the TPCs using the

global tracking scheme which combines track segments #taihg to the same physical particle
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Figure 5.2: Left: veto energy distribution at 158GeV. Right: multiplicity distribution of
charged particles at 138GeV (2.9 - 10° events).
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Figure 5.3: Two dimensional distribution of multiplicitgwsus veto energy of charged particles
produced in central Pb+Pb collisions at 1b6&eV.
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but were detected in different TPCs. In order to select veglbnstructed tracks from the target
interactions and minimize contribution of non-target ksaffrom weak decays, secondary inter-
actions, delta electrons), track selection cuts are aghpDering the track selection procedure,
the track properties such as the number of points on the tiarkpact parameter at the target
plane are analysed for all tracks. The track impact paranmeetefined as a difference between
primary vertex position and the track impact point at thgeaplane calculated by the track
backward extrapolation in the magnetic field. In order tooeentracks which do not originate

from the primary vertex, the cuts are defined as:

-5 <b, <5 [cm],

-3 <b, <3 [cm],

whereb, andb, are track impact parametersarandy coordinates respectively. Fig. 5.4 shows
track impact parameter distributions. Red lines indicaidiad cuts.

Only tracks with the total momentum in the rangje< p < 100 GeV/c and more thagb
measured TPC points are selected for this analysis. Funtirer only tracks with the ratio on
the measured points to the maximum possible number of TP@ga@alculated for each track,
larger thar.5 are accepted. Fif. 8.5 shows a distribution of the measup€ipints on tracks

and the point ratio distribution.

x10®

400

b}, [cm]

200

entries [arb. unit]
entries [arb. unit]

300~ 2T

200~ o -

100~

100

3 - 4 1 P
b, [cm] by [cm] b, [cm]

Figure 5.4: Track impact parameter distributiols(left), b, (middle) andb, versusb, (right)
for 23% central Pb+Pb collisions at 15&eV.

5.2.3 dFE/dx particle identification cuts

Particle identification is based on measurements of tredcatean energy los&~ /dz in the
TPCs which provide up tB34 charge samples on a track. The uncertainty Bf dx measure-

ment for a specific track depends on its visible length andhtimaber of associated charged
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Figure 5.5: Distribution of the number of TPC points (leffjaximum number of TPC points
(middle) and their ratio (right) for central Pb+Pb collisgat 158! GeV.

clusters. Fig[(Rl6 shows two dimensional plots of the speeifiergy loss in the TPC gas ver-
sus total momentum for positively (left) and negativelglt) charged particles. The details of
the NA49 procedure on calibration and extraction of the gjgeenergy loss information can

be found in referencé [96]. In this analysis the measuresneinf ' /dx was performed using
global tracks. The specific energy loss depends on a pattitdé momentum and mass. As
the momentum information can be obtained from track trajgcand the energy loss measure-
ment allows to extract information on the particle mass. figan energy loss as a function of
particle momentum and mass is given by the Bethe-Bloch fomd®0,[91]. The Bethe-Bloch
curves are shown in Fig 5.7 for different particle specld® width of the specific energy loss
distribution at a fixed momentum, as measured by the NA4ADas1EH% of the mean value.
Particles inside a band af0.125 around the pion mean value have been defined as pion can-
didates. Particles inside a band-60.15 around the kaon mean value have been defined as
kaon candidates. These selections correspond to aioand3A (A = 0.05 MIF’H) cuts and

thus the expected losses of pions and kaons are smal4). Furthermore, it was checked by

2Minimum lonizing Particle.

2.5? 2.5?

dE/dx [MIP]
dE/dx [MIP]

10t 1 10 10 10t 1 10 10

10 10
p [GeVic] p [GeVic]

Figure 5.6: The dependence of the mean energy loss on momépjwf the particles (500
events from Pb+Pb collision at 138GeV).
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the Gaussian fits to the pion peak that the used Bethe-Blaamedrization describes the data
within 2%. Possible systematic bias is thus smaller than 5%. Thé& bfees in Fig[5.6 indicate
the bands of accepted kaon and pion candidates.

Figs[5.8 and[ 519 presents the kaon (top) and pion (bottonidates selected for this anal-
ysis.

The dFE/dx resolution for the tracks selected for this analysis waslobe in the rel-
evant momentum region by the following procedure. Narrownmaotum bins in the range
3 < p < 100 GeV/c were selected. In each bin the Gaussian distribution wasl fitt the
pion peak. The resulting parameter plotted as a function of total momentum is shown in
Fig.[2.I0. It is about 0.05 in the momentum range where the ofdke tracks are located, at

the edges of the distribution for tracks with a low number efasured points it is about 0.07.

[
©

dE/dx [MIP]
R
>

=
i

=
' N
|—‘I|III|III|II|IIII

—K
-p

[uny

2 3
Ioglo(p/(lGeV/c))

dE/dx [MIP]

-P

= I|III|III|I I|III T

2 3
log, (p/(1GeV/c))

Figure 5.7: Dependence of the mean energy losgogn(p) of the particle (Full statistic:
2.9 - 10° events from Pb+Pb collision at 188GeV) )
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Figure 5.8: Selected™ and=~ candidates in théE/dx vs. momentum plane.
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Figure 5.9: Selectedd ~ and=* candidates in théE'/dz vs. momentum plane.
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Figure 5.10: The dependenciescofersus total momentum in the interesting regioa b%/ dx
distribution.

5.3 Invariant mass spectra

Production properties of strongly decaying particleg@$392)°, K*(892)°, ¢(1020), p(770)°
and other resonances can be reconstructed using the imvaréss technique (see chapier 2).
The invariant mass is calculated for all decay product catds, e.g. in the case af* decay
for all pairs of K+ andr~ candidates. The pairs which come frdti decay yield the invariant
mass values close to t€* mass, whereas the pairs which do not originate fron¥fhelecays
form a broad background distribution in the invariant masg. [ 11 shows the schematic
view of construction of invariant mass spectra. The basiekiatic variables are defined in
AppendiXA.

Momentum of aK'w pair is calculated as:

2] = Pac + Den)® + Pyic + Dye)? + (Prc + Pon)’. (5.1)

Invariant mass of a pair is given by:

Mine =\ (Exc + Ex)? — [p|*. (5.2)
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Figure 5.11: Sketch illustrating how pairs of pion and kaandidates (right) are constructed
from sets of pion and kaon candidates (left).

5.3.1 Signal distributions

In this section the*(892)° and K*(892)° invariant mass spectra are presented. The branching
ratio of the observed channel§*(892)° — K*+7~ and K*(892)° — K77 is 2/3. Figs[eIP
andG.IB show the invariant mass spectr&¢fr— candidate pairs and Figs5l14 4nd5.15 show
the invariant mass spectra &f 7+ candidate pairs. For each pair its rapidity and transverse
momentum was calculated and the spectra are plotted ivalsarfy andpr. Figdh.1b anf5.18
show them,,,, spectra irb rapidity intervals fork* and K* hypotheses, respectively. Figs3.17
and[5.ID show the:,,, spectra in foupr intervals in they window (0.43 < y < 1.78) for

K* and K* hypotheses, respectively. Due to high backgrounditieand K* peaks are not
seen. The signal can be seen only after the background stibiraThe two step procedure is
used. First, the background calculated using the mixedteéeehnique is subtracted. Second,

the background estimated using a polynomial fit was takenaotount.
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Figure 5.15: The invariant mass spectra for =+ candidate

intervals.
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5.3.2 Mixed event spectra

The mixed event invariant mass spectra were calculatedllasvéo Events and tracks which
pass all selection cuts were selected. The measured nmuitilistribution was obtained. The
artificial events with the same multiplicity distributionene created by a random selection of
tracks such that opposite charged tracks in an artificiahteseme from different real events.
Furthermore, only events with similar multiplicity wereeasfor an artificial event creation.
A new class has been develop8d9ANA: : T49Mul ti M xer class) for this analysis. This
class was added to T49 library (See Apperidix B for details).

The mixing procedure destroys all correlations betweerspdiparticle (including pairs of
resonance daughters), which is needed to produce a backbdstribution.

Figs[EI6 5.7 5.18 arfld 5119 show the invariant mass splectia* and K* hypothesis

after subtraction of the mixed event background using tleonamultiplicity bins.

5.3.3 Fits to invariant mass spectra

The invariant mass spectra obtained after subtractioneafilted event background are used to
extract the yields of{* and K* resonances. The spectra are fitted by the analytical pariamet
tion of the shape in the vicinity of the expected signal. Tgasametrisation includes the contri-
butions from the signdli * or K*) and from the residual background. The signal is parametrize
by the Breit-Wigner resonance shape with three paramdtenrgsonance mass.(), the width

of the signal [') and its magnitude():
dN r

am =C - (w71 (5.3)

The mixed event background is parametrized by the polynloifiie fitted function is a sum of
polynomial shape and Breit-Wigner functions. In geneta, drder of polynomial depends on
the background shape. In this analysis polynomials up torgkorder are used. Thus the fit has
up to six parameters. The fitting region is franT8 GeV to 1.1 GeV. The fitted curves to all
considered invariant mass spectra are shown in[Eig$ BE16, (.18 and5.39 by solid green
lines.
The obtained parameters are summarized in Tables 52 dnthe 3nass andl are approx-

imately independent of rapidity and transverse momentugs(&1 [6.B). Thus for extracting

raw yields these parameters are fixedras= 896.1 MeV andl’ = 51 MeV. Fitted mass values
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are somewhat smaller then the world average. Fitted widtbesgwell with the world average
which is in Ref. [100]. Possible systematic bias due to agslifixed values ofny andl is

discussed at the end of this chapter.

K*(892)% |y m [GeV] T [GeV] C parameter x?/ndf
K*(24) 0.3-0.6 | 8914+1 36=£5 5933 4+ 784 1.13
7 (3A) 0.6-0.9 | 885 +1 47+5 10654 £ 1141 1.639
09-1.2 | 888 +£2 40+6 8259 £ 1279 1.071
1.2-1.5 | 889+2 43+7 8181 £ 1377  1.275
1.5-1.8 [ 890+2 55412 9706 + 2310  1.267
K*(25A) 1 0.3-0.6 | 891 +2 33+6 5529 + 870 1.132
T (3A) 0.6-0.9 | 8862 4946 11311 £ 1483  1.202
0.9-1.2 | 889+2 4247 8924 4+ 1559  0.929
1.2-15|889+2 40+£7 7940 £ 1472 0.962
1.5-1.8 | 890+2 54 +12 9977 +2606 1.236
K*(3A) 0.3-0.6 | 891 4+2 30+6 4962 4+ 891 0.99
7 (3A) 0.6-0.9 | 888 +2 4647 10750 #1666  1.348
0.9-1.2 | 887+2 36+£7 8256 + 1526  0.933
1.2-1.5 | 87 +£2 44+8 8724 £ 1744  0.898
1.5-1.8 | 89+3 68+13 13636+ 3308 1.076
K*(892)° | pr m [GeV] T [GeV] C parameter x?/ndf
K*(2A) 0.0-0.5 | 888 +2 4446 13269 1982 1.143
7 (3A) 0.5-1.0 | 888 +1 43 +£5 23253 +£2590 0.923
1.0-1.5 | 888 +1 47+4 12858 £1129 0.958
1.5-2.0 | 89+2 5H56+8 4364 + 625 0.981
K*(2.5A) | 0.0-0.5 | 888 +2 38+6 11111 £ 1832 1.166
T (3A) 0.5-1.0 | 888 +£1 49+5 27931 42927 0.971
1.0-1.5 |1 8894+1 51&£5 15122 41437 1.064
1.5-2.0 | 890+2 55+8 4496 + 687 0.906
K*(3A) 0.0-0.5 | 887+6 H7+£20 5654 +2296 1.595
T (3A) 0.5-1.0 | 890+1 3146 8275+ 1452  0.832
1.0-1.5 | 890+2 58+9 8506 + 1243  1.382
1.5-2.0|893+3 5716 2128+ 585 1.216

Table 5.2: Parameters of the fits to the invariant mass spdoir details see the text and Ap-
pendiX{C.

5.3.4 Raw yields ofK*(892) and K*(892)

The raw yields ofK*(892) and K*(892) were extracted in center-of-mass rapidity range<
y < 1.8 and transverse momentum rarige: pr < 2 GeV/c. They are calculated as integrals

of the Breit-Wigner function fitted with the fixed mass and thigharameters (see Tablgsl5.4
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and[®5). The invariant mass interval in which the integre¢se calculated i$.8-1.0 GeV.
The normalization factor for mixed events was calculatenhiarval 1.1-2.0 GeV. The spectra
and the fits were shown in Figs 5116, 3.17,5.18 @and]5.19. Thkspdue to the<*(892)°
and K*(892)° resonance states are clearly seen above a strongly maseidapeesidual back-

ground.

K*(892)° |y m [GeV] T [GeV] C parameter x?/ndf
K~ (2A) 0.3-0.6 | 890 £3 52411 4577 £ 967 1.575
7T (3A) 0.6-0.9 | 893 +£2 5447 7296 + 946 1.229
09-1.2 | 892 +£2 38&%8 4158 4+ 868 1.037
1.2-151894+4 56£17 37831368 1.216
K~(2.5A) | 0.3-0.6 | 88+3 51415 4750+ 1301 1.151
7t(3A) 06-09 | 8912 bH1x7 8031 £ 1082  1.046
0.9-1.2 | 893 +£3 45+ 13 4628 £1499 1.405
1.2-1.5 1899 +4 58+20 4462+£1754 0.631
K=(3A) 0.3-0.6 | 887+4 48+ 15 4249+1301 0.863
7t(3A) 0.6-09 | 891 £3 50%9 7308 £1262 1.054
0.9-1.2 | 8924+5 46+25 H176 3138 1.363
1.2-1.5 19005 53+£23 36511791  0.858
K*(892)° | pr m [GeV] T [GeV] C parameter y2/ndf
K~ (2A) 0.0-0.5 | 895 +2 24+£8 3641 4 994 1.654
7t(3A) 0.5-1.0 | 891 +£2 49411 10683 £2710 0.898
1.0-1.5 | 890+2 48+6 5553 £+ 693 0.805
1.5-2.0 89 +2 35+£8 1084 £ 205 1.165
K~(2.5A) | 0.0-0.5 | 896 +£2 24+9 3454 £ 1126  1.486
7t (3A) 0.5-1.0 | 891 +£2 51+9 12248 £ 2287 0.757
1.0-1.5 | 892+£2 58+£8 7862 £ 1068  0.594
1.5-2.0 | 900£3 41+£9 1456 4+ 292 1.197
K~ (3A) 0.0-0.5 | 8700 748 1544 4+ 988 2.05
7T (3A) 0.5-1.0 | 892 4+£2 51410 131352864 0.842
1.0-1.5 | 891£2 57+£8 8917 £ 1289  0.925
1.5-2.0 190143 48=£12 1797+411 1.246

Table 5.3: Parameters of the fits to the invariant mass spdoir details see the text and Ap-
pendixT.
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Figure 5.19: The invariant mass spectra in transverse manaervals : £2.5A andz™:
+3A). Rapidity interval 0.43 <y < 1.78 was selected.
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Table 5.4: Raw yield, normalization factor and/ndf for K* peak in the rapidity and the
transverse momentum intervals. Fixed parameteys= 896.1 MeV andI’ = 51 MeV were

assumed.

K*(892)% |y dNyow/dy C parameter y?/ndf
K*(2A) 0.3-0.6 | 633867 + 45942 7536 £+ 570 1.485
7 (3A) 0.6-0.9 | 851772+ 50713 10126 £629  3.395
0.9-1.2 | 835735 + 52871 9936 £+ 770 1.805
1.2-1.5 | 794064 4+ 51338 9440 £ 799 1.825
1.5-1.8 | 731446 4+ 45816 8696 4+ 657 1.561
K*(2.5A) | 0.3-0.6 | 607961 £ 53799 7228 4+ 666 1.411
T (3A) 0.6-0.9 | 880618 £ 58902 10469 4+ 730  2.342
0.9-1.2 | 882908 + 60799 10496 +£883  1.315
1.2-1.5 | 821134 £ 58393 9762 &+ 890 1.441
1.5-1.8 | 770384 +£ 51260 9159 4+ 737 1.579
K*(3A) 0.3-0.6 | 579630 + 62805 6891 £ 781 1.24
7 (3A) 0.6-0.9 | 917389 + 68411 10906 +£ 852  1.889
0.9-1.2 | 910320 +- 69301 10822 + 1036 1.556
1.2-1.5 | 803561 + 65135 9553 4 942 1.473
1.5-1.8 | 811329 £ 55962 9645 4+ 808 1.48
K*(892)" | pr dN,aw /dpr C parameter ?/ndf
KT(2A) 0.0-0.5 | 1192469 4+ 79678 14177 £ 1164 1.793
T (3A) 0.5-1.0 | 2227425 4+ 83085 26481 £ 1324 3.018
1.0-1.5 | 1088429 4+ 48938 12940 + 604  2.485
1.5-2.0 | 322158 £ 22948 3830 % 282 1.333
K*(2.5A) | 0.0-0.5 | 1152370 £ 93176 13700 + 1332 1.622
7 (3A) 0.5-1.0 | 2344886 4+ 94087 27877+ 1364 2.581
1.0-1.5 | 1202520 £ 54247 14296 =669  2.113
1.5-2.0 | 342098 £ 25252 4067 4+ 310 1.127
KT(3A) 0.0-0.5 | 410343 £ 71186 4878 £ 1016  1.557
7 (3A) 0.5-1.0 | 1055507 = 69170 12548 + 1126 1.601
1.0-1.5 | 614965 4+ 38686 7311 4477 1.688
1.5-2.0 | 158884 £ 17780 1889 4+ 219 1.16
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Table 5.5: Raw yield, normalization factor agél/ndf of K* peak in the rapidity and the trans-
verse momentum intervals. Fixed parameters = 896.1 MeV andI’ = 51 MeV were as-

sumed.

K*(892)° |y ANy aw/dy C parameter 2 /ndf
K_(QA) 0.3-0.6 | 359132 £ 37759 4270 £ 465 1.635
7T+(3A) 0.6-0.9 | 570544 £ 35911 6783 £+ 444 1.26
0.9-1.2 | 455348 £ 34172 5413 £ 509 1.2
1.2-1.5 | 297447 + 31933 3536 £ 463 1.144
1.5-1.8 | 197872 & 27929 2352 £ 401 1.141
K~(2.5A) | 0.3-0.6 | 369371 + 46233 4391 + 571 1.284
7T+(3A) 0.6-0.9 | 649851 £ 44897 7726 £ 555 1.171
0.9-1.2 | 460446 £ 42785 5474 £+ 651 1.362
1.2-1.5 | 331160 £ 39836 3937 £ 582 0.616
1.5-1.8 | 181280 = 34290 2155 4 492 1.865
K‘(3A) 0.3-0.6 | 43506 £ 56824 4084 £ 704 0.936
7T+(3A) 0.6-0.9 | 605325 £ 56836 7196 £ 704 1.115
0.9-1.2 | 472054 £ 53916 5612 £ 781 1.324
1.2-1.5 | 287128 &= 49068 3414 £ 707 0.823
1.5-1.8 | 186237 = 41023 2214 + 588 1.829
K*(892)° | pr dNyow/dpr C parameter 2 /ndf
K_(QA) 0.0-0.5 | 541567 £63076 6438 £ 907 1.708
7T+(3A) 0.5-1.0 | 988109 £ 57995 11747 =979 1.048
1.0-1.5 | 470104 + 30310 5589 4 373 1.233
1.5-2.0 | 118157 &+ 13399 1405 £+ 164 1.238
K~(2.5A) | 0.0-0.5 | 503218 £ 78320 5982 4+ 1133 1.537
7T+(3A) 0.5-1.0 | 1057053 £ 70164 12567 £ 1244 0.935
1.0-1.5 | 578363 £ 35708 6876 = 437 0.773
1.5-2.0 | 142696 &= 15516 1696 &= 190 1.203
K*(3.0A) 0.0-0.5 | 159362 £95917 1895 + 2924 1.804
7T+(3.0A) 0.5-1.0 | 1096696 £ 83904 13038 £ 1226 0.881
1.0-1.5 | 659997 441389 7846 £ 507 1.182
1.5-2.0 | 155048 & 17580 1843 + 215 1.262
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5.4 Simulation of K*(892) and K*(892)

The correction factors for acceptance and reconstrucfioiesmcy were derived from Monte
Carlo simulationsK™* and K* were generated with realistic distribution in transverseman-
tum and rapidity and then passed through the NA49 simulati@in based on GEANT 3.21
and the NA49 TPC signal simulation software. Additionalhese signals were then embedded
into real events. The resulting raw data were reconstruaedanalysed like original events. A
matching procedure associates the reconstructed trathkghei originally generated tracks. A
simple particle generator was used to create the inputcgadistributions. The generator as-
sumes thé(* and K* mass and width which are equal to the PDG valueg; = 896.1 MeV
andl’ = 50.7 MeV. The momentum spectrum &f* and K* is generated assuming the follow-
ing parametrizations of the rapidity, transverse momenaimch azimuthal angle spectra. The
rapidity spectrumy is taken to be Gaussian with the mean equal to the c.m.s.itygpid. in
the laboratory frame,,,; = 2.92 and the width of the rapidity distribution is assumed to be

o =1.2takenasr,(K") ~ g,(¢) [28]:

dn 1 (yfymid)Q
— ~ e 202 54
dy o271 -4

The transverse momentum distribution is taken to be:

dn \/m3ed
d]TTNpTe_ g ; (5.5)

where the inverse slope parameter is equal’'te= 260 MeV. The inverse slope parameter
is arithmetical mean of (K*) = 220 MeV and7'(¢) = 300 MeV [LO1]. The simulation
assumption of inverse slope parameter is not similar tongtcocted parameter from data. The
azimuthal angle distribution is an isotropic one. The del@parameterization is inspired by the
systematics established from the existing data on hadatuption in central Pb+Pb collisions

at 1584 GeV [28]. The coordinates of the momentum vector are thezutatied as:

(Dzs Py, P2) = <pT -cos (¢), pr - sin (@) , \/mE + p - sinh (y)) ) (5.6)

Fig.[520 shows the momentum vector distribution of simedakesonances. The simulated par-
ticles are tracked through the NA49 experiment by the GNAtBare [99], which is based on
the GEANT 3.21 package. Taking into account the detectomgdxy, magnetic field, particle
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decays and interactions with the detector material, the @N\yields simulated events consist-
ing of track trajectories. The used GNA49 version decAysand K* resonances into pions
and kaons assuming 100% branching ratio into charged decaly.nThe GNA49 output is
translated into detector signals by MTSIM program [27]. MHESIM generates raw TPC data
in the digitized format produced by the TPC read-out eleso® Simulated raw data can be
embedded to the real raw data (embedding procedure). Theaad events are reconstructed
using standard NA49 reconstruction chain and the GNA49tp@ind tracks are matched to the
reconstructed points and tracks. Finally, the output iweded from DSPACK format to ROOT
m ni - DSTs. The analysis programs are based on the ROOT frameWwork f@i7lise the T49
library [21].

Two simulation procedures were used. In the first one doli* or K* particles were
simulated and reconstructed. This method is referred aptiesimulation”. In the second one
the raw data obtained from the simulationlof * or K* were embedded to the raw data from
a real event. This method is referred as "simulation with edading”. Comparison between
corrections resulting from the two methods allows to estéaan inefficiency due to high track

density in central Pb+Pb collisions at 15&eV.

py [Gevic] 2
15+

_-1"125 py [GeVic]
0.5

p, [GeV/c]

Figure 5.20: The Monte Carlo simulation. There is a vis@id of "single K*" momentum
vectors.10* events were proceed. Tén* were defined in each event.

5.4.1 Empty simulation

Ten K* or K* in each event were simulated using the Monte Carlo pararagiin which

was described above. In this method the background is lowoahd simulated resonances
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are present in the reconstructed events. Thus, the samedomecas used for the experimental
data can be applied for the signal extraction. Eig.15.21 shibv invariant mass distributions
in the rapidity intervals and FifL.5.P2 present the invariraass distributions in the transverse
momentum intervals. The signal & is well visible and the background is approximately flat.
The values ofn andI resulting from the fit are printed inside the panels in EIg8land 5.2P.
They are consistent with the corresponding values assumibe isimulation. The background

of the invariant mass spectra is parametrized by the polyaddomction.
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Figure 5.21: The invariant mass spectra in rapidity intisri@ empty simulation of<™*.
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Figure 5.22: The invariant mass spectra in transverse mianetervals for empty simulation
of K*.
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5.4.2 Results from embedding procedure

In order to reproduce high track density environment of eadnts the raw data from the
simulated K* (K*) decay products were embedded into the raw data from the veats
The number of simulated tracks in each event must comprisea $raction of the num-
ber of tracks in the experimental events. In this analysis K* or 10 - K* were simulated
in each event. Reconstruction chain reconstructs bothlatediand real tracks. Furthermore,
the real events contain decay products of the #€alor K*. Thus the simulated(* (K*)
signal must be extracted from the events after reconstmnuctihis is done by use of the match-
ing procedure. First, the MC points are matched to the raoacted TPC points. This is
done by a correlating point positions over a predefined kearea in the pad row plane.
The search area is a square of 0.5 x 0.5 ,cwhich is large enough to ensure matching a
point even when a relatively large displacement occurs dukd cluster merging. This large
search area can result in multiple matches between MC amhs&acted points. Second,
all matches are recorded in linked lists and ambiguitiesraselved at the track matching
level [24]. Usually the track matching algorithm matcheshe®IC track to a single recon-
structed track. There are also cases in which a single M& isamatched to two or more
reconstructed track§49Par t i cl eMCRoot : : Get NPri Mat ched() function). The anal-
ysis software resolves unambiguous matches by choosingetiomstructed track which has
a maximal number of matched points. The information aboutlmer of reconstructed points
on atrack T49Parti cl eRoot : : Get NPoi nt () function) allows to construct the ratio of
matched points to reconstructed points. Only matches Wgh\W..ATH /NEEC > (.85 are
accepted. The invariant mass spectra are constructed regiagstructed matched tracks only.
Fig. 523524 [5.35 arld 5126 show the invariant massedrapafcthe K* and K* simulated
signal obtained using simulation with embedding. As can{peeted from the procedure there

is essentially no background. The fitted signal parameterslase to the assumed ones.
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Figure 5.23: The invariant mass spectra in rapidity intisri@r simulation with embedding of

K.
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Figure 5.24: The invariant

embedding ofi{*.
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Figure 5.25: The invariant mass spectra in rapidity intisri@r simulation with embedding of

K*.
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Figure 5.26: The invariant mass spectra in transverse manmaervals for for simulation with

embedding of*.
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5.5 Corrections

Correction factors were obtained by comparing fkie and K* yield extracted from the re-
constructed events to the generated yield. The registraffaiency resulting from the limited
geometrical acceptance, reconstruction efficiency, assel®due to the analysis cuts were cal-

culated as:

N
ef ficiency = NREC, (5.7)
Mc

where Nzc and N, are the numbers of reconstructed and simuldfedr K* resonances,
respectively. As an example the results of the simulatidh embedding forx™ are plotted in
Fig.[5.2ZT in two dimensional spagepr. The top left and right panels show the distributions of

Ny andNggc, respectively. The bottom panels show the distributiorhektf ficiency.

pr [GeVic]

p; [GeVic]

Figure 5.27: Results of the simulation with embedding&or The distributions in rapidity and
transverse momentum of the number of simulak&d(top left), the number of reconstructed
K* (top right) and the ratidVggc / Nasc-

In order to correct the experimental results #yeficiency was calculated in the rapidity
andpr bins used for the data analysis. The calculations were deparately for the empty
simulation and the simulation with embedding. The resultgmesented in Figs 58 and 3.29.
Theef ficiency from the empty simulation is somewhat larger than in caséefeimbedded

events. This is because the loss due to high track densitglea into account in the simulation
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with embedding. In the studied intervals the efficiency ilyoveakly dependent on rapidity and

transverse momentum.
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Figure 5.28: The{* registration efficiency as a function gfleft) andp (right) for the empty

simulation and simulation with embedding.
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Figure 5.29: The{* registration efficiency as a function gf(left) andp, (right) for the empty
simulation and simulation with embedding.

The original simulations were performed assuming the s&stope parameter of the trans-
verse momentum spectrum to He= 260 MeV. The results presented in the following chapter
yield 7' = 339 MeV for K* andT = 329 MeV for K*. Based on these results thgficiency

was recalculated. The original simulation results weregivieid by the factor:

P2 (pT)
(_,()Z' = s 58
(pT) P1 (pT) (5:8)
where:
p1 (pr) = C4 ']UTG_mT/T1 p2 (pr) = Cy 'pTe_mT/TZ, (5.9)

with T}, = 260 MeV and7; = 339 MeV and the coefficient§’; andC', were obtained from the
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normalization conditions:

/ p1 (pr) dpr = 1, / p2 (pr) dpr = 1. (5.10)

Finally, the originak f ficiency was replaced by the correctedificiency as:

~ Kipe (Apr) 2w, (pr)
Cess. (Apr) = Ko (Bpr) ot (Apr) = SLTATSE (5.11)

Comparison of the original and correcteflficiencies for K* is presented in Fig._5.B0 and
for K* is presented in Fig_5.B1. The twd ficiencies are very similar, which reflects the fact

that thee f ficiency is only weakly dependent gm: and consequently on the shape of the

distribution.
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Figure 5.30: Comparison betweelf ficiencies calculated withT = 260 MeV andT =
339 MeV for K* and the simulation with embedding. Efficiency versus trans¥ momentum
with the center-of-mass rapidity interv@ak3 < y < 1.78 (right).
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Figure 5.31: Comparison betweelf ficiencies calculated withT" = 260 MeV andT =
329 MeV for K* and the simulation with embedding. Efficiency versus transy momentum
with the center-of-mass rapidity interv@ai3 < y < 1.78 (right).

The final correction applied to the experimental results walsulated ad /ef ficiency,
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whereef ficiency was calculated for embedding simulation with= 339 MeV.

5.6 Statistical and systematic errors

In this section the statistical and systematic uncerisrdre discussed.

5.6.1 Statistical uncertainties

Statistical error on the extractgd* and K* signal in rapidity and transverse momentum bins
was calculated as follows. First, the statistical errorghefbin content N« and N, of
the invariant mass spectra in real and mixed events werelagdd as,/ N/* and/ N/@ed,
respectively. Second, the statistical errors of the birtexatn/N:** of the subtracted invariant

mass spectrum were calculated as

O(N7*) = o (N2 4 co (Ned)?

wherec is the normalization factor used for the mixed events. Thidse errors were used in
the fit procedure which yields the statistical error of tignal normalization factof’. Finally,
the statistical errors on the corrected rapidity and trarsey momentum spectrég /dx, were
calculated as

o(dn/dz) = dn/dxo(C)/C.

Another source of the statistical error is a statisticaleutainty of the correction for the detec-

tion inefficiency. The efficiency is defined as:

N
ef ficiency = NREC. (5.12)
MC

The probability to detectVzz- K* resonances out aV,;- simulated ones is given by the

binomial distribution:

Nue

N —
P (Niec) (NREC

) . ¢NrEC | (1 _ 6)NMC*NREC : (5.13)
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wheree stands fok f ficiency. The corresponding variance is,
Var (Ngrgc) = Nye - e- (1 —€), (5.14)
and consequently the statistical error’of ¢ is:

o (Nrec) = \/Var (Nrec). (5.15)

The corresponding statistical erroraf ficiency reads:

J(NREC>:\/NMC'E(l_E):\/E'(l_E)_ (5.16)

ol€e) =
(€) Nuyc Nuc vV Nuye

The resulting statistical errors ef ficiency are below3%. They are significantly smaller than
the statistical errors due to data statistics (alde20%). They were not taken into account in

calculations of the statistical errors of the final results.

5.6.2 Systematic uncertainties

Systematic errors are calculated by checking the stalitize results with respect to changes
of the track selection cuts and parameters of the signadetion procedure.

First, the yields were obtained using differelit /dx cuts to select kaon candidates. Three
bands with the width oft2A, +2.5A, and+3A around the mean kaat¥' /dz were used and
the yield was extracted assuming fixed mass and width okthend KX signal (see AppendxIC
for details). Free parameters of Breit-Wigner fit of the remace signal are presented f05A.
Table[56 presents numerical values of differeniial(892)” and K* (892)° yields in rapidity
bins. The errors in the table are the statistical errors.ddgults are shown also in F[g.5.32.
The same procedure was used for systematic error estimansverse momentum bins. The
corresponding results fdk* and K* are given in TablEGl7 and are shown in Fig_5.33.

Second, the yields were obtained performing the fits to thariant mass spectra in three
Min, INtervals, namely80-1100 GeV, 830-1050 GeV and730-1150 GeV.

Third, the yields were extracted using 1st and 2nd orderruotyial parametrization of the
residual background. The corresponding results are pies@nTable§ 516 arld3.7.

The final systematic errors of yields in rapidity and tramseenomentum bins were calcu-
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lated as:

Toys = w (5.17)
where then,,,, andn,,;, are the maximum and the minimum yields obtained by varyimg th
analysis cuts and parameters as described above. The meamiaystematic uncertainties of
the K* yields are abou?4% in rapidity intervals and abo@2% in transverse momentum bins.
For K* they are abou32% in rapidity intervals and abo@8% in transverse momentum bins.
The precision of the absolute scale of the NA49 magneticifsdbétter thari % [64]. A possible
bias in the magnetic field determination may influence on thgtjpn of the resonance signal.
In order to determine the maximum systematic error due odthand X* mass determination
due to the magnetic field uncertainty the analysis was regdeaging momenta of the decay
products scaled by1%. The corresponding results are presented in AppendihBy indicate

such systematic error is smaller thaieV.

<:| > cl > 2.5
ielke) r 0=1.20 ielke) F | 1 0=1.20
T dn/dy(y’)dy'=10.31+ 2.51 E @ dn/dy(y')dy’'=5.20+ 1.69
r I y(y')dy'=10.31+ 2. 2 %J\ iI y(y')dy'=5.20+ 1,
3; [
L 15f 1 1
x 1
e 0.5~
% 2 0 2 4 % 2 0 2 4
y y

Fix fit, PID K 20
Fix fit, PID K 2.50
Free fit, PID K 2.50

Fix fit -50 MeV (lin.), PID K 2.50

Fix fit +50 MeV (lin.), PID K 2.50
Fix it -50 MeV (quad.), PID K 2.50

Fix fit +50 MeV (quad.), PID K 2.50

[ ] Fix fit, PID K 30

Figure 5.32:K* (left) and K* (right) rapidity spectra obtained for various parametdrthe
analysis procedure, see text for details.
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Figure 5.33:K* (top) andK™* (bottom) transverse momentum (left) and transverse magg)(r
spectra obtained for various parameters of the analystedtoe, see text for details.
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6.

Table 5.6:K* (892) and K* (892) yields iny bins obtained for various parameters of the analysis proeedhe errors are statistical only. See text

for details.

Y | dn/dy(2.5A) dn/dy(2.50) free | | dn/dy(2.5A) dn/dy(2.5A) free
0.3-0.6 | K~ (892)0 2.520 £ 0.223 2.050 £ 0.223 K* (892)0 1.518 £ 0.190 1.639 4+ 0.190
0.6-0.9 2.706 £ 0.181 2.941 £ 0.181 1.929 £+ 0.133 2.003 +0.133
0.9-1.2 2.307 £0.159 2.029 + 0.159 1.206 £+ 0.112 1.092 £ 0.112
1.2-1.5 2.080 £ 0.148 1.768 +0.148 0.812 £ 0.098 0.866 £ 0.098
1.5-1.8 1.875+£0.125 2.121 £0.125 0.445 £ 0.084 0.324 £ 0.084

y dn/dy(2A) dn/dy(3A) dn/dy(2A) dn/dy(3A)
0.3-0.6 | K~ (892)0 2.630 £0.191 2.407 £ 0.261 K* (892)0 1.459 £ 0.153 1.396 4+ 0.231
0.6-0.9 2.620 £ 0.156 2.823 £0.211 1.675 +£0.105 1.777 £ 0.167
0.9-1.2 2.185+0.138 2.382 4+ 0.181 1.180 £ 0.089 1.223 +0.140
1.2-1.5 2.013 +£0.130 2.039 + 0.165 0.721 £ 0.077 0.696 £ 0.119
1.5-1.8 1.782 4+ 0.112 1.978 £ 0.136 0.480 £ 0.068 0.452 £ 0.100

Y ‘ dn/dy(2.5A)l_Z-20 dn/dy(2.5A)?{20 ‘ dn/dy(2.5A)l_Z-20 dn/dy(2.5A)?{20
0.3-0.6 | K* (892)0 2.707 £0.223 2.916 + 0.223 K* (892)0 1.366 £ 0.190 1.873 +0.190
0.6-0.9 2.478 £0.181 2.954 £ 0.181 1.8724+£0.133 2.116 £0.133
0.9-1.2 2.170 £0.159 2.026 + 0.159 1.042 +0.112 0.939 £0.112
1.2-1.5 1.860 +0.148 1.466 4+ 0.148 0.813 £ 0.098 0.588 £+ 0.098
1.5-1.8 1.447 +0.125 1.073 +£0.125 0.585 £ 0.084 0.229 £+ 0.084

Y ‘ dn/dy(2.5A);ffd dn/dy(2~5A)£§d ‘ dn/dy(2.5A);i’fd dn/dy(2.5A)£’fd
0.3-0.6 | K* (892)0 2.657 £ 0.223 3.062 + 0.223 K* (892)0 1.566 £+ 0.190 1.521 £0.190
0.6-0.9 3.000 £ 0.181 3.049 £ 0.181 1.827 +£0.133 2.173£0.133
0.9-1.2 2.506 £ 0.159 2.420 £ 0.159 1.334 £0.112 1.178 £0.112
1.2-1.5 2.146 £ 0.148 2.151 £0.148 0.806 £ 0.098 0.788 £ 0.098
1.5-1.8 1.764 +0.125 1.769 4+ 0.125 0.574 £ 0.084 0.445 £+ 0.084
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br ‘ dn/dpr(2.5A) dn/dpr(2.5A frec) ‘ ‘ dn/dpr(2.5A) dn/dpr(2.5A frec)
0.0-0.5 | K*(892)° | 2.006 £ 0.162 1.705 =+ 0.162 £*(892)° | 0.858 £ 0.134 0.544 £ 0.134
0.5-1.0 4.102 £ 0.165 4.137 £ 0.165 1.811 £0.120 1.766 & 0.12
1.0-1.5 2.151 +£0.097 2.273 +0.097 1.021 £ 0.063 1.138 £ 0.063
1.5-2.0 0.744 4+ 0.055 0.810 £+ 0.055 0.300 £ 0.033 0.269 £+ 0.033

pr dn/dpr(2A) dn/dpr(3A) dn/dpr(2A) dn/dpr(3A)
0.0-0.5 K*(892)0 2.078 £0.139 1.648 4+ 0.286 K* (892)0 0.924 £+ 0.108 0.271 £0.163
0.5-1.0 3.900 £ 0.145 4.260 £+ 0.279 1.693 £+ 0.099 1.8774+0.144
1.0-1.5 1.949 4+ 0.088 2.538 £ 0.160 0.830 £ 0.054 1.164 +0.073
1.5-2.0 0.701 £ 0.050 0.797 £ 0.089 0.249 £ 0.028 0.326 £ 0.037

pr ‘ dn/de(2.5Afi20) dn/de(2.5A?;20) ‘ ‘ dn/de(2.5Al_Z-20) dn/de(2.5A?;20)
0.0-0.5 K*(892)0 1.778 £ 0.162 0.382 +0.162 K* (892)0 0.769 £+ 0.134 04+0.134

0.5-1.0 3.378 £ 0.165 3.365 £ 0.165 1.509 +0.120 1.446 +0.120
1.0-1.5 1.993 + 0.097 2.402 £ 0.097 0.933 £ 0.063 1.225 £+ 0.063
1.5-2.0 0.719 4+ 0.055 0.922 + 0.055 0.358 £0.033 0.386 £+ 0.033

pr ‘ dn/de(2.5A;fc?d) dn/de(2.5A;“ffd) ‘ ‘ dn/de(2.5A;fc?d) dn/de(2.5A;“ffd)
0.0-0.5 K*(892)0 2.373 £0.162 1.795 4+ 0.162 K* (892)0 1.220 £0.134 0.649 £ 0.134
0.5-1.0 3.920 £ 0.165 4.196 £ 0.165 1.751 £ 0.120 1.862 +0.120
1.0-1.5 2.071 +0.097 2.261 £+ 0.097 0.917 +0.063 0.974 4+ 0.063
1.5-2.0 0.717 £ 0.055 0.790 £ 0.055 0.355 £ 0.033 0.271 £0.033

Table 5.7:K* (892) and K* (892) yields inpr bins obtained for various parameters of the analysis proeed he errors are statistical only. See

text for details.
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Chapter 6

Results onK* and K* production in

central Pb+Pb collisions at 1581 GeV

This chapter presents final results on tkié and K* production properties in central Pb+Pb
collisions at 158! GeV. The data on mass and width of these particles are giveecitior 6.11.
Rapidity distributions and total mean multiplicities areegented in section 8.2. Transverse

momentum and inverse slope parameters are shown in sEcion 6

6.1 K*and K* mass and width

The parameters of th&* and K* signal were obtained from fits to the background subtracted
mass distribution. The signal shape was parametrized bgrésie Wigner distribution whereas
the background by first or second order polynomials. The fagewperformed in five inter-
vals of rapidity and four intervals of transverse momentiigs[@1 and_&l3 show mass
andI’ of K* and K* as a function of rapidity and transverse momentum. The draos in-
dicate the statistical uncertainties only, whereas thel®ahmow the quadratic sum of statisti-
cal and systematic uncertainties (see sedfioh 5.6 forldet&or most of the points the posi-
tion (mass) parameter is somewhat smaller (upitdeV) then the corresponding PDG value
896.1 + 0.27 MeV [LOQ], but the width parameter agrees within the erraith the correspond-
ing PDG value 0f50.7 MeV [L0d]. The precision of the absolute scale of the NA49 nwdig
field is better thari% [64]. The scaling of the magnetic field by 1.01 results ingm#icant in-
crease of the mass parameter but it is not suffcient to fellyoduce the obsereved reduction in

comparison to the PDG value. Fig.16.2 shows masndI" of K* as a function of rapidity and
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transverse momentum with scaled momentum: &% to determine experimental uncertainties

(see AppendikD for details).
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Figure 6.1: Position and width df* peak as a function of rapidity ang.

6.2 Rapidity distributions of K* and K*

Rapidity distributions of< * and K * are presented in Fi§s®.4 dndl6.5. The results were obtained
using the procedure described in secfion 5.3 and are futhgcted for the detection inefficien-
cies as well as for the branching ratio to the studied decaypm#l. The corrected yields were

calculated as:

dn Ny (Ay)  w
dy  Newent - Ay’ BR’

(6.1)

whereN, ..., (Ay) is the raw number of detected resonanc€s,..; is the number of analysed
collisions,w is a correction factor for detection inefficiencyy is the width of the rapidity
interval andB R is a branching ratio of the observed resonance decay chdeqality is given
in the center-of-mass system and the yields are given indahewfiing bins: (0.3-0.6), (0.6-

0.9),(0.9-1.2), (1.2-1.5), and(1.5-1.8). The numerical values for the rapidity distributions of
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Figure 6.2: Position and width df * peak as a function of rapidity ang with scaled momen-
tum +1% to determine experimental uncertainties (see Appdnbioridétails).
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K* andK* are given in the TablEd.1. Gauss function was fitted to thesomea rapidity distri-

ybin [ dn/dy

K*(892)" | 0.3-0.6 | 2.520 £ 0.223 £ 0.729
0.6-0.9 | 2.706 + 0.181 4 0.466
0.9-1.2 | 2.307 £+ 0.159 4 0.398
1.2-1.5 | 2.080 + 0.148 + 0.491
1.5-1.8 | 1.875+ 0.125 £+ 0.649

K*(892)° | 0.3-0.6 | 1.518 + 0.190 = 0.449
0.6-0.9 | 1.929 4 0.133 £ 0.369
0.9-1.2 | 1.206 & 0.112 4 0.310
1.2-1.5 | 0.812 + 0.098 = 0.237
1.5-1.8 | 0.445 + 0.084 =+ 0.262

Table 6.1: Rapidity distributions af*(892)° and K *(892)°. Both statistical (first) and system-
atic (second) errors are given.

butions. The width parameter,, was assumed to kg, = 1.2 close to the width of the rapidity
distribution of K and¢(1020) mesons measured in the same reacfionl[101]. Similar width of
the rapidity distribution is predicted fak* and K* mesons by the UrQMD model (for details
see sectioh™712). Mean multiplicity &f* was extracted by integrating the Gauss function. The
numerical values are given in Talplel6.2. The total errorewsed in the fit and thus the quoted

error on the mean represents the total error.

Pb+Pb at 158 GeV | K*(892)° K*(892)°
multiplicity 10.31 £1.58 5.20 +0.99

Table 6.2: Mean multiplicity ofK*(892)° and K*(892)° mesons produced in central Pb+Pb
collisions at 158! GeV. The error refers to the total uncertainty.
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Figure 6.4: Rapidity distribution ofc*(892)° in central Pb+Pb collisions at 188GeV. Full
symbols represent the measurements, open symbols weliaaubtay reflection around mid-
rapidity. The top plot shows the quadratic sum of statitacal systematic errors. The bars
show statistical errors, the bands indicate the quadratice statistical and systematic errors
(bottom).
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Figure 6.5: Rapidity distribution ofc*(892)° in central Pb+Pb collisions at 138GeV. Full
symbols represent the measurements, open symbols weliaaubtay reflection around mid-
rapidity. The top plot shows the quadratic sum of statitacal systematic errors. The bars
show statistical errors, the bands indicate the quadratice statistical and systematic errors
(bottom).
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6.3 Transverse momentum and transverse mass spectra

Transverse momentum and transverse mass spectia” agfnd K* in the rapidity interval
0.43 < y < 1.78 are presented in Fids$.6 ahdl6.7, respectively. The reselts obtained
using procedure described in sectionl 5.3 and are fully ctedefor the detection inefficiencies
as well as for the branching ratio to the studied decay cHaimhe corrected yields ip; bins

were calculated as:

dn Nygw (Apr) w

. 6.2
de Nevent . ApT BR’ ( )

whereN, .., (Apr) is the raw number of detected resonancés,,,; is the number of analysed
collisions,w is a correction factor for detection inefficiencyp is the width of thep; interval
and BR is a branching ratio of the observed resonance decay chamhelyields are obtained
in the following bins: (0.-0.5), (0.5-1.0), (1.0-1.5), a(id5-2.0) GeV/c. The numerical values
for thep, spectra ofK* and K* are given in TablEGI3, respectively. Figules] 6.6@nH 6owsh
dn/dpr spectra The mean value of systematic and statistical eils@isout 22% fork™ and
28% for K.

prbin | my —mo  dn/dpr|GeV/c™] 1/mydn/dmydy|(GeV/c?) 2]
K*(892)° | 0.0-0.5 | 0.034 2.006 £0.162 £ 0.887 8.025 £ 0.649 + 3.348

0.5-1.0 | 0.272 4.102 £0.165 £ 0.505 5.469 +0.219 £ 0.673

1.0-1.5 | 0.642 2.151 £0.097 £ 0.418 1.721 £0.078 £ 0.334

1.5-2.0 | 1.070 0.744 £ 0.055 £ 0.117 0.425 £ 0.031 £ 0.067

K*(892)° | 0.0-0.5 | 0.034 0.858 £0.134 £ 0.462 3.432 £ 0.534 £ 1.848
0.5-1.0 | 0.272 1.811 £0.120 £ 0.227 2.414 £ 0.160 £ 0.303
1.0-1.5 | 0.642 1.021 £ 0.063 £ 0.230 0.817 £ 0.050 + 0.184
1.5-2.0 | 1.070 0.300 £0.033 £0.071 0.172 £0.019 £ 0.041

Table 6.3: Transverse momentum spectrunkof892)° and £*(892)° in the rapidity interval
0.43 < y < 1.78. Both statistical (first) and systematic (second) erroesgaven.
From the measureg, spectra the invariant yield as a functiorvaf was calculated as:

d*n d*n

mpdmpdy B prdprdy ’

wheremy = /mé + p%. The my spectra are shown in Fi§s®[6,36.7 and the corresponding

numerical values are given in Talple]6.3.
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Figure 6.6: Transverse momentym (left) and transverse mass; (right) spectra of<*(892)°
mesons produced in central Pb+Pb collisions atA&8V. The spectra are obtained in the
rapidity interval0.43 < y < 1.78. The bars in the upper panel the quadratic sum of statistical
and systematic errors (top). The bars in the lower panel statistical errors and the bands
indicate the quadratic sum of statistical and systematar&fbottom).
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Figure 6.7: Transverse momentym (left) and transverse mass; (right) spectra of*(892)°
mesons produced in central Pb+Pb collisions atA%&8V. The spectra are obtained in the
rapidity interval0.43 < y < 1.78. The bars in the upper panel show the quadratic sum of
statistical and systematic errors (top). The bars in thetqanel show statistical errors and the
bands indicate the quadratic sum of statistical and systemaors (bottom).
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The spectra were fitted by the "thermal” function:

dn m2 e
—C ppe T 6.3
and
d27’L mr
—=(C-e T 6.4
medmrdy Cre ' (6.4)

whereC andT are fit parameters. The resulting values offthgarameter are given in Talflleb.4.
The total errors were used in the fit and thus Therrors refer to the total uncertainty. The fit
was performed using two methods. In the first one, the valtleeofitted function calculated in
the middle of the bin was compared to the experimental ylalthe second method the integral
of the fitted function over the bin was compared to measureld yThe obtained values of the

T parameter differ by less thanMeV. The numerical values presented here refer to the first

method.

Pb+Pb at 158 GeV | K*(892)° K*(892)°
T (MeV) 337 £ 8 MeV 323 + 12 MeV

Table 6.4: Inverse slope parameter fgr(892)° and K*(892)° The errors refer to the total
uncertainty.
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Chapter 7

Discussion and comparisons with models

and with other experiments

In this chapter the results on tié& (892)° and K *(892)° production in central Pb+Pb collisions
at 1584 GeV are compared to other experimental results on resomaiadaction. Furthermore,
the data are compared to predictions of the string hadroodeilUrQMD [29,[30] and to the
Hadron Gas Model (HGM]I102].

7.1 Comparison with other measurements

7.1.1 Mass and width

The comparison of the NA49 data with the STAR reslilis [64,af0nass and width oK™ is
shown in Fig[ZIL as a function &* transverse momentum. Both experiments do not observe
any evidence for the width modifications. T mass is lower by about 10 MeV than the
PDG value for NA49 and STAR at; < 0.8 GeV/c. Atpr > 0.8 GeV/c the NA49 data show
the same reduction of the mass agat< 0.8 GeV/c, whereas the STAR results are consistent
with the PDG value. STAR observes the reduction of mass wettrehsing) also for other
resonances)(1020), AT+ (1232) andp(770) [64].

Numerical values of measured mass) (@and width (") for central Pb+Pb (Au+Au) colli-

sions at different energies are summarized in Table 7.1.
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17.3GeV 62GeV 200GeV 17.3GeV 62GeV 200GeV
pr M N A49 MITAR MSTAR IS UsTar 5Tk

05-1.0 | 88+1 889+£3.75 889.6t£4 49+£5 53&£7 o8 + 28
1.0-1.5 | 889+1 R894.75£2.75 894£3 201 +5 53758 40x15
1.5-2.080+2 890.5+£3 893.9+3 H5£5 55ED 39 £ 25

Table 7.1: Comparison of the results on mass and widti"omeasured by NA49 and STAR
experiments[64, 10] in central Pb+Pb (Au+Au) collisionsilstatistical errors are given.
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Figure 7.1: The position and the width of ti&&" peak as a function of its transverse momen-
tum in central Pb+Pb (Au+Au) collisions measured by NA49 &TAR. Statistical errors are
indicated by vertical bars and systematic errors by badndl$16).

7.1.2 System size dependence

Preliminary NA49 results or*(892)° and K*(892)° production in minimum bias p+p and
in central C+C and Si+Si collisions at 188GeV were obtained in[80] and resulting mean

multiplicities are listed in Table~7.2.
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Figure 7.2: The(K*) / (N,,), (K*) / (N, (left panel), and K*) / (x~), (K*) / (x*) ratios
(right panel) as a function of the number of wounded nuclg¢68k

Obviously, the mean multiplicity of resonances grows wittreasing system size (number

of wounded nucleons). The ratio of the mean multiplicity0f(892)° and K*(892)° to number
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Figure 7.3: The(K*)/(K*), and <f(*> /(K~) ratios in nucleus-nucleus collisions at
1584 GeV as a function of the number of wounded nucleéns [80].
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Figure 7.4: Thek™ /K~ ratio in nucleus-nucleus collisions normalized by the esponding
ratio in p+p interactions at RHIC (200 GeV) as a function oftiggpant number. The error
bars correspond to statistical errors whereas the erraldae systematic uncertainties. Figure
taken from [72].
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of wounded is presented in Fig_T.2 (left) as a function\gf. The ratio is approximately
independent ofVy,. The ratio in central Pb+Pb collisions is lower than in p+Hgractions by
a factor of about.5 in agreement with the observations at RHICI[72]. But thedliof this
conclusion is limited by large errors.

The ratios(K*(892)%) /(zx~) and (K*(892)%)/(x*) are shown in Fig—7]2 (right) as a func-
tion of Ny,. Here a significant decrease of the ratios when going fromtp-Rb+Pb collisions
is observed. The reduction of the relative yield of resorani central Pb+Pb collisions is even
stronger when the ratigqg(*(892)°) /(K *) and (K *(892)°) /(K ~) are considered, see FIg.17.3.

These ratios seem to be the most relevant for physics irt@tpyn. Both, kaons and kaon
resonances are strange hadrons, and thus they are expebesdnsitive to strange quark pro-
duction in a similar way. The effect of strangeness enhaeo¢m heavy ion collisions should
approximately cancel in th@*(892)%) /(K ") and (K*(892)°) /(K ) ratios. Consequently, a
system size dependence of these ratios should be mostlyigetinteractions in the hadronic
phase of collisions. The role of these interactions is etqueto increase with an increasing sys-
tem size, what might explain the lower ratio in central Pb€Blisions.

Similar suppression of th&*(892)° and K*(892)" relative yields in heavy ion collisions is

observed also at RHIC. The recent results are shown ilcEg. 7.

| ptp C+C Si+Si Pb+Pb
(Npart) 2 163+1 41442  2623+58
éK* (892)(); 0.07924+0.0016 0.8+£024 2240.66 10.31+1.58
K*(892)°) | 0.0559£0.0011 043+0.14 1.3+04 5240.99
centrality min. bias 15.3% 12.2% 23.5%

Table 7.2: Thek* (892) and K* (892) yields p+p, C+C, Si+Si system frorh [80] and Pb+Pb
system from this analysis.

7.1.3 Energy dependence

TheK*/K+ andK* /K~ ratios in central Pb+Pb (Au+Au) collisions are shown as &fiom of
collision energy in Figl_Z15. The ratios significantly inase with increasing energy. This may
be interpreted as due to higher role of the interactions enhéidronic phase at the SPS than
at RHIC energies. (where the hadronic phase before freezes-@robably shorter than at the
SPS).
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Figure 7.5: TheK* /K+ and K*/ K~ ratios in central Pb+Pb (Au+Au) collisions as a function
of collision energy. The STAR data gfsyy = 130 GeV and,/syy = 200 GeV [70] are used
in the plot.

7.2 Comparison with string-hadronic model UrQMD

Vann | K*(892)° K*(892)°

17.3 [ 1091+1.64 5.33£0.80
123 | 7.93+£1.19 3.26+0.49
8.73 | 546+0.82 1.734+0.26
7.62 | 4544068 1.2740.19
6.27 |3.304+049 0.7240.11

Table 7.3: Thek*(892)° and K*(892)° yields as a function of collision energy within the
UrQMD model [103].

The Ultra-relativistic Quantum Molecular Dynamics (UrQMDodel [29/30] was used for
comparison with the experimental data in order to trace akeeaf interactions in the hadronic
phase. During the UrQMD simulations, new particles are peed by string excitations and de-
cays, particle decays and particle coalescence in inelagtractions. The space-time evolution
of the system of strongly interacting particles is followedhe UrQMD simulation.

For the purpose of this work th€*(892) and K *(892) spectra in central Pb+Pb collisions at
20A4, 304, 404, 804, 1584 GeV were calculated [103] (see Tablel7.3). The UrQMD model al

lows to trace back a history of resonance production andtarkisf resonance decay products.
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Strong interactions of the decay products during the evmiutf the system will change their
momenta and thus the resonance can not be reconstructegtlisimvariant mass technique.
These resonances are called the non-reconstructableares=i[99]. The effect of the interac-
tions of decay products in the UrQMD significantly influenspgctra and yields of short lived
resonances [104]. For the presented comparison with tlzecady reconstructable resonances
are selected.

Figs[Z® and717 show rapidity distributions Af(892)° and K*(892), respectively, in
central Pb+Pb collisions at the SPS energies as predictéiaebyrQMD. The corresponding
transverse momentum spectra are shown in[Eigs 7.8ahd 7.9.

The mean UrQMD yields ofC*(892) and K*(892) resonances in central Pb+Pb collisions
in the CERN SPS energy range are plotted as a function osmnilienergy in Figs~Z.10 and
[113, respectively. The resonance yield increases signific(several times) between the low-
est and the highest SPS energies. The data points at G&8/ agree well with the model
predictions.

The rapidity and transverse momentum spectr& 6f892) and K*(892) in central Pb+Pb
collisions at 1581 GeV from NA49 are compared with the UrQMD distributions img${iZ. T2
and’Z.IB. The model agrees well with the measured rapidityilouitions. However, the UrQMD
transverse momentum spectra are steeper than the meagirdguitions. The latter difference
should be taken with caution as the UrQMD spectrum was catledlin the full momentum
acceptance, whereas the NA49 data refer to the NA49 midtgjgicceptance.

A fraction of non-reconstructable resonances due to thaydpmduct interactions in the
hadronic phase calculated within the UrQMD at #58eV increases with increasing system
size. In particular, forx*(892)° it is about1% in p+p interactions]0.5% in C+C,19.4% in
Si+Si and66% in central Pb+Pb collision5[1D4]. The numbers f61(892)° are similar[[80] to
those forK*(892)°. For a comparison, a fraction @f1020) resonances lost due to the decay
product rescattering is negligible because its lifetimeers times longer than the lifetime of
K*(892)°. Furthermore, the rescattering probability of the resoratecay products depends
on a cross section of the resonance decay products foratitara with hadrons in the hadronic
phase[[105].

As a consequence of the above arguments the agreement betveelA49 data and the
UrQMD predictions is reached. The model includes resondosses due to interactions of

the decay products into account. In the UrQMD these intemastreduce the<*(892)° and
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K*(892)° yields by a factor of about 3. The loss probability dependsapidity and transverse
momentum. The decay products are rescattered prefergatidbw transverse momenta[105].
Calculated scattering rates exhibit signs of a chemicakabdequent thermal freeze-out, giving
a possibility to study a time difference between chemicdltwermal freeze-outs. Furthermore,
the invariant mass spectra of strongly interacting praglace expected to be distorted due to
the rescattering of decay produdis [L05]. Whether thisceffan, at least in part, explain the

shift in the masg(*(892)° and K*(892)° remains to be answered by the following studies.

UrQMD K* simulation at 20 AGeV

0=0.87
Idn/dy(y')dy':S.SOi 0.49

UrQMD K* simulation at 30 AGeV

0=0.96
Idn/dy(y')dy':4.54t 0.68

UrQMD K* simulation at 40 AGeV

0=1.02
Idn/dy(y')dy':5.46¢ 0.82

y y
= — = —
OIS 4¢ UrQMD K* simulation at 80 AGeV | OIS | UrQMD K* simulation at 158 AGeV
b 0=1.18 4L 0=1.33
a Idnldy(y’)dy’:7.94 +1.19 [ Idn/dy(y')dy':lO.Qli 164

Figure 7.6: Rapidity spectra @ *(892) in central Pb+Pb collisions at 20 304, 404, 804 and
1584 GeV (from top left to bottom right) calculated within the UM model. The spectra are
fitted with the Gauss function.
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Figure 7.7: Rapidity spectra @ *(892) in central Pb+Pb collisions at 20) 304, 404, 804 and

1584 GeV (from top left to bottom right) calculated within the UM model. The spectra are
fitted with the Gauss function.
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Figure 7.8: Transverse momentum spectr&0{892) in central Pb+Pb collisions at 20 304,

404, 804 and 1581 GeV (from top left to bottom right) calculated within the UMD model.
The spectra are fitted with the Boltzmann function.
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Figure 7.9: Transverse momentum spectr&6f892) in central Pb+Pb collisions at 20 304,
404, 804 and 1581 GeV (from top left to bottom right) calculated within the UMD model.
The spectra are fitted with the Boltzmann function.
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Figure 7.10: Energy dependencelof(892) yield in central Pb+Pb collisions calculated within
the UrQMD model. The NA49 data point at 18&eV is indicated for a comparison.
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Figure 7.11: Energy dependencefof(892) yield in central Pb+Pb collisions calculated within
the UrQMD model. The NA49 data point at 18&eV is indicated for a comparison.
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Figure 7.12: Comparison of the data and the UrQMD resultapitiity, and transverse momen-

tum spectra for<*(892) in central Pb+Pb collisions
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Figure 7.13: Comparison of the data and the UrQMD resultapifiity, and transverse momen-
tum spectra for*(892) in central Pb+Pb collisions at 138GeV.

7.3 Comparison with Hadron-resonance Gas Model

The statistical Hadron-resonance Gas Model (HGM) [106]been found to provide a good
description of total yields of stable hadrons produced emelntarye® + e~, p + p interac-
tions and central nucleusiucleus collisions using as adjustable parameters thehidtion
temperaturd ,;.,., the baryochemical potential and the system volumié [L108,[107].

The system volum¥& together with the strangeness saturation fagi@re introduced[106].
The comparison of the mean multiplicities &F (892), K*(892), A(1520) and¢(1020) in cen-
tral Pb+Pb collisions at 158 GeV [79,[67] with the HGM[[106] is shown in Fig—Z14. In this
version of the HGM an additional non-equlibrium parametiee, strangeness saturation fac-
tor v, was used. The model predictions are indicated by the dashedhd are taken from
Ref. [106]. Yields of all measured resonances are smalér the corresponding HGM predic-
tions. This is quantify in FigsZ15 afild 7116 where the rafithe measured yield to the HGM
yield for the resonances is plotted as a function of the rasoa lifetime and fork*(892),
K*(892) as a function of the number of wounded nucleons, respegtiVéle ratio decreases
with decreasing life time and it is the lowes¥ (0.44) for K*(892), K*(892). These findings
further support the interpretation of the observed sugionasof the resonance vyield in central
Pb+Pb collisions as due to interactions of the decay pradadhe hadronic phase. The HGM
model assumes that the chemical and thermal freeze-ouspmaimcide and it does not take into
account the rescattering of the decay products. As arguediously, the rescattering effect and
thus the yield suppression, should increase with decrgassonance life time and increasing
system size (life time). These behaviours are in fact se&igs[Z. 15 and7.16.

Thus, the investigation of resonances with a mean life timelar to the life time of the
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Figure 7.14: Mean hadron multiplicities in central Pb+Pbisions at 1581 GeV measured by
the NA49 (closed points) and predicted by the hardron gasi{ddshed line)[108].

fireball gives an evidence for creation in central Pb+Pbisiolhs of a long lived hadronic
phase. Due to short mean lifetime, as fot(892) with ¢7 = 3.91 fm/c and for A(1520) with

cr = 12.7fm/¢, the yield of reconstructable resonances is strongly sgsed (see TadleT.4).
However,K *(892) and K *(892) (and resonances, in general) can be also regenerated foom ka
and pion interactions in the hadronic phase. The data glewticate that the suppression due to
the decay product rescattering dominates over a possibeneement due to the regeneration

(see Tabl&715).

Cr [fm/C] yi6|dDATA yie'ngju
K*(892)0 3.91 14.23+3.42 32.5
RK*(892)° | 3.91 7184230 155
A(1520) | 12.7 1.57+£0.44 3.34
$(1020) | 44 760+£1.10 8.5

Table 7.4: The measured resonance yield and the yield peeday the HGM model[106] in
central Pb+Pb collisions at 1885eV versus the resonance lifetime (5% most central)[79, 67]
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No | K*892)bara  Khan K 892)bara  Kiau
2 0.0792£0.0016 0.0563 0.0559 + 0.0011 0.0316
14 | 0804024 0.93  0.43+0.14 0.43
37 | 2.20£0.66 270 1.30 £0.40 1.27
262.3 | 14.23 £ 3.42 325  7.18+£2.30 15.5

Table 7.5: Thek™(892)° and K*(892)° yields for data to the HGM model [1D6] versus the
number of wounded nucleons for p+p, C+C, Si+Si interacf@lj fnd central Pb+Pb collisions
at 1584 GeV (5% most central).
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Figure 7.15: The ratio of the measured resonance yield tpi¢he predicted by the HGM model
in central Pb+Pb collisions at 138GeV versus the resonance lifetime.
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Figure 7.16: The ratio of(*(892)° and K*(892)° yields of data to HGM model yields versus
the number of wounded nucleons for p+p, C+C, Si+Si inteoast{80] and for central Pb+Pb
collisions at 158! GeV.
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Chapter 8

Summary and conclusions

In this work production properties ok* and K* resonances in central Pb+Pb collisions at
1584 GeV have been analysed. The experimental data were regidigithe NA49 experiment
at the CERN SPS.

The production of resonances in nucleus-nucleus collssisrexpected to be sensitive to
the properties of strongly interacting matter created aséhcollisions. In particular, the pro-
duction of strange resonances lik& and K* may be affected by the onset of deconfinement.
The K* and K* mesons are short lived particles. Their lifetime ¢e 4 fm/c) is comparable
to the life time of the fireball created in collisions. They @axpected to be sensitive to the
strangeness production, to the properties of the hadrosepfrascattering, regeneration) and
to the properties of hadrons in the dense medium (absojpfesonances which decay into
strongly interacting particles in a dense medium are lésdylito be reconstructed due to the
rescattering of daughter particlés71]. The regeneratitect (K — K* — Kx) may par-
tially compensate losses due the rescattering and absorptihe expansion of the produced
matter is long ¢ 20 fm/c) [71]. The K* and K* contain strange quarks. Thus, they are ex-
pected to be sensitive to the strangeness content of thensystich is established at the early
stage of collision[[109].

In order to investigate the properties of the¢ and K* meson production in central Pb+Pb

collisions at 158! GeV, the author of this thesis:

e extracted raw signals of* and K* mesons from the invariant mass spectra in rapidity

and transverse momentum bins,

e fitted the position and width of the signal distributions,
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e evaluated corrections to the raw spectra for the losses atieet limited geometrical

acceptance, tracking inefficiency and track quality cuts,
e obtained corrected rapidity, transverse momentum and\eaee mass spectra,

e extrapolated rapidity spectra to unmeasured regions amnaoted mean multiplicities of

K* and K* resonances,
e calculated statistical and systematic errors for the abeselts,
e compared the results with other data on resonance prodiictio
e compared the results with the UrQMD and HG models.

The final results on the th&* and K* production properties in central Pb+Pb collisions at

1584 GeV can be summarized as follows:

e the position of thek* and K* signals is systematically lower (by abolfo) than the

corresponding PDG value,
¢ the width of the signal is consistent with the correspondidgs value,
e the rapidity spectra for both™* and K* are consistent with the Gaussian with= 1.2,

¢ the transverse momentum or equivalently transverse massramgree with the Boltz-
mann shape imn; with the fitted inverse slope parametér,= 337 + 8 MeV/c and

T = 323 £+ 12 MeV/c for K* andK*, respectively,

¢ the mean multiplicities in central Pb+Pb at 15&eV are evaluated to jé*) = 10.31+
1.58 and(K*) = 5.20 £ 0.99.

The comparison with the world data on resonance productiomucleus-nucleus collisions

indicates that:

¢ a decrease of the peak position is observed alsdfoand K* and other resonances at

RHIC,

o the K*/K* andK* /K~ ratios at 158 GeV decrease with the system size (the number
of wounded nucleons) by a factor of about 4 when going fromiptgractions to central

Pb+Pb collisions,
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e the decrease at 138GeV is two times stronger than the one measured at the top RHIC

energy,

e the K*/K* and K*/K~ ratios in central Pb+Pb (Au+Au) collisions increase with in

creasing collision energy.

The comparison with the string-hadronic model UrQMD and Haglron-resonance Gas

Model indicates:

e the mean multiplicities of{* and K* are lower than the HGM predictions by a factor of

about3,

e the suppression of the resonance yield with respect to thd Higdictions increases with

decreasing resonance life-time,

e the UrQMD model approximately reproduces the rapidity sj@esnd mean multiplicities
of K* and K* mesons; this is because the rescattering of the decay fsddustroduced

in the model, resulting in the yield reduction by a factor bbat 3,

e the UrQMD predicts steeper than the data transverse mastapguggesting that the

transverse expansion of the matter in the UrQMD is not sefiici

The encouraging results of this work motivate further stadif the resonance production in
the full energy range of the CERN SPS. These systematic dataeweal features which could
be attributed to the onset of deconfinement at the low SP§ieseAdditionally, an analysis of
the p resonance production, with the life-time shorter tii&hone was just started. The results

should help to clarify the role of absorption, rescatteang regeneration.
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Appendix A

Kinematic variables

A particle produced in a collision can be characterized $yaur momentun*.

E
E
. Dz E B
P = = . - pr (A 1)
Dy p
&
p-

For convenience, cylindrical coordinate system is ofteadun this case the momentum vector
is given in terms of transverse momentum, longitudinal mote (along the beam axis) and
azimuthal angle. Longitudinal momentum is not invariand@emLorentz transformation along
the beam axis, whereas transverse momentum and azimutjlel am invariant. Transverse

momentum is defined as:

pr = /D2 + D3 (A.2)

azimuth angleb is given by:

¢ = arctan <&> , (A.3)
Pz

and total momentum is equal to:

p=\/p:+p;+D:. (A.4)
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Longitudinal motion of a particle is often quantify by itgrdity defined as:

1 E
y:§1n< +pz> , (A.5)

E_pz

which has transformation properties similar to non-relatic velocity. Inspired by thermody-

namical models one often uses transverse mass:

mr = \/pr +m?2. (A.6)

The energyF can be expressed as:
E = \/m = myp cosh (y) , (A.7)
and longitudinal momentum, as:
p., = mysinh (y) . (A.8)

Rapidity (see equatidn’A.5) can be easily transformed framodatory frame to center-of-mass

system:

YcMmS = YLAB — Ymid (A.9)

wherey,,;q; IS a rapidity of center-of-mass system in laboratory frafea. high momentum

particles(p >> m) rapidity can be approximated by pseudo-rapidityhich depends only on

p=—n [tan (g)] (A.10)

whered is the polar angle in the laboratory rest frame. Pseuddditgan be also expressed as
(equatiorLAL):

polar angle as:

:11n<|p|+pz) . (A.11)
2 ‘p|_pz
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In terms of pseudo-rapidity, total momentum is given as:

p = prcosh(n) (A.12)

and the longitudinal momentum reads:

p. = prsinh(n) (A.13)

Pseudorapidity is often used by experiments which do nosaregarticle momenta and masses.

The center-of-mass energy in elementary collision is glwen

Vs = (B + E2)? — (5 + )2 (A.14)

where E1, p; and E,, p, are energy and momentum of two colliding nuclei. In fixed ¢arg

experiments such as NA49, = m, p, = 0 and consequently:

Vs =1/2m?2 + 2mE; . (A.15)

The c.m.s. energy per nucleon-nucleon pair in collisionsvofidentical nuclei of fixed target

experiment is:

\/SNN — \/27’)73\[ + 2mNEN s (A16)

wherem and Ey are mass and energy of a projectile nucleon, respectively.
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Appendix B

T49MultiMixer class of the T49 analysis

framework

The algorithm of invariant mass background description tdesfly introduced in chaptdd 5
(sectio®.3R). The new approach to calculate the mixedtéwackground was implemented
for this analysis. In order to standardize the mixing praced new class has been developed
(T49Mul ti M xer). This class was add to tA&9ANA library of the T49 analysis framework.
In order to subtract a background from an invariant massibligion resulting from data analy-
sis, mixed events are created from uncorrelated pairs titfes. To generate mixed events the
track pools are filled with a few hundred events. The mixecdhtsvare created by a random se-
lection of tracks from a pool. It was assured that in a mixesh¢wpposite charged tracks come

from different real data events. The basic class of the rgipiocedure is calle@i49M xi ng.

B.1 T49MultiMixer

Inclusive particle spectra depend on multiplicity and vetergy. Consequently, a shape of the
invariant mass spectrum also depends on these quantitimsldr to take this effect into account
mixed events were constructed using real events of simildtiplicity or veto energy. For the
final analysis mixing within multiplicity bin ofAN = 20 was used. Finally, the mixed event
invariant mass spectra obtained in multiplicity bins wereraged with multiplicity distribution

of real events.

TheT49Mul ti M xer class header is presented bellow:
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class T49Multi M xer : public TObject {

publi c:

T49Mul ti M xer () ;
T49Mul ti M xer(Int _t nmulti_mn, Int_t nmulti_max, Int_t nmulti_interval,

Int_t Events, Int_t character);

voi d Reset();

/1 Mulitiplicity or Eveto bins selection

Int _t MultiEvetoBi ns(T49Event Root *Event,Int _t type);

/1 Definition type of bins selection add each event in proper T49M xi ng
cl asses pool

voi d AddEvent (T49Event Root *Event, TObjArray *Pllist, TObjArray *P2list);
/1 Fill functions for T49Proj BASE cl asses with proper m xed event

voi d Get Event s( T49Proj 2BASE =Mul ti Si gnal, T49Proj 2BASE *Mul ti M xed) ;

/'l Wite object output into outside ROOT file

void WiteEvents(TFile ~QutFile, T49Proj 2BASE Ml ti Si gnal , T49Pr oj 2BASE
*Mul ti M xed);

prot ect ed:

Bool t fVerbose; // Qutput control flag

Int_ t fType; // Type of bin selection

Float _t fPinmass; // Phyical constants: pion nass
Fl oat _t fKmass; // Phyical constants: kaon nass
Float t fPrmass; // Phyical constants: proton mass
Int_ t fNMxed; // Definition for m xing procedures

Bool t fFirstMx; // Definition for m xing procedures

Int_t fRanges; // Range definition for customvariabl e

Int_ t fMulti_mn; // Range definition for customvariable
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Int_ t fMulti _max; // Range definition for customvariable

Int_t fMulti __interval; // Range definition for customvariable

Int_t fEvents; // Nunber of events to be processed

Int_t fEvent _counter; // Nunber of processed events

T49M xi ng **f EventM xer; // Define the event-m xer with 10 events

in the pool

TObj Array *f Ml ti PosParticl eLi st;

TOoj Array *fMul ti NegParticl elLi st;

TOoj Array =fMul ti M xedPosParti cl eLi st;

TObj Array »fMiulti M xedNegParti cl eLi st;

Cl assDef (T49Mul ti M xer, 1) // Event m xer for list of T49Parti cl eRoot

b
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B.2 Example macro for T49MultiMixer

An example macro with marked important declarations is shawillustrate how to use the

T49Mul ti M xer class.

bold type = 1; // analysis in multiplicity bins
/1 For conputing in nmultiplicity bins

const Int_t nulti_mn = 400;

const Int_t nulti _nax = 1600;

const Int_t nmulti _interval = 20;

type = 2; // analysis in eveto bin

const Int t nulti_mn = 0O;

24000;

const Int_t nmulti_mx
const Int_t nulti _interval = 4000;

/'l Define the event-multi-mxer with nulti m nimum and maxi mum conmmon
vari abl e;

T49Mul ti M xer *Mul ti M xer = new

T49Mul ti M xer (multi _mn,nmulti_max, nulti _interval, nMaxEvent, type);

while ((Event = (T49Event Root *)

Run- >Cet Next Event (RunType, St art At Run, EndAt Run)) && (nEvent < nMaxEvent))
{

[ ... */

/'l You must define positive and negative tracks: TObj Array »PosParti cl eLi
/'l *NegParticlelist;

/'l You must define the event object: T49Event Root =*Event;

[* ... */

Mul ti M xer->AddEvent (Event, PosParti cl eLi st, NegParti cl eLi st);

/1 You nust define: T49Proj 2BASE *Si gnhal , *M xed

Mul ti M xer->Get Event s(Si gnal , M xed);

[+ ... */

}

113



APPENDIX B. T49MULTIMIXER CLASS OF THE T49 ANALYSIS FRAMEW®K

B.3 K* Comparison of T49Mixing and T49MultiMixer spec-

tra

The invariant mass spectra &f* after background subtraction obtained using the standard
mixer (T49M xi ng) and the multiplicity mixer{49Mul t i M xer ) are compared in (Fig.B.1).
Clearly, the multiplicity mixer results in improved degaion of the background and thus al-

lows a more precise extraction of the signal.

= _ = x10°
> 10000 Mg ST
£ A W 5 )
LW, h
10000 M W 0<y<03| & . / ¥ , 0<y<o3
@ C @ -
20000 Sl ? iy
g M WM 0;* i {\MWMwNmwMHH*HﬁkH*#WMNo’WW
80000 o
05 1 15 2 05 1 15 2
m;., (K1) [GeV] m;.,(KT7) [GeV]

Figure B.1: The invariant mass spectra léf" 7~ pairs after background subtraction in the
center-of-mass rapidity intervd) < y < 0.3). The background was calculated using the
standard mixing procedures (left), and the multiplicitimg (right).

114



Appendix C

min, SPectra for different dE /dx selections

In order to estimate systematic uncertaintiegcfand K* spectra threé £ /dx bands with the
width of +2A, +2.5A and+3A around the mean kaaf¥ /dx value were used for selection
of kaon candidates. The piaf¥/dz selection band was kept unchanged and equat3a
around the Bethe-Bloch piaf®/dz. The parameteA was set to be 0.05 of the med#’/dx

for minimum ionizing particles (MIP), which for NA48F /dx calibration is equal to one. The
invariant mass spectra calculated fie2 A and+3A in rapidity and transverse momentum bins
are shown in Figs AL, AP T3, C.4 and in Figg [C8,[CH, respectively. The spectra for
+2.5A are shown in sectidn3.3.
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APPENDIX C. M;yy SPECTRA FOR DIFFERENDE /DX SELECTIONS

C.1 dFE/dx band with width of i + 2A around the mean of

kaon

C.1.1 K*(892)%in y and pr bins
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Figure C.1: TheK* invariant mass spectra in rapidity intervals for the kaofdatband+2A.
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Figure C.2: Thek™* invariant mass spectra in transverse momenta intervathéokaon dE/dx
band+2A (0.43 <y <1.78).
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C.1.2 K*(892)%in y and pr bins
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Figure C.3: The* invariant mass spectra in rapidity intervals for the kaordetand+2A.
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C.2 dFE/dx band with width of i + 3A around the mean kaon

C.2.1 K*(892)%in y and pr bins
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Figure C.5: The* invariant mass spectra in rapidity intervals for the kaordaEband+3A.
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C.2.2 K*(892)%in y and pr bins
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Figure C.7: Thel* invariant mass spectra in rapidity intervals for the kaorfdatBband+3A.
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Figure C.8: Thek*

band+3A (0.43 <y <1.78).
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Appendix D

m;ny SPEectra with scaled momenta

In this appendix the invariant mass spectra in rapidity aadsverse momentum bins calcu-
lated using scaled momenta are presented. The momenturmdetgon in NA49 has maxi-
mum systematic error of about 1%. This bias is possible dgggtematic error in the absolute
normalization of the magnetic field[67]. FigsD.1 4ndID.2wslwvariant mass spectra in the ra-
pidity andpr intervals calculated using momentum vectors scaled by, &vB8reas the spectra
obtained scaling momentum vectors by 1.01 are presenteds$iiE3 and D.K¥. The difference

between the peak position extracted from the unscaled aleldsspectra is about 5 MeV.
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APPENDIX D. M;ny SPECTRA WITH SCALED MOMENTA

D.1 K* Distributions recalculated with momentum vectors

entries [arb. unit]

scaled by factor 0.99
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by 0.99. Standard selection of particles is used.
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