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Abstra
tMeasurement of Open Charm in 158 AGeV/
 Pb-Au CollisionsThis thesis presents a measurement of an upper limit for the open 
harm yield in158 AGeV/
 Pb-Au 
ollisions with the CERES spe
trometer at 7% 
entrality. A se-
ondary parti
le re
onstru
tion s
heme, based on the re
onstru
tion of the de
ay vertex,is developed and tested using the de
ay K0S ! �+�� as a referen
e measurement. Anintegrated K0S rapidity density of dN=dy = 19:75� 0:23 (stat)� 1:70 (syst) is measuredin the rapidity region 2:0 < y < 2:6 and 
ompared to results from an alternative analysisof the CERES data and results from the NA49 and NA57 
ollaborations.The analysis of the de
ay D0 ! K+�� requires 
areful study of the 
ombinatorialba
kground and resonan
es 
ontributing to the invariant mass spe
trum. An open 
harmenhan
ement of more than a fa
tor 22 
an be ex
luded at 98% 
on�den
e level. Theenhan
ement is 
al
ulated with respe
t to the expe
ted open 
harm yield in nu
leus-nu
leus 
ollisions of hD0i = 0:21 per event, obtained by s
aling the 
harm 
ross-se
tionin proton-proton 
ollisions with the number of binary 
ollisions.The �rst part of this thesis is devoted to the development of a hit �nding algorithmfor the CERES TPC. Furthermore, a detailed des
ription of the 
alibration of the TPCis presented. A position resolution of �r�� � 340 �m and ��r � 640 �m is a
hieved withthe new 
alibration, with a momentum resolution of �p=p = 5:4% at p = 5 GeV/
, themomentum region relevant for the D0 meson.Open Charm Analyse in 158 AGeV/
 Pb-Au KollisionenDiese Doktorarbeit beinhaltet die Messung einer oberen Grenze f�ur die Produktionsratevon Open Charm Mesonen in 158 AGeV/
 Pb-Au Kollisionen mit dem CERES Spektro-meter bei einer Zentralit�at von 7%. Es wird die Entwi
klung einer Rekonstruktionsme-thode f�ur Sekund�arteil
hen vorgestellt, die auf der Rekonstruktion des Zerfallsvertexberuht. Die Methode wird mit dem Zerfall K0S ! �+�� als Referenzmessung getestet.Eine integrale Rapidit�atsdi
hte von dN=dy = 19:75� 0:23 (stat)� 1:70 (syst) wird f�ur dasK0S Meson im Rapidit�atsberei
h 2:0 < y < 2:6 gemessen und mit den Ergebnissen eineralternativen CERES Messung und den Messungen der NA49 und NA57 Kollaborationenvergli
hen.Eine genaue Untersu
hung des kombinatoris
hen Untergrundes und der Resonanzen,die zus�atzli
h zu dem invarianten Massenspektrum beitragen, ist f�ur die Analyse des Zer-falls D0 ! K+�� unerl�assli
h. Eine vermehrte Open Charm Produktionrate von mehr alseinem Faktor 22 kann bei einem Kon�denzniveau von 98% ausges
hlossen werden. DieserFaktor bezieht si
h auf die in Kern-Kern St�o�en erwartete Open Charm Produktionsratevon hD0i = 0:21 pro Ereignis, die dur
h Skalierung des Charm Wirkungsquers
hnitts inProton-Proton St�o�en mit der Anzahl der bin�aren Kollisionen gegeben ist.



Der erste Teil dieser Doktorabeit befasst si
h mit der Entwi
klung eines Algorithmuszur Mustererkennung in der CERES TPC. Ferner wird eine detaillierte Bes
hreibung derKalibration der TPC pr�asentiert. Mit der neuen Kalibration wird eine Ortsau
�osung von�r�� � 340 �m und ��r � 640 �m errei
ht, sowie eine Impulsau
�osung von �p=p = 5:4%bei einem f�ur das D0 Meson relevanten Impuls von p = 5 GeV/
.
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1
Chapter 1Introdu
tionHeavy-ion 
ollisions at ultra-relativisti
 energies o�er the possibility to study the behaviorof nu
lear matter at high density and temperature where one expe
ts the existen
e ofthe Quark Gluon Plasma (QGP). In this new state of matter the quarks are no longer
on�ned inside individual hadrons, but they are free to move within the intera
tion region.At the same time the quarks lose their dynami
al mass leading to the restoration of 
hiralsymmetry, an approximate symmetry of QCD in the se
tor of light quarks.Many di�erent signatures have been proposed for the formation of a QGP phase.A

ording to the type of �nal state parti
les, they 
an be divided into two main groups: thehadroni
 probes and the ele
tromagneti
 probes. Hadroni
 probes have the advantage ofhaving large 
ross-se
tions. However, they undergo a substantial evolution through strongreintera
tions in the period between their formation and the dete
tion. Therefore, themomentum distribution and the �nal parti
le 
omposition 
an be a�e
ted by later stagesof the heavy-ion 
ollision. Nevertheless, it is still possible to extra
t valuable informationabout the initial stage of the 
ollision by studying �nal state hadrons. Ele
tromagneti
probes have a negligible 
ross-se
tion for the intera
tion with hadroni
 matter. Theyare a dire
t tool for the investigation of the �rst stages of the heavy-ion 
ollision. Thedrawba
k of this kind of probe is that the produ
tion 
ross-se
tion is very small, and thedete
tion in a high ba
kground environment be
omes a diÆ
ult task.CERES is one of the experiments at the CERN Super Proton Syn
hroton (SPS) de-di
ated to the study of ele
tromagneti
 probes. Its main obje
tive is the measurement oflow mass ele
tron-positron pairs produ
ed in p-A and A-A 
ollisions. Systemati
 studieshave been done with S-Au in 1992 [1℄ and the proton-indu
ed rea
tions p-Be and p-Auin 1993 [2℄. An energy s
an has been performed during the years 1995 to 2000 using thesystem Pb-Au [3, 4, 5℄. While the p-A 
ollisions 
ould be well explained by a 
o
ktailof the hadroni
 sour
es �0, �, �0, �, ! and �, the S-Au and Pb-Au spe
tra showed asigni�
ant enhan
ement in the mass range 0:2 < me+e� < 1:5 GeV/
2. A 
omparisonbetween the p-Au and S-Au data sets is shown in �gure 1.1. A dilepton enhan
ement wasalso observed by the HELIOS/3 experiment in 200 AGeV/
 S-W 
ollisions [6, 7℄ and bythe NA38/NA50 experiment in 158 AGeV/
 Pb-Pb 
ollisions [8℄. The observation of thisex
ess also led to an enormous theoreti
al a
tivity. It might be explained by dire
t thermalradiation of the �reball, dominated by the two-pion annihilation �+�� ! � ! e+e�
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Figure 1.1: Low-mass ele
tron pair enhan
ement in nu
leus-nu
leus 
ollisions.The left �gure shows the in
lusive e+e� mass spe
tra in 450 GeV/
 p-Au 
ollisions. The shapeof the spe
tra is in good agreement with the predi
ted 
ontributions from hadroni
 de
ays.The right �gure shows the 
orresponding spe
tra for S-Au at 200 AGeV/
. In the mass rangebetween 0.2 and 1.5 GeV/
2 an enhan
ement by a fa
tor of 5:0 � 0:7 (stat)� 2:0 (syst) [1℄ isobserved with respe
t to expe
tations from the hadroni
 
o
ktail.with an intermediate � ve
tor meson. Compared to the lighter ve
tor mesons ! and �the � is of parti
ular interest. Be
ause of its short lifetime of 1.3 fm/
 it samples theevolution of the �reball as a fun
tion of time. Furthermore, due to its link to 
hiralsymmetry restoration [9℄, it is assumed that the intermediate � su�ers strong in-mediummodi�
ations. The two main theoreti
al alternatives for this modi�
ation predi
t a shiftof the � peak to lower masses (Brown-Rho s
aling [10℄) or a spreading of its width basedon 
al
ulations of the � spe
tral density within the dense hadroni
 medium [11℄. Theupgrade of the CERES experiment in 1998 with a Time Proje
tion Chamber (TPC)opened the additional possibility to study hadroni
 
hannels. Many interesting topi
shave been addressed sin
e then [12, 13, 14, 15, 16℄.The aforementioned dilepton enhan
ement in the low and intermediate mass regiongave rise to several spe
ulations. One often dis
ussed possibility proposes an abnormallyenhan
ed open 
harm produ
tion in nu
leus-nu
leus 
ollisions [17℄. However, su
h anin
rease is not easily justi�ed theoreti
ally [18℄, and would also be diÆ
ult to re
on
ile withthe 
urrent understanding of the observed J=	 suppression. Another explanation arguedthatD meson res
attering in hot and dense matter might generate a transverse momentumbroadening whi
h 
an enri
h the �+�� phase spa
e 
overed by the NA50 experiment [19℄.But the resulting in
rease was to small to explain the ex
ess [20℄. Furthermore, the roleof se
ondary Drell-Yan pro
esses in hadroni
 res
atterings has been investigated withinthe UrQMD transport model [21℄. It has been found that in the intermediate massregion (IMR) this 
ontribution may 
onstitute up to 30% of the primordial Drell-Yanyield and thus far from explaining the experimental �ndings. An attempt to explainthe HELIOS-3 data used a transport model in
orporating dilepton produ
tion throughse
ondary hadroni
 annihilation pro
esses [22, 23℄. It was found that the enhan
ement inS-W 
ollisions 
ould indeed be explained. Unfortunately, the statisti
s of the HELIOS-3



3data for m�+�� > 2 GeV is poor. Finally, the signi�
an
e of thermal dilepton radiationhas been investigated [24℄. The evaluation of the dilepton spe
tra in Pb-Pb 
ollisions asmeasured by NA50 showed that the IMR 
an be 
omposed of 3 major 
omponents: open
harm de
ays, Drell-Yan and thermal radiation. It was shown that the dilepton ex
ess
ould indeed be explained without invoking any anomalous enhan
ement in the 
harmprodu
tion. Furthermore, the low-mass dilepton spe
tra from the CERES experiment
ould be explained in the same framework when medium e�e
ts in the low-lying ve
tormesons are in
luded. Therefore, a 
onsistent pi
ture of dilepton produ
tion at the fullCERN SPS energy seems to emerge. To test this result against open 
harm enhan
ementa dire
t measurement of the D meson 
ontribution is needed.The subje
t of this thesis is the measurement of the open 
harm yield in 158 AGeV/
Pb-Au 
ollisions. Due to the low produ
tion 
ross-se
tion the measurement is diÆ
ult.The expe
ted yield per event for 
entral Pb-Pb 
ollisions at SPS is � 0:03 for D+=D�and � 0:1 for D0=D0 [25, 26℄. However, the CERES experiment has the possibility todistinguish between primary and se
ondary tra
ks by 
utting on the se
ondary vertex.Moreover, the upgrade of the experiment with a TPC and its extensive 
alibration providesa reasonable momentum resolution (�p=p = 5:4% at p = 5 GeV/
). Finally, the largedata sample of 30 million events taken during the beam time of the year 2000 is enoughstatisti
s to make su
h a measurement tempting.The thesis is stru
tured as follows. Chapter 2 gives a brief histori
al overview of theheavy-ion program and elu
idates the most relevant features of the Quark Gluon Plasma.Chapter 3 presents the experimental �ndings of the NA38/NA50 experiment 
on
erningthe ex
ess in the intermediate mass muon pair 
ontinuum in 158 AGeV/
 Pb-Pb 
ollisions.Furthermore, its most dis
ussed sour
es, open 
harm enhan
ement and thermal radiation,are presented. The overall experimental setup of the CERES experiment together with itsindividual dete
tor 
omponents are des
ribed in 
hapter 4. Chapter 5 is devoted to there
onstru
tion s
heme of the raw data. Spe
ial emphasis is given to software 
omponentsdeveloped in the framework of this thesis. Another important 
ontribution during thiswork was the 
alibration of the TPC, des
ribed in detail in 
hapter 6. Chapter 7 presentsthe analysis s
heme for the measurement of open 
harm. It is mainly based on there
onstru
tion of the se
ondary vertex using two Sili
on Drift Counters (SiDC) and theTPC. A 
ut on the longitudinal distan
e between the se
ondary vertex and the primaryintera
tion region allows to separate se
ondary parti
les from target tra
ks and thus makesan almost ba
kground free parti
le re
onstru
tion possible. In 
hapter 8 the feasibilityof the analysis is demonstrated for the more abundant strange parti
les. The studiesare performed on the two body de
ay K0S ! �+��. The eÆ
ien
y is tested against analternative CERES measurement using only the TPC and measurements from the NA49and NA57 experiments. The same analysis s
heme is applied to the re
onstru
tion ofopen 
harm in 
hapter 9. An upper limit on the open 
harm 
ross-se
tion is obtained.Finally, 
hapter 10 
ontains the 
on
lusions.
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Chapter 2Quark Gluon PlasmaSeveral experimental dis
overies in parti
le physi
s revealed the hierar
hi
al nature ofmatter. The 
onstituents of ma
ros
opi
 matter were found to be mole
ules and atoms.The atoms 
onsist of a nu
leus surrounded by an ele
tron 
loud. The 
omponents ofthe nu
lei are the nu
leons whi
h in turn are formed of quarks, antiquarks and gluons(partons). To this date no further substru
ture of quarks was observed. They are regardedas pointlike parti
les. The properties of the 6 known quark 
avors are listed in table 2.1.Isolated quarks have never been dete
ted and thus it is 
onje
tured that they are 
on�nedtogether with other quarks to form hadrons. The gluons are the intermediators of thestrong 
olor for
e between the quarks. The physi
s of the strong intera
tion is des
ribedby the theory of Quantum Chromodynami
s (QCD). It is the SU(3) gauge symmetri
part of the Standard Model of parti
le physi
s.In deep-inelasti
 s
attering experiments the individual s
attered partons 
y awaypra
ti
ally freely, dress with a gluon 
loud and rapidly form 
olor singlet bound states,the hadrons. However, if the number of partons s
attering simultaneously into the samevolume element is suÆ
iently in
reased, the situation may 
hange radi
ally. A densemedium of partons is formed, where the intera
tions of quarks, antiquarks and gluons ares
reened su
h that the formation of bound states is inhibited. This new state of matteris 
alled Quark Gluon Plasma.The ultimate aim of ultra-relativisti
 heavy-ion 
ollisions is to prove the existen
eof this new state of matter and to investigate its parti
ular properties. The topi
 isalso relevant to other �elds, like 
osmology and astrophysi
s. Firstly, the transition fromhadroni
 matter to a QGP may happen in the inner 
ore of neutron stars, where massdensities are likely to ex
eed 1015 g=
m3 (about four times the 
entral density of nu
lei)while surfa
e temperatures are as low as 105 K or less [11℄. Se
ondly, it is believed thatthe inverse transition (hadro-synthesis) had to o

ur a few tens of mi
rose
onds after theBig Bang. The following se
tions will give a brief histori
al overview over the heavy-ionprogram and elu
idate the most interesting features of the phase transition.



6 CHAPTER 2. QUARK GLUON PLASMAquark 
avor 
harge Q=e 
urrent mass mq [MeV/
2℄ dynami
al mass Mq [MeV/
2℄d (down) �1=3 9:9� 1:1 310u (up) +2=3 5:6� 1:1 310s (strange) �1=3 199� 33 500
 (
harm) +2=3 1350� 50 1800b (bottom) �1=3 ' 5000 4500t (top) +2=3 > 90000 > 176000Table 2.1: Quark properties. Quarks are fermions (spin 1=2) and are 
hara
terized by the
avor degree of freedom d, u, s, 
, b or t. The 
urrent quark masses listed in the table were takenfrom referen
e [27℄, the dynami
al masses from [28℄. A 
urrent mass is the mass of a quark inthe absen
e of 
on�nement. When the quark is 
on�ned in a hadron, it may a
quire an e�e
tivemass whi
h in
ludes the e�e
t of the zero-point energy of the quark in the 
on�ning potential.This so 
alled dynami
al mass is typi
ally a few hundred MeV in magnitude.2.1 Histori
al OverviewThe heavy-ion program started with �xed target experiments in 1986 at the AlternatingGradient Syn
hroton (AGS) of the Brookhaven National Laboratory (BNL) and theSuper Proton Syn
hroton (SPS) of the Centre Europ�een pour la Re
her
he Nu
l�eaire(CERN). The 
enter of mass energy rea
hed with these two fa
ilities is ps = 5 AGeVand ps = 17 AGeV, respe
tively. Data was taken using a beam of relatively light ions of14:6 AGeV 16O and 28Si at the AGS and 60-200 AGeV 16O and 32S beams at the SPS. Itwas observed that the 
olliding nu
lear matter loses a substantial fra
tion of its energy inthe 
ollision pro
ess [29℄. This proved the possibility to 
reate hot and dense matter inheavy-ion 
ollisions.The program 
ontinued with heavier nu
lei, 10:8 AGeV 197Au at the AGS and 40, 80and 158 AGeV 208Pb at the SPS. The high energy Pb data provided 
ir
umstantial evi-den
es that a new state of matter had been produ
ed [30℄, and the oÆ
ial announ
ementfrom CERN soon followed in the year 2000 [31℄.The QGP formed at SPS energies is not expe
ted to be net-baryon-free. The net-baryon 
ontent in the QGP is small, if the separation between the beam and the targetrapidity stays far away from the 
entral rapidity region. For nu
leus-nu
leus 
ollisionsat an energy of ps = 100 AGeV, the separation between the proje
tile and the targetrapidity is 10.7 units. On the other hand, the average rapidity loss of the baryons in the
entral 
ollision of Au on Au is roughly 2 to 4 units [27℄. Thus, for those high energy
ollisions a net-baryon-free Quark Gluon Plasma would be expe
ted. This triggered theset of experiments, whi
h began to run in the year 2000 at the Relativisti
 Heavy IonCollider (RHIC), also lo
ated at BNL. These were 
ollider experiments, able to rea
heven higher energies of about ps = 200 AGeV ne
essary to produ
e a net-baryon-freeQuark Gluon Plasma.An even 
learer result will be obtained with a new 
ollider being built at CERN, theLarge Hadron Collider (LHC). This ma
hine will be 
apable to rea
h energies of aboutps = 5:5 ATeV. At this highest energy all parameters relevant for the formation of the
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Figure 2.1: Phase diagram of matter. Latti
e QCD 
al
ulations predi
t a de
on�nementphase transition, and an a

ompanying 
hiral phase transition, both at high temperature and/orhigh density. The expe
tation for the phase boundary [35℄, based on 
al
ulation for �B = 0, isindi
ated by the hat
hed region. The 
hemi
al potentials � and temperatures T resulting fromthermal analyses pla
e the 
hemi
al freeze-out (bla
k line) very 
lose to the phase boundarybetween plasma and hadrons.QGP, su
h as energy density, size and lifetime of the system and relaxation time, will bemore favorable. The experiment dedi
ated to heavy-ion 
ollisions at LHC will be ALICE(A Large Ion Collider Experiment) [32℄. First runs are planned for the year 2007.2.2 Phase Diagram of Nu
lear MatterRe
ent theoreti
al predi
tions estimate that the phase transition between the 
on-�ned and the de
on�ned phases of QCD o

urs at a 
riti
al energy density of�
 = 0:70� 0:35 GeV/fm3 [33℄. This energy density 
an be rea
hed by 
hanging oneor both of the two essential thermodynami
al quantities: the temperature T and thedensity �. The QCD phase diagram in �gure 2.1 
an thus map out regions in the plane oftemperature T and baryo
hemi
al potential �B [34℄, with the latter spe
ifying the mean
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Figure 2.2: Spa
e-Time Evolution of a Heavy-Ion Collision. The invariant hyperbolain the spa
e-time diagram allo
ate the individual stages passed during a heavy-ion 
ollision.baryon number density �B (baryon minus antibaryons).If ordinary nu
lear matter is 
ompressed to the extent that nu
leons overlap, a 
oldQGP is formed. It is believed that this situation may take pla
e inside neutron stars [36℄.At T = 0 the 
riti
al density for the transition 
an be estimated to be �
 ' 0:72/fm3 [27℄.�
 is about 5 times the nu
leon number density �B = 0:14/fm3 for normal nu
lear matterat equilibrium. Experimentally, the QGP 
an be a

essed by a 
ombination of heatingand 
ompression, 
olliding heavy nu
lei with velo
ities 
lose to the speed of light. Theenergy brought into the system is dissipated for the 
reation of quark-antiquark pairsand gluons. Assuming equilibration, the system be
omes de
on�ned at suÆ
iently highdensity and temperature to form a hot QGP.The spa
e-time s
enario of a high-energy nu
leus-nu
leus 
ollision was suggested byBjorken [37℄ as illustrated in �gure 2.2. The traje
tories of the proje
tile and the targetnu
leus are drawn as thi
k lines in the diagram. The nu
lei are Lorentz 
ontra
ted inlongitudinal dire
tion and therefore represented by two thin disks. During the 
ollisionpro
ess the baryons lose a substantial fra
tion of their energy, whi
h is deposited in thevi
inity of the 
enter of mass. After the 
ollision the slowed-down baryons 
an still haveenough momentum to re
ede from ea
h other. The energy deposition is approximately ad-ditive in nature and might be suÆ
ient to 
reate a system of quasi-free quarks and gluonsin the 
entral rapidity region. After a short moment of in
omplete thermal equilibration(pre-equilibration), the plasma may rea
h lo
al equilibration (QGP) at the formation time



2.3. CHIRAL SYMMETRY RESTORATION 9�0 � 1 fm/
 [37℄. The subsequent evolution of the �reball 
an be des
ribed in terms of thelaws of hydrodynami
s. The pressure inside the hot and dense medium leads the systemto expand. Its temperature drops and the plasma starts to hadronize (mixed phase).The hadrons will stream out of the 
ollision region when the temperature falls below thetemperature of 
hemi
al freeze-out. At this stage all inelasti
 intera
tions stop and theyield of ea
h hadron spe
ies is �xed. As the temperature further de
reases to rea
h thepoint of thermal freeze-out, also the elasti
 
ollisions 
ease.The relative abundan
e of produ
ed hadrons in heavy-ion 
ollisions 
an be 
om-pared with expe
tations for a statisti
al ensemble [34℄. This allows two parameters tobe adjusted to the data: the temperature T and the baryo
hemi
al potential �B. Atpresent, data exists for a variety of energy regimes, a

essible by di�erent a

elerators(SIS, AGS, SPS and RHIC). This allowed the determination of hadro
hemi
al freeze-outpoints, shown in �gure 2.1 as red 
ir
les. The empiri
al 
urve 
onne
ting the freeze-outpoints 
orresponds to a 
onstant energy per hadron of 1 GeV [38℄. The information aboutthe thermal freeze-out 
an be extra
ted from the analysis of momentum spe
tra and isalso shown in the �gure.2.3 Chiral Symmetry RestorationA fundamental symmetry of QCD is 
hiral symmetry. It is broken in the va
uum, butlatti
e QCD predi
ts that 
hiral symmetry is restored at the same temperature as thede
on�nement of the quarks and gluons o

urs. An important goal in heavy-ion physi
sis therefore to look for eviden
es for this fundamental predi
tion of the Standard Model.This issue will brie
y be elu
idated in the present se
tion. A 
omprehensive introdu
tionto this topi
 
an also be found in [39℄.Chiral symmetry involves the handedness of parti
les, i.e. the information of thespin orientation versus its dire
tion of motion. The ability to de�ne the handedness in anabsolute way depends on weather or not a parti
le has mass, sin
e a parti
le with massmoves with less than the speed of light. For right-handed parti
les, the spin is pointing inthe same dire
tion as its velo
ity. But for an observer moving faster than the parti
le, itwould appear to move ba
kwards, while its spin would still remain un
hanged. For thatobserver the parti
le would seem to be left-handed. In 
ontrast, a massless parti
le movesat the speed of light in all frames, and all observers would agree on its handedness.As indi
ated in table 2.1 the masses of the quarks are not �xed 
onstants but arerather generated by intera
tions with other parti
les. The 
urrent mass mq 
an be asso
i-ated with the weak intera
tion. The dynami
al mass Mq arises from the strong intera
tion.It is believed that the 
urrent masses are generated by the 
oupling to the still undis
ov-ered Higgs �eld. The Higgs �eld has a �nite average value in the ground state, generallyknown as va
uum. Parti
les intera
t with the va
uum Higgs �eld, whi
h modi�es theirproperties and gives rise to their masses. In the limit mq ! 0 the QCD Lagrangian forlight quarks (u,d, and s) reveals SU(3) 
avor symmetry independently for left-handed andright-handed quarks, i.e. it has 
hiral symmetry SU(3)L�SU(3)R. In this limit the heli
-ity be
omes a good quantum number. Sin
e the a
tual 
urrent masses of the light quarks
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Figure 2.3: Energy dependen
e of a 
harge singlet pair. Due to quantum 
u
tuationsthe va
uum is �lled with pairs of 
harged parti
les in a singlet state. Charge means ele
tri
 
hargein the 
ase of QED (Quantum Ele
trodynami
s) and 
olor 
harge in the 
ase of QCD (QuantumChromodynami
s). If a e+e� pair is 
reated from the QED va
uum, it will annihilate withinthe time s
ale 1=Epair given by the un
ertainty relation. These are virtual pairs. In 
ontrastto this s
enario, the total energy in QCD exhibits a minimum at negative energy. The emptyva
uum at E = 0 be
omes unstable and the pairs be
ome real.are small 
ompared to the typi
al few hundreds of MeV for strongly intera
ting parti
les,they 
an to a good approximation be regarded as massless and QCD as approximatelyinvariant under the 
hiral version of isospin symmetry.As is s
hemati
ally illustrated in �gure 2.3, the total pair energy in QCD has aminimum at some distan
e r0 � 1 fm. Moreover the value of this minimum is negative.As a 
onsequen
e, an empty (E = 0) va
uum be
omes unstable be
ause there exists a
on�guration with lower energy. Pairs of 
olor 
harge are 
reated and stay there forever.The QCD va
uum is �lled with real 
olor 
harge pairs. Be
ause the gauge �eld (gluons)is a ve
tor �eld, due to the heli
ity 
onservation for mq ! 0 a left-handed quark 
anonly 
ouple with a left-handed antiquark and vi
e versa. This means that the q�q pairs inthe QCD va
uum have to be in the singlet state not only in 
olor but also in spin. Butalready this means that 
hiral symmetry is broken in the va
uum, sin
e there are q�q pairsin a s
alar state, i.e. 
ontaining q and �q of opposite heli
ities, whi
h in massless limit donot intera
t. A right-handed and massless test quark put into su
h a va
uum 
an onlyannihilate on a right-handed antiquark thus liberating a left-handed quark [40℄. For anobserver at some distan
e this will look like the test quark, being in a va
uum, 
hangesspontaneously its heli
ity. Therefore, it 
annot move with the speed of light, and hen
e ithad to a
quire some dynami
al mass. It is these intera
tions with the asymmetri
 va
uumthat hide the approximate 
hiral symmetry of QCD.If the temperature and therefore the kineti
 energy is raised, at some 
riti
al valueT
 of the order of the pion mass the energy stored in the strong �eld is over
ome. Atthis stage the minimum of the total pair energy will be
ome positive, and hen
e the realq�q pairs would disappear from the va
uum. Above that temperature 
hiral symmetry willbe restored and quarks will retain their zero mass in the 
hiral limit.



2.4. EQUATION OF STATE 112.4 Equation of StateThe equation of state des
ribes the temperature dependen
e of the energy density � andthe pressure p. Obviously it is of great interest to estimate the hadron-quark transitiontemperature. The simplest pi
ture is perhaps assuming the hadroni
 phase to be an idealnon-intera
ting Hadron Gas (HG) of massless pions, and the quark phase to be an idealgas (QGP) of massless gluons and two-
avor quarks [41℄. The energy density � and thepressure p of an ideal gas are given by: �ideal = g30�2T 4; (2.1)pideal = �ideal3 = g90�2T 4: (2.2)The degenera
y fa
tor g is de�ned by the boson degrees of freedom nb and the fermiondegrees of freedom nf : g = nb + �1� 123�nf : (2.3)With the boson degrees of freedom nb = 3 for the three isospin pion states, and nofermions, the pressure of the ideal Hadron Gas would be:pHG = 130�2T 4 ' 13T 4: (2.4)In the QGP 
ase, the boson degrees of freedom add up to nb = 16 (8 
olor states � 2 spinstates for gluons). The fermion degrees of freedom add up to nf = 24 (2 
avors � 3 
olors� 2 spins � 2 for quark-antiquark). The external pressure 
an be estimated using thebag model for hadrons [42℄. It is equal to the bag 
onstant B. As a result, the pressurefor the QGP 
an be written as:pQGP = 3790�2T 4 � B ' 4T 4 � B: (2.5)For low temperatures, equation (2.4) yields the larger pressure. By in
reasing the tem-perature, the two pressures �rst be
ome equal at a 
riti
al temperature T
 and thereafterthe QGP pressure dominates. A

ording to Gibbs 
riterion, the phase with the largestpressure is the stable one. This means that at low temperature the system will be ina HG phase and for high temperatures in the QGP phase. Assuming a bag 
onstant ofB1=4 ' 200 MeV [27℄, the transition will o

ur at a temperature:T
 = � 90B37�2� 14 � 140MeV (2.6)More detailed theoreti
al 
al
ulations are done in latti
e QCD, a nonperturbativetreatment of quantum 
hromodynami
s formulated in a dis
rete latti
e of spa
e-time
oordinates [43℄. They have been performed at zero net-baryon 
harge. This has apure te
hni
al reason, as some expressions that are in latti
e Monte Carlo formulationinterpreted as probabilities, are no longer positive de�nite at non-zero baryon densities.
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Figure 2.4: Energy density and pressure as a fun
tion of temperature in latti
eQCD. The 
al
ulations have been performed by the Bielefeld group [33℄ using 0, 2 and 3 lightquarks as well as two light quarks and a heavier (strange) quark. At high temperature it isexpe
ted that �=T 4 and p=T 4 will asymptoti
ally approa
h the free gas limit for a gas of gluonsand nf quarks (equation 2.1 and 2.2). This is indi
ated by the arrows.Figure 2.4 shows a 
al
ulation for the energy density and the pressure. The rapid 
hangein energy density within a narrow temperature interval indi
ates the 
hange from 
on�nedhadrons to a QGP. However, the phase transition is found to be of the �rst or of the se
ondorder, or even a smooth 
ross-over, depending on the number of quark 
avors and theirmasses. The 
riti
al temperature T
 obtained at zero baryon density is about 260 MeV forpure gauge theory, i.e. for systems 
onsisting of gluons only. For theories with dynami
alquarks T
 varies between 140-170 MeV.
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Chapter 3Dimuon Ex
ess in the IntermediateMass RegionDileptons have the interesting property of not su�ering strong intera
tions with the sur-rounding hadroni
 medium. Therefore, they are 
onsidered as ideal probes of the earlystage of heavy-ion 
ollisions, where the Quark Gluon Plasma formation is expe
ted. Thedilepton mass spe
tra 
an basi
ally be divided into three regions [22℄. The region be-low the � meson (� 1 GeV/
2) is addressed as the low mass region. It is dominated byhadroni
 intera
tions and hadroni
 de
ays. In the intermediate mass region from about1 to 2.5 GeV/
2, the 
ontribution from the thermalized QGP might be seen [44℄. And�nally, in the high mass region the J= suppression has been a subje
t of great interest,sin
e it was proposed as a signal of the de
on�nement phase transition [45℄.The most prominent observation in the low and intermediate mass region has beenthe dilepton enhan
ement seen by the experiments HELIOS/3, CERES and NA38/NA50.The NA50 experiment has proposed an enhan
ed open 
harm produ
tion in 
entralPb-Pb 
ollisions by a fa
tor of 3 [17℄. Su
h a large enhan
ement is, however, diÆ
ult toexplain theoreti
ally. Another interpretation of the data is that the in
rease of the IMRdimuons is not from 
harm but is due to thermal dileptons [24℄. This 
hapter summarizesthe experimental �ndings and gives a brief 
onfrontation of two possible explanations:open 
harm enhan
ement and thermal dilepton radiation.3.1 Experimental Eviden
esThe NA38/NA50 experiment studied muon pair produ
tion in p-A, S-U and Pb-Pb 
ol-lisions at the CERN SPS [8, 46℄. The dominant 
ontribution to the dimuon spe
trum inthe IMR is the 
ombinatorial ba
kground due to the de
ays of � and K mesons. Afterits subtra
tion the invariant mass and transverse momentum spe
tra in p-A 
ollisionsare well des
ribed by a superposition of dimuons 
oming from leptoni
 and semi-leptoni

harm de
ays and from Drell-Yan pro
esses:dNdm� � RdNdm bg = nJ= dNdm J= + n 0 dNdm 0 + nDD dNdmDD + nDY dNdmDY (3.1)
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Figure 3.1: Charm hadroprodu
tion 
ross-se
tion. The values refer to forward produ
-tion (xF > 0). The dotted 
urve shows the ps�dependen
e of �pp

 obtained with PYTHIA and�tted to the measurements. The red square is the indire
t measurement from the NA38/NA50
ollaboration [17℄.In this equation R is a 
orre
tion fa
tor to a

ount for 
harge 
orrelation e�e
ts. Theshape of the dimuon sour
es in the right part of equation (3.1) is evaluated by means of aMonte Carlo simulation. By �xing the shape of the dimuon sour
es, the p-A spe
tra are�tted leaving the yields ni (i = DY , DD, J= ,  0) as free parameters.The obtained total number of muon pairs from DD de
ays is translated into an open
harm produ
tion 
ross-se
tion �pADD!�� for p-A 
ollisions. To obtain the 
orrespondingvalue for p-p 
ollisions at 450 GeV/
 a linear dependen
e on the mass number A isassumed: �pp

 =  �pp

�ppDD!��!MC � �pA;DataDD!��A = 36:2� 9:1 �b: (3.2)The Monte Carlo s
aling ratio was obtained from a simulation with the event generatorPYTHIA [47℄. The NA38/NA50 
ompared their indire
t measurement for the p-p open
harm produ
tion 
ross-se
tion to dire
t measurements from other experiments, as shownin �gure 3.1. For this purpose the 
ross-se
tion value was divided by a fa
tor of 2 to
onsider only the xF > 0 hemisphere. The agreement is satisfa
tory. It is possible toobtain the �pp

 
ross-se
tion for di�erent energies from a PYTHIA 
al
ulation �tted to thedata.The expe
ted 
ross-se
tion for A-A 
ollisions �AA

!�� is obtained by using a linearextrapolation of the p-A sour
es with the produ
t Ap � At of the mass number of theproje
tile and target nu
lei. This enables to 
al
ulate the expe
ted number ofDD dimuonsin the 
entrality integrated S-U and Pb-Pb spe
tra. The Drell-Yan events are determinedby a �t to the high mass region of the spe
trum.
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Figure 3.2: Enhan
ement in the IMR dimuon spe
tra of Pb-Pb 
ollisions. The�gure shows the dimuon spe
tra from 158 AGeV/
 Pb-Pb 
ollisions [17℄. The sum of expe
tedsour
es is drawn as solid line. The 
ontributions from Drell-Yan pro
esses (dashed line), J= and  0(dot-dashed lines), and from DD (dotted line) are also shown. The 
omparison to thedata shows a dimuon ex
ess in the IMR whi
h might be assigned to an enhan
ement of open
harm.
The 
omparison of the expe
ted sour
es in A-A 
ollisions and the data points showsthat the linear extrapolation from p-A 
ollisions underestimates the dimuon yield in theIMR. As an example the spe
trum for 
entral Pb-Pb 
ollisions (Npart = 381) is shown in�gure 3.2. It is observed that the ex
ess in
reases roughly linearly with the number ofparti
ipant nu
leons Npart as 
an be seen in �gure 3.3. In order to des
ribe the data witha simple superposition of DY and DD, the expe
ted open 
harm yield has to be s
aledup by a fa
tor rea
hing � 3:5 for 
entral Pb-Pb 
ollisions.This ex
ess has been interpreted as enhan
ement of open 
harm. It has been observedthat the kinemati
al distributions (pT , y and 
os �
m) of the measured dimuon ex
ess are
ompatible with those expe
ted from open 
harm but not with a wrong estimation of theba
kground normalization.Also the CERES 
ollaboration has tested the hypothesis of open 
harm enhan
ementto explain their dilepton enhan
ement in the low mass region [25℄. However, the datawould require an enhan
ement fa
tor of about 150, whi
h is ruled out by the NA38/NA50measurement. To bring 
larity in the situation, a dire
t measurement of the open 
harmyield is presented in this work.
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Figure 3.3: Enhan
ement fa
tor versus number of parti
ipants. The data points
omprise the p-A and A-A 
ollision measurements of the NA38/NA50 
ollaboration [17℄. Thebra
ket in the p-A point represents the systemati
 un
ertainty.3.2 Open Charm Enhan
ement as QGP SignatureOne possible explanation of the open 
harm enhan
ement is given within the Statisti
alCoales
en
e Model (SCM) [48℄. In this approa
h it is assumed that the J= meson is
reated at hadronization a

ording to the available hadroni
 phase-spa
e. Thus, withinthis model, the J= yield is independent of the open 
harm yield.The hypothesis for open 
harm enhan
ement is that in A-A 
ollisions a 
harm pairbelow the D meson pair threshold (m

 < 2mD) 
an hadronize into D mesons [49℄. Thispi
ture 
an be 
lari�ed by �rst 
onsidering open 
harm produ
tion in e+e� annihilation. Ifthe distan
e between the 
 and 
 quark rea
hes the range of the 
on�nement for
es, a string
onne
ting these 
olored obje
ts is formed. If the e+e� 
enter of mass energy ps lies abovethe D meson threshold 2mD, the 
 and 
 quarks break the string into two (or more) pie
es.As a 
onsequen
e 
harmed mesons or hadrons are produ
ed. However, if ps ex
eeds the
harm quark threshold but lies below the D meson threshold (2m
 < ps < 2mD), thestring does not break and no open 
harm meson is formed.Next, the 

 formation is assumed to take pla
e inside a de
on�ned medium. In this
ase no string is formed between the 
olored obje
ts due to the Debye s
reening. The
reated 
 and 
 quarks 
an 
y apart as if they were free parti
les. Thus, they will be able



3.3. THERMAL DILEPTON RADIATION 17to form a D meson at the stage of the QGP hadronization even if their initial invariantmass m

 was below the 
orresponding meson threshold.In N-N or A-A 
ollisions the heavy 
avor quark pairs are produ
ed due to hard partonintera
tions. Leading order pQCD 
al
ulations show that a great fra
tion of 

 pairs are
reated with m

 < 2mD even at the largest RHIC energies. In a de
on�ned medium, asexpe
ted for high energy A-A 
ollisions, the hadronization of the 
reated 

 pair wouldbe fa
ilitated. This should lead to an enhan
ement of 
harmed meson produ
tion inA-A 
ollisions 
ompared to the result obtained by linear extrapolating the N-N data.Within the rapidity window of the NA50 spe
trometer the SCM predi
ts an open 
harmenhan
ement fa
tor of 2:5 to 4:5 [50℄.3.3 Thermal Dilepton RadiationA di�erent approa
h to explain the dilepton ex
ess is the assumption of a thermal sour
eemission [24, 51, 52, 53℄. The model is based on the observation that the dilepton emissionrate from a hadron gas at a given temperature is fairly well des
ribed by the qq annihilationrate at the same temperature [11℄. The so 
alled quark-hadron duality is valid down to amass of approximately 1 GeV/
2. Su
h simpli�
ation makes it possible to parameterizethe thermal sour
e by a Boltzmann-like exponential fun
tion with e�e
tive temperatureTeff and a normalization fa
tor Neff whi
h re
e
ts the spa
e-time volume o

upied by thethermal sour
e.In this way the dilepton spe
tra from CERES in the low mass region and fromNA50 in the intermediate mass region 
an be des
ribed at the same time by just usingthe two parameters Teff = 170 MeV and Neff = 3:3 � 104 fm4. The 
omparison is shownin �gure 3.4. Even the dire
t photon data from the WA98 [54℄ is 
ompatible with thispi
ture.The thermal sour
e model is not able to de
ide if the matter whi
h emits the dileptonshas a de
on�ned or hadroni
 nature. However, the e�e
tive temperature parameter ofTeff = 170 MeV is in perfe
t agreement with the temperature needed to des
ribe hadronspe
ies ratios [55℄. Sin
e Teff is an average temperature, it 
an be 
on
luded that theele
tromagneti
 probes indeed point to temperatures above the expe
ted de
on�nementtemperature. This 
orroborates the expe
tation that at CERN-SPS energies a QGP isformed.
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Figure 3.4: Comparison of thermal model 
al
ulations to data. PreliminaryCERES data (upper row) and NA50 data (lower row) 
an be des
ribed within thermal model
al
ulations [53℄. The thermal yields are drawn as bla
k solid lines. The 
ontribution from thehadroni
 de
ay 
o
ktail is drawn as dot-dashed blue line in the CERES data. In the NA50 datathe 
ontribution from Drell-Yan pro
esses is drawn as dashed line, the 
ontribution from open
harm as dot-dashed line, and the J= and  0 as bla
k solid line. The blue solid line is the sumover all 
ontributions.
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Chapter 4CERES ExperimentThe CERES (Cherenkov Ring Ele
tron Spe
trometer) experiment is part of the heavy-ion program at the CERN Super Proton Syn
hroton (SPS). It was designed for themeasurement of low mass e+e� pairs in nu
leus-nu
leus 
ollisions. The �rst version of theexperiment 
onsisted of a teles
ope of two Sili
on Drift Counters (SiDC1 and SIDC2)for pre
ise vertex re
onstru
tion and two Ring Imaging Cherenkov Dete
tors (RICH) forthe ele
tron identi�
ation. Originally, the momentum of the ele
trons was determinedby measuring the de
e
tion angle in the azimuthal symmetri
 magneti
 �eld between thetwo RICH dete
tors. The experiment was upgraded in the year 1995. An additional PadChamber was positioned behind the se
ond RICH dete
tor to improve the momentumresolution and to 
ope with the high multipli
ities of Pb-Au 
ollisions [56℄.In 1998 the Pad Chamber was repla
ed by a 
ylindri
al Time Proje
tion Chamber(TPC) [57℄ in order to improve the mass resolution in the range of the �, ! and � mesonsto �m=m = 3%. The di�erential energy loss dE=dx in the TPC is used to further im-prove the ele
tron to pion separation. In addition, the TPC allows the study of �nalhadroni
 states. As all other subdete
tors the TPC has full azimuthal 
overage. Thea

eptan
e in polar angle is 8Æ < � < 14Æ whi
h 
orresponds to a pseudorapidity rangeof 2:10 < � < 2:65. At the time of the experimental upgrade the former magneti
 sys-tem between the RICH dete
tors was disabled and a new system assembled around theTPC. The re
ent experimental setup of the CERES experiment is shown in �gure 4.1. Adetailed des
ription of its individual 
omponents will follow in the next se
tions.4.1 Target AreaThe target system used during the beam time in 2000 
onsists of 13 gold disks. The goldis va
uum-metalized onto mylar foils whi
h served as support stru
ture. The thi
knessof the mylar foils is 1.5 �m, that of the gold layers is 25 �m. The mylar foils are gluedonto iron rings of 350 �m. The distan
e between the targets is adjusted with spa
ers of1.6 mm. A target diameter of 600 �m and a spa
ing between ea
h disk of 1.98 mm is
hosen to guarantee that ea
h parti
le produ
ed in the a

eptan
e of the spe
trometerdoes not pass additional target disks. This 
ondition minimizes the amount of undesired
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Figure 4.1: Cross-se
tion of the upgraded CERES experiment. Shown is the latestsetup of the spe
trometer used during the beam times in 1999 and 2000. The main 
omponentsare two Sili
on Drift Dete
tors (SiDC1/SiDC2) for the vertex re
onstru
tion, two CherenkovCounters (RICH1/RICH2) for ele
tron identi�
ation and a Time Proje
tion Chamber (TPC)for the measurement of the parti
le momentum.
onversions of photons into e+e� pairs. The tungsten shield upstream the target systemprote
ts the UV-Counters of the RICH dete
tors against strongly ionizing parti
les fromthe target.4.2 Trigger SystemThe trigger system of the CERES experiment starts the readout sequen
e of the dete
torsif a (
entral) 
ollision between a beam and a target nu
leus has been dete
ted. Thede
ision is based on the signals of three Cherenkov Counters with air as radiator gas (BeamCounters BC1, BC2, and BC3) and a 1 mm plasti
 s
intillator for 
entrality (Multipli
ityCounter MC).The �rst two Cherenkov Counters are lo
ated 60 m and 40 mm upstream the targetsystem, respe
tively. The beam trigger is de�ned by the 
oin
iden
e between these two
ounters: Tbeam = BC1 �BC2: (4.1)With an additional veto on BC3, lo
ated 69 mm downstream the target system, the
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Figure 4.2: Correlation between the pulse height of the MC and the TPC tra
kmultipli
ity. The number of tra
ks for minimum bias runs is plotted on the horizontal axis.The verti
al axis shows the pulse height information from the multipli
ity dete
tor of the triggersystem. The plot was divided into verti
al sli
es. To ea
h sli
e a Gaussian fun
tion was �tted,and the mean value with its error is shown in bla
k. Over the whole range the pulse height ofthe MC is proportional to the tra
k multipli
ity.minimum bias intera
tion trigger 
an be generated by:Tminbias = BC1 �BC2 �BC3: (4.2)Finally, the 
entral trigger requires a signal from MC, lo
ated 77 mm downstream thetarget system: T
entral = BC1 �BC2 �BC3 �MC: (4.3)The MC s
intillator has an outer diameter of 14.7 mm. With a 4.9 mm diameter hole inthe middle it has a mean pseudorapidity 
overage of 2:3 < � < 3:5. Its signal is roughlyproportional to the number of 
harged parti
les hitting the s
intillator and thus it is agood measure for 
entrality. The 
orrelation between the MC pulse height and the tra
kmultipli
ity measured with the TPC is shown in �gure 4.2.Additional beam parti
les passing through the target within several mi
rose
ondsfrom the triggered event produ
e Æ-ele
trons visible in the SiDC and the RICH dete
tors.These events are suppressed by the trigger system by requiring no other beam parti
lewithin �1 �s from the nu
lear rea
tion triggered on.
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Figure 4.3: Operation mode of the Sili
on Drift Dete
tors used in the CERESspe
trometer. A parti
le traversing the depletion zone of the dete
tor 
reates ele
tron-holepairs. An ele
tri
 drift �eld leads the ele
trons towards the anodes lo
ated at the edge of thewafer.4.3 Sili
on Drift Dete
torsTwo radial Sili
on Drift Counters (SiDC1, SiDC2) are lo
ated 10.4 
m and 14.3 
mrespe
tively downstream the target system. Both dete
tors are 400 wafers with a thi
knessof 250 �m. The a
tive area ranges from 4.5 mm to 42 mm in radius.The operation mode of the SiDC dete
tors is based on the sidewards depletion pro-posed by E. Gatti and R. Rehak in 1984 [58℄ and is illustrated in �gure 4.3. The under-lying idea is that a huge area of high resistive n-type doped sili
on 
an be 
ompletelydepleted from a tiny n+-type doped 
onta
t by impressing a negative voltage on p+-typeimplants on both side of the wafer. The minimum of the ele
tri
 potential is lo
ated inthe middle of the wafer and has a paraboli
 shape towards the surfa
e.If a parti
le traverses the depletion zone of a SiDC it produ
es ele
tron-hole-pairs.The ele
trons are transported towards the n+-anode via an ele
tri
 drift �eld 
reated bya voltage divider parallel to the wafer surfa
e. For a typi
al drift �eld of 700 V/m themaximal drift time of the ele
trons is around 3.8 �s. This drift 
on
ept has the advantagethat the surfa
e of the anode 
an be kept small. A small anode surfa
e implies a small
apa
itan
e whi
h redu
es ele
troni
 noise.A total amount of 360 anodes are radially arranged at the edges of the SiDC dete
tors.They are 
onne
ted with the readout 
hain. The measured pulse height is ampli�ed by a
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O
1

122 61 366 µm 61 122Figure 4.4: Segmented anode stru
ture of the SiDC dete
tors. The width of a1Æ anode se
tor adds up to 732 �m. The 
entral segment of 366 �m is 
onne
ted to two mainside segments of 122 �m. In addition ea
h anode has two smaller side segments of 61 �m lo
atedin adja
ent anodes. This design guarantees optimal 
harge sharing.
harge sensitive ampli�er and shaped in a quasi-Gaussian form. A FADC (Flash AnalogDigital Converter) samples the analog signal with a frequen
y of 50 MHz and digitizes itwith a 6 bit resolution.Within the overall 
on
ept of the experiment the two SiDC dete
tors are used todetermine the pseudorapidity density of 
harged parti
les dN=d�, suppress 
onversionele
trons, and perform a pre
ise vertex re
onstru
tion. Knowing the drift velo
ity, theradial 
oordinate of a parti
le passing through the dete
tor 
an be 
al
ulated by measuringthe drift time of the ele
tron 
loud. The azimuthal 
oordinate � 
an be a

essed via theinformation whi
h anode has been hit. Figure 4.4 shows a 
ross-se
tion of an anode. Thesegmented stru
ture improves the 
harge sharing between the anodes and therefore theazimuthal resolution of the dete
tor [59℄.4.4 Cherenkov CountersThe task of the two Ring Imaging Cherenkov Dete
tors (RICH1, RICH2) of the CERESspe
trometer is the identi�
ation of ele
trons. These dete
tors take advantage of theCherenkov radiation to measure the velo
ity � of the traversing parti
le. Combined withthe knowledge of the parti
le momentum, � determines its mass.Whenever 
harged parti
les pass through matter they polarize the mole
ules, whi
hthen turn ba
k rapidly to their ground state emitting prompt radiation. If the velo
ity ofthe parti
le ex
eeds the velo
ity of light in the medium v > 
=n, the emitted light formsa 
oherent wavefront. This so 
alled Cherenkov light is emitted under a 
onstant angle�
 with respe
t to the parti
le traje
tory:�
 = ar

os�
=nv � = ar

os� 1�n� (4.4)The lowest velo
ity where the emission of Cherenkov radiation is still possible is vth = 
=n.
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���������������������������������������Figure 4.5: Prin
iple of the RICH dete
tors. Cherenkov photons are emitted undera 
onstant angle to the traje
tory of a parti
le, if its velo
ity ex
eeds the velo
ity of light inthe radiator gas. The photons are fo
used by a mirror onto a ring at the surfa
e of a position-sensitive photon dete
tor. The radius of the ring is a measure for the parti
le velo
ity.This 
orresponds to a Lorentz threshold fa
tor of:
th = 1q1� 1n2 (4.5)The 
on
ept of a RICH dete
tor was proposed in 1977 by J. S�eguinot and T. Ypsilantis [60℄and is illustrated in �gure 4.5. The Cherenkov photons, emitted at an angle �
 by a parti
lepassing the radiator of the dete
tor, are fo
used by a mirror onto a ring of radius R at thesurfa
e of a position-sensitive photon dete
tor. By measuring the ring radius the parti
levelo
ity, whi
h is 
onne
ted with the relativisti
 Lorentz fa
tor 
, 
an be determined by:R = R1s1� �
th
 �2 (4.6)In this equation R1 is the asymptoti
 radius for parti
les with 
 � 
th. It is determinedby the fo
al length f of the mirror and the Lorentz threshold fa
tor:R1 = f � 1
th (4.7)The radiator gas used in the RICH dete
tors of the CERES spe
trometer is CH4 atatmospheri
 pressure. The high threshold of 
th = 32 assures that only ele
trons andpositrons emit Cherenkov light, whereas 95% of the hadrons do not produ
e any signal.Only pions with a momentum ex
eeding 4:5 GeV/
 make an ex
eption to the hadronblindness of the RICH dete
tors.The spheri
al shape of the RICH1 mirror is manufa
tured out of a 
arbon �ber 
om-posite with a low radiation length of X=X0 = 0:4%. It is 
oated with aluminum, knownfor its high re
e
tivity in the UV region (> 85%). The RICH2 mirror is a 
onventional6 mm glass with a radiation length of X=X0 = 4:5% at 
omparable UV-re
e
tivity [61℄.
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tors lo
ated in the fo
al plane of the mirrors aregas dete
tors �lled with 94% He and 6% CH4 at atmospheri
 pressure. To 
onvert thein
oming photons to ele
trons via photoionization TMAE (Tetrakis-di-Methyl-Amino-Ehtylen) vapor is added. It has a low ionization potential of 5.4 eV. The gas is heated to atemperature of 40Æ to in
rease the partial pressure of TMAE. At this working temperaturethe mean free path for photoabsorption is 5 mm. The 
onversion region of the UV-dete
tors of 15 mm adds up to a 
onversion probability of 95%. The ele
trons emittedafter photoabsorption are ampli�ed in an avalan
he pro
ess. The signals are read out on53800 individual pads in RICH1 and 48400 pads in RICH2. The pad size is 2.7 � 2.7 mm2in RICH1 and 7.6 � 7.6 mm2 in RICH2, respe
tively. To separate the UV-dete
tors fromthe radiator gas of the RICH dete
tors UV-transparent windows are used (CaF2 for RICH1and Quartz for RICH2).4.5 Time Proje
tion ChamberThe measurement of the parti
le momentum is a

omplished with a 
ylindri
al TimeProje
tion Chamber (TPC), lo
ated 3.8 m downstream the target system. Furthermore,parti
le identi�
ation is possible taking advantage of the di�erential energy loss dE=dx.As mentioned in the introdu
tion of this 
hapter, the CERES experiment was originally
on
eived for the measurement of e+e� pairs. However, the spe
trometer upgrade withthe TPC renders the additional possibility to study �nal hadroni
 states.Figure 4.6 shows a s
hemati
 view of the CERES TPC. Its sensitive volume is �lledwith gas. If a 
harged parti
le passes through the TPC the gas is ionized. An ele
tri
 �eldfor
es the liberated ele
trons to drift outwards until they rea
h a plane of anode wires.In the vi
inity of the anode wires the ele
trons are a

elerated and produ
e se
ondaryionization in an avalan
he pro
ess. The ele
trons are qui
kly 
olle
ted by the anodewires and therefore 
ontribute little to the indu
ed signal. The heavier ion 
louds remainand expand radially, indu
ing a signal on the pads, whi
h are 
onne
ted to the readoutele
troni
s.The CERES TPC has an a
tive length of 2 m and an outer radius of 130 
m. Theinner barrel has a radius of 48.6 
m. The TPC is 
omposed of 16 multiwire proportional
hambers forming a polygonal stru
ture. The segmented readout pads are arranged ingroups of 48 in azimuthal dire
tion on ea
h 
hamber. Along the z axis the TPC is dividedinto 20 planes. The 16� 48� 20 = 15360 readout 
hannels of the TPC are sampled in256 time bins, thus allowing a 3-dimensional re
onstru
tion of a parti
le tra
k.The ele
tri
 drift �eld inside the TPC is radial, pointing from the grounded 
ath-ode wires on the readout 
hambers to the inner barrel, supplied with a high voltageof �30 kV. Both sides of the TPC are 
losed by 50 �m 
apton foils with in
orporatedvoltage dividers. The TPC is operated inside an inhomogeneous magneti
 �eld, generatedby two opposite-polarity solenoidal 
oils. The magneti
 
ux is indi
ated in �gure 4.1 byred dotted lines. In the region between the two 
oils a �eld strength of 0.5 T is rea
hed(
ompare �gure 6.1).In the presen
e of a magneti
 and an ele
tri
 �eld, the drift velo
ity ve
tor ~vdrift
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Figure 4.6: S
hemati
 view of the CERES TPC. A 
harged parti
le passing the a
tivevolume of the TPC ionizes the gas along its traje
tory. The ele
trons drift towards the anodewires on the readout 
hambers. The angle between the radial ele
tri
 �eld ~E and the driftvelo
ity ~vdrift is given by the Lorentz angle �L.of the ele
trons has non-zero 
omponents perpendi
ular to the the ele
tri
 �eld ve
tor~E [62℄: ~vdrift = �1 + (!�)2  ~E + !� ~E � ~BB + (!�)2 ( ~E � ~B) ~BB2 ! (4.8)In this equation � is the mean time between two 
ollisions. The 
y
lotron frequen
y ! isgiven by: !� = emB� = B� (4.9)where � is the mobility. It has to be pointed out that the mobility is a fun
tion of theele
tri
 �eld, gas 
omposition, pressure, and temperature. As soon as the magneti
 andthe ele
tri
 �elds are not parallel to ea
h other, the ele
trons do not follow any more theele
tri
 �eld lines. The angle between the drift velo
ity ~vdrift and the ele
tri
 �eld ~E is
alled Lorentz angle �L.The CERES TPC has a large 
ontribution of a magneti
 �eld 
omponent perpendi-
ular to the radial ele
tri
 �eld, espe
ially towards the edges. If �, ~E and ~B are known,the drift velo
ity 
an be 
omputed. Its value ranges from 0.7 
m/�s to 2.4 
m/�s with amaximal drift time of about 71 �s. However, to minimize un
ertainties, the Lorentz angleshould be kept small. Thus, a gas 
omposition with low mobility has to be used. Besidethis aspe
t, the radiation length, the number of 
reated ele
tron-ion pairs, the maximaldrift time and the di�usion 
oeÆ
ients were taken into a

ount and led to the 
hoi
e of
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24 mmFigure 4.7: Chevronstru
ture of the
athode pads. The
hevron stru
ture re-sults in an optimal
harge sharing betweenadja
ent pads and ina good linearity of thepad response.
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Figure 4.8: Cross-se
tion of a TPC readout 
hamber.Primary ele
trons 
oming from an ionizing parti
le are ampli�ed inan avalan
he pro
ess due to the strong ele
tri
 �eld in the vi
inityof the anode wires. The gating grid is responsible to prote
t thereadout 
hambers from free 
harge. It is swit
hed to a transparentmode as soon as a trigger signal has been given.a gas mixture of 80% Ne and 20% CO2 [63℄.The pads of the CERES TPC have a 
hevron-shaped stru
ture, as plotted in�gure 4.7. Compared to usual re
tangular pads, the 
hevron shape results in a better
harge sharing and linearity of the pad response [63℄.The anode wires are strained in azimuthal dire
tion 3 mm above the 
hamber surfa
e.A 
ross-se
tion of a 
hamber is shown in �gure 4.8. Thin parallel and equally spa
edanode wires are sandwi
hed between a 
athode wire plane and the pads. The anodesare on positive potential of about 1:3 kV. The adja
ent 
athode wires are grounded.This 
reates a very strong ele
tri
 �eld 
lose to the anode wires where the ele
trons aremultiplied by a fa
tor of 104 in an avalan
he pro
ess. The potential of the gating grid,lo
ated 6 mm above the 
athode wire plane, is responsible to regulate the passage ofele
trons and ions. It impedes free 
harge inside the gas volume, whi
h does not 
omefrom parti
les originating from a nu
leus-nu
leus 
ollision, to rea
h the anodes. Se
ondly,it prevents the ions from 
oating ba
k into the drift volume. The gating grid is operatedat an o�set potential of Uoffset = �140 V. In the 
losed mode an additional bias potentialof Ubias = �70 V is superposed, alternating from wire to wire. This 
auses a stronginhomogeneous �eld and the 
harge is 
olle
ted at the gating grid. Only after a signalfrom the trigger the gating grid is swit
hed to a transparent mode at Ubias = 0 V.4.6 Coordinate SystemAll subdete
tors use their own spe
i�
 
oordinate system. However, a global polar 
o-ordinate system with the origin lo
ated in the 
enter of the �rst Sili
on Drift Dete
tor
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0 (origin at SiDC1)Figure 4.9: Global 
oordinate system of the CERES experiment. It is a polar
oordinate system (z,�,�) with the origin in the 
enter of the �rst Sili
on Drift Dete
tor SiDC1.The z 
oordinate is parallel to the beam axis. For se
ondary parti
les a right handed Cartesian
oordinate system (x,y,z) with origin in the intera
tion point is used.(SiDC1) 
ombines all dete
tors. It is drawn in �gure 4.9. The beam axis 
oin
ides withthe z 
oordinate. Therefore ea
h point is de�ned by its distan
e z to SiDC1, its polarangle �, and its azimuthal angle �.Also frequently used are the so 
alled event 
oordinates. Their origin is lo
ated inthe intera
tion point of ea
h event. For a segmented target, as it is used in the CERESspe
trometer, this 
oordinate system is very 
onvenient. It proje
ts all target disk ontoa single one whi
h is spe
ially important for the mixed events te
hnique, des
ribed inse
tion 8.3.1.The polar 
oordinate system, as it is 
ommonly used in the CERES experiment,is not suitable for the analysis of se
ondary parti
les arising from late de
ays. For thispurpose a 
onversion into Cartesian 
oordinate is needed.
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Chapter 5Raw Data Re
onstru
tionThis thesis is based on the analysis of data re
orded during the beam time in the year2000. The CERES experiment has taken a large data sample of about 30 � 106 Pb-Au
ollisions at 158 AGeV/
 triggering on the 7% most 
entral 
ollisions. A se
ond sample of3 � 106 events was 
olle
ted at 20% 
entrality. The typi
al beam intensity was 106 ions perburst. Ea
h burst had a duration of 5 s with a 14 s pause in between. The data takingrate was 300-500 events per burst.The raw data is stored on tape at the CERN 
omputer 
enter. Before being able toperform any physi
s analysis it has to be transformed into a suitable format. Therefore,the data is de
ompressed, the pedestals are subtra
ted, and an automati
 
alibration isperformed. The signals are disentangled to form hits and the hits are 
ombined in ameaningful way to form tra
ks. And �nally, further information like the momentum isretrieved by �tting the 
urvature of the tra
k in the magneti
 �eld.This 
hapter is fo
used to spe
i�
 aspe
ts of the data re
onstru
tion, i.e. the hitand tra
k re
onstru
tion pro
edure in the SiDC dete
tors and the TPC. It is part of theC++ pa
kage COOL (Ceres Obje
t Oriented Library). Spe
ial importan
e is given todevelopments in the framework of this thesis. These are the re
onstru
tion of parti
lesoriginating from late de
ays and the hit �nding strategy in the TPC.5.1 Re
onstru
tion Pro
edure in the SiDC Dete
tors5.1.1 Hit FindingThe raw data of the SiDC dete
tors 
onsist of 6 bit nonlinear amplitudes on 360 anodesin azimuthal dire
tion and 256 time bins in radial dire
tion. Thus, a SiDC event 
onsistsof a grid of 360 � 256 = 92160 pixels. Figure 5.1 shows an example of an event displayof SiDC1. A signature of a 
harged parti
le passing the dete
tor and depositing energy is
alled a hit. It is a 
luster of typi
ally 8-12 time bins on 2-3 anodes.The pattern re
ognition starts from a given pixel and sear
hes for neighbors withnon-zero amplitude whi
h are not yet assigned to another hit. All pixels ful�lling these
riteria are grouped together in a 
luster. Also non-fun
tioning (dead) anodes, if present,
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Figure 5.1: Event display of SiDC1. The SiDC plane is divided into 360 anodes and256 time bins. The amplitude height is displayed in a 
olor 
ode, going from the lowest valuesin blue to the highest in red.are 
onsidered to prevent additional 
luster formation.Ea
h 
luster is then divided into anode sli
es. These time pulses are s
anned for lo
almaxima and minima in the amplitude pro�le. If the amplitude of a minimum is less than10% of one of the adja
ent maxima, the pulse be
omes a 
andidate to be split into twoparts. The �nal de
ision about the splitting is based on several 
riteria 
on
erning thewidth and the skewness [13℄.The time position of a maximum is determined by 
al
ulating the 
enter of gravity.Only in the 
ases where one or more time bins are in saturation, it is determined by �ttinga Gaussian fun
tion. Overlapping pulses are �tted with a double-Gaussian. Within awindow of �7 time bins the pulses are 
ombined in anode dire
tion to hits. Pulses withthree or less time bins are dis
arded in this pro
ess.If more than two time pulses are 
ombined to a hit 
andidate, the amplitude pro�lesare s
anned for a minimum in anode dire
tion. If su
h a minimum is found the hit is splitin two parts. The position of the hit in anode dire
tion is obtained by 
al
ulating the
enter of gravity. In 
ases where a pixel has rea
hed saturation a Gaussian regression is
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Figure 5.2: Re
onstru
ted target resolution. The 13 target dis
s are well resolvedalong the beam axis. The thi
kness of ea
h gold dis
 of 25 �m is negligible as 
ompared to theresolution.used for this purpose.
5.1.2 Tra
k and Vertex Re
onstru
tionOn
e the hits in the two SiDC dete
tors are re
onstru
ted a �rst estimate of the vertexposition 
an be obtained using a robust vertex �tting approa
h [64℄. It has the advantageof being an order of magnitude faster than a standard minimization pa
kage, at 
ompa-rable a

ura
y. In this method ea
h hit in SiDC1 is 
ombined with ea
h hit in SiDC2into a straight tra
k segment. Afterwards, the residual of the SiDC1 hit from the linethrough an assumed vertex and the SiDC2 hit is 
al
ulated. The same is done for the hitin SiDC2. The starting value of the vertex position is in the middle of the target region.The sum of the squared residuals are minimized using Tukey's bi-squared weights [65℄ toa

ount for the fa
t that the data is highly 
ontaminated with ba
kground. In this waya better estimate for the vertex position is obtained. The pro
edure is repeated untilit 
onverges after approximately �ve iterations. The re
onstru
ted vertex distribution isshown in �gure 5.2. The 13 target dis
s are resolved with an average resolution of about�z � 210 �m along the beam axis.The knowledge of the vertex position is needed for the tra
king strategy in the SiDCdete
tors. In the standard method used in the CERES experiment a SiDC tra
k segmentis 
reated by sear
hing for the 
losest SiDC2 hit in a narrow mat
hing window around thehit in SiDC1. The mat
hing window is de�ned in event 
oordinates. Thus, preferentiallytra
ks pointing to the vertex are re
onstru
ted.For the spe
ial demands of the K0S and D0 analysis des
ribed in the 
hapters 8 and 9this strategy had to be modi�ed in order to enhan
e the number of tra
ks from se
ondaryde
ays. To avoid the bias due to the �tted vertex the hits in SiDC2 are now proje
tedonto the SiDC1 plane. In this proje
tion all SiDC2 hits in the vi
inity of a given SiDC1
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Figure 5.3: Primary versus se
ondary mat
hing. The 
omparison is based on a 
leanMonte Carlo sample of daughter parti
les from D+ de
ays. The primary mat
hing distributionis broad be
ause it uses mean angles for the pointing. The se
ondary mat
hing is based on lo
alangles and thus yields better results for tra
ks originating from late de
ays.hit are a

epted if they ful�ll the following distan
e 
riteria:d = �r2�2r + ��2�2� < 1 (5.1)In this equation �r and �� are the radial and azimuthal distan
es between the SiDC1 hitand the proje
ted SiDC2 hit. The values for �r and �� de�ne the 
uto� and are given by0:09 
m and 0:05 rad, respe
tively. The 
uto� is tuned su
h that the amount of additionalSiDC tra
k segments does not ex
eed 30%.Another 
hange 
on
erns the mat
hing between a SiDC and a TPC tra
k segment.The originally mat
hing pro
edure favored tra
ks 
oming from the targets. It was de�nedusing the average angles �mean and �mean of the two SiDC hits in order to improve thepointing resolution of the SiDC tra
k segment to the TPC. This pro
edure is not appli-
able for tra
ks originating from late de
ays. In this 
ase the two SiDC hits are dire
tly
onne
ted with a straight line and extrapolated in the �eld free region to the plane of theRICH2 mirror. Also the TPC tra
k segment is extrapolated to the RICH2 mirror, butnow taking the magneti
 fringe �eld into a

ount. The RICH2 mirror is the main sour
eof multiple s
attering in the experiment and therefore a suitable pla
e for the mat
hingbetween the two tra
k segments. A global tra
k is obtained if the mat
hingmat
h = p(��)2 + (�� � sin(�SiDC))2 (5.2)between the two tra
k segments is minimal as 
ompared to other 
ombinations. Theazimuthal angle di�eren
e in this equation is de�ned as �� = �SiDC � �TPC, and similarfor ��.
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Figure 5.4: S
heme of the hit �nding pro
edure in the TPC. The pixel grid issear
hed for lo
al maxima in time dire
tion, followed by a sear
h in pad dire
tion. If a pixel is
agged as a lo
al maximum in both 
oordinates it be
ome an absolute maximum. The hit isde�ned as an area of 15 pixels around the absolute maximum.The two di�erent mat
hing pro
edures are optimized for either primary or se
ondarytra
ks, and will therefore be denominated as primary or se
ondary mat
hing, respe
-tively. The 
omparison between the two mat
hing pro
edures, applied to a 
lean MonteCarlo sample of D+ mesons, is shown in �gure 5.3. The D+ meson has a de
ay lengthof 
� = 311:8 �m [66℄ and thus de
ays in the vi
inity of the targets. Nevertheless, thedi�eren
e between the two mat
hing pro
edures is remarkable. In spite of the fa
t thatthe se
ondary mat
hing has a limited resolution, the �gure shows that the pointing of theprimary mat
hing is even worse and might lead to a wrong tra
k segment 
ombination.The new mat
hing pro
edure is implemented in the CERES 
ode su
h, that the user 
an
hose between primary and se
ondary mat
hing, depending on the needs of his physi
sanalysis.5.2 Re
onstru
tion Pro
edure in the TPC5.2.1 Hit FindingThe TPC is divided into 20 planes, ea
h of them 
ontaining 768 pads in azimuthal di-re
tion and 256 time bins in radial dire
tion. Thus, the overall grid is 
omposed of20� 756� 256 � 4 million pixels. The pixel 
ontains the linear amplitude information
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Figure 5.5: Re
onstru
tion of overlapping hits in the TPC. A 
ounter variablememorizes the value of the absolute maximum of the regarded hit. If a pixel is assigned toseveral hits, the 
ounter variable is augmented by the 
orresponding absolute maxima of theoverlapping neighbors.from an 8 bit ADC.The pixel grid of the TPC is s
anned for hits individually in ea
h plane. A s
hemati
overview of the pro
edure is drawn in �gure 5.4. In a �rst loop lo
al maxima are sear
hedin time dire
tion for a given pad p. The same is repeated in pad dire
tion for a giventime bin t. The 
ombination of both informations �nally yields the position of absolutemaxima. These are pixels whi
h are 
agged as a lo
al maximum in time as well as in paddire
tion. They provide a �rst guess of the true hit position.The sear
h for lo
al maxima might yield wrong results if several adja
ent pixels in atime bin row have saturated amplitudes. As 
ompromise the middle pixel of the saturated
luster is 
hosen as lo
al maximum. For instan
e, if three pixels have saturated amplitudesA0 = A1 = A2, the pixel with A1 is 
agged. A further problem appears if the number ofadja
ent saturated amplitudes is even. In this 
ase the non saturated neighborhood isused for the de
ision. For instan
e, if two pixels have saturated amplitudes A1 = A2, andthe amplitude A3 is higher than A0, than the pixel with A2 is 
agged as lo
al maximum.The area assigned to a hit is 
omposed of 5 time bins and 3 pads. These 15 pixelsare arranged around the absolute maximum. Hits 
ontaining only one time bin row are
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Figure 5.6: Number of overlapping hits. The three di�erent lines 
orrespond to di�erentmultipli
ity ranges. For the distribution of the hit multipli
ity in the TPC 
ompare �gure 6.15.dis
arded. The same applies for one pad 
lusters, with the ex
eption of a hit beinglo
alized at the edge of a 
hamber or adja
ent to a dead front-end-board.If a hit is isolated, its position in pad and time 
oordinates is given by the 
enter ofgravity 
omprising the area of the 15 pixels. However, many times the area assigned toa hit overlaps with other hit areas and the simple 
omputation of the 
enter of gravityis falsi�ed. This problem is solved by allo
ating a 
ounter variable fi to ea
h pixel i. Itmemorizes the amplitude of the absolute lo
al maximum of the regarded hit. If a pixel
an also be assigned to areas belonging to other hits, the 
ounter fi is augmented by thevalues of their absolute maxima. The operation method is 
lari�ed in �gure 5.5. In thisway it be
omes possible to weight ea
h pixel individually by the ratio of the absolutemaximum Amax of the regarded hit and the 
ounter variable fi. The 
enter of gravity isde�ned as t = PiAi � Amaxfi � tiPiAi and (5.3)p = PiAi � Amaxfi � piPiAifor the time and pad 
oordinates, respe
tively.The information about the number of overlapping hits is stored. If the overlappingfa
tor is zero the hit is isolated. The distribution of the overlapping fa
tor is shown in�gure 5.6 for di�erent hit multipli
ities in the TPC. About 80% of the hits are isolated,17% are overlapping with one other hit and 3% are overlapping with two other hits. Thefra
tion of hits overlapping with more than two hits is in the per mill range. The numberof overlapping hits in
reases with the hit multipli
ity in the TPC, though the e�e
t issmall.
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Figure 5.7: Time and pad width distribution. Figures a) and 
) show the distributionof the hit width expressed in units of time bins for 2 and 3 pad 
lusters, respe
tively. The sameis shown in �gures b) and d) in units of pads. Only isolated hits belonging to tra
ks are takeninto a

ount.Another useful quantity is the hit width in terms of time bins and pads. It is de�nedas: �time = qt2 � t2 and �pad = qp2 � p2: (5.4)Figure 5.7 shows the distribution of �time and �pad for isolated hits belonging to tra
ks.Three peaks are visible in the �time distribution. The tiniest one is at a value of 0:5
orresponding to half a time bin. It 
an be attributed to hits allo
ating only two timebin rows. A se
ond peak 
an be seen at about 0:7. These are mostly hits whi
h arewell situated in an area 
ontaining three time bin rows. The rest of the 
ases belong tothe main peak lo
alized at 0:85. The �pad distribution peaks at a value of 0.5 regardlessof the hit being a 2 or a 3 pad 
luster. For the 2 pad 
lusters the 
harge is distributedalmost equally over the two pads, while for a 3 pad 
luster the bulk of the 
harge islo
alized on the 
enter pad. Conspi
uous is the long tail on the right hand side of the3 pad 
luster distribution. Here the 
ontribution of unresolved double or even triple hitsbe
omes important. This issue will be readdressed in se
tion 6.5.
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Figure 5.8: Event display of the TPC. The left plot shows a front view of the TPC, theright plot the 
orresponding sight view. The re
onstru
ted hits are 
onne
ted to TPC tra
ksegments, represented as green lines.The dete
tor spe
i�
 hit 
oordinates (pad; time; plane) are transformed to the spa-
ial 
oordinates (x; y; z) with the help of look-up tables. This transformation 
ontainsthe information about the transport pro
ess of the 
harged 
lusters in the ele
tri
 andmagneti
 �eld inside the TPC. Furthermore, many 
alibration aspe
ts enter already atthis stage. The 
alibration of the TPC is des
ribed in detail in 
hapter 6.5.2.2 Tra
k FindingThe next task is to 
ombine the re
onstru
ted hits in the TPC to a tra
k segment.The maximal number of hits per tra
k is given by the 20 planes in the TPC. Theminimal number is limited to 6 hits in order to redu
e the 
ontribution of de�
ient orfake tra
ks.The tra
king starts from a hit in one of the middle planes in the TPC. This hit is
ombined with its four 
losest neighbors in the two upstream and two downstream planes.These hits are used to determine the sign of the tra
k 
urvature in azimuthal dire
tion.The information is used to de�ne a narrow window in whi
h further hits are sear
hed.The � position of the next hit is predi
ted by a linear extrapolation of the de
e
tionobtained from the previous hits. The pro
edure stops if no further hit is found. In orderto �nd hits whi
h are still missing, a se
ond order polynomial �t with Tukey weights [65℄is performed in the next step for the predi
tion. This is done in several iterations untilno further hit is found. Spe
ial treatment is required for low momentum (soft) tra
ks. Inthis 
ase a 
orre
tion is applied to the predi
tion of the next hit. The 
orre
tion dependson the 
urvature of the tra
k and the z position of the next point. The result of the tra
k�nding pro
edure in the TPC is shown in �gure 5.8. More details 
an be found in [67℄.
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Figure 5.9: Number of hits per tra
kand �tted hits per tra
k. The 
ompari-son of the two distributions shows that in av-erage one hit is ex
luded from the tra
k �t.
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Figure 5.10: Single tra
k eÆ
ien
y ofTPC tra
k segments. The single tra
keÆ
ien
y is determined from an overlay MonteCarlo simulation.5.2.3 Tra
k FittingThe magneti
 �eld in the TPC is very inhomogeneous and an analyti
al des
ription ofa traje
tory is not possible. This problem is handled by using referen
e tables for thetra
k �t in the �-z and r-z planes. The referen
e tables 
ontain the TPC hit 
oordinatesof Monte Carlo tra
ks from a GEANT simulation [68℄ of the CERES experiment. TheMonte Carlo tra
ks are generated in steps of 32 di�erent � angles in the range�� < � < �,18 di�erent � angles in the range 2:05 < � < 2:95 and 8 di�erent momentum values in therange �2 < q=p < 2 (GeV/
)�1 , where q is the 
harge of the simulated parti
le [69℄. Thetra
k segments in the TPC are �tted with a two-parameter �t assuming that the tra
ks
ome from the vertex, and also with a three-parameter �t taking into a

ount multiples
attering whi
h happens mainly in the RICH2 mirror. After several iterations, hits withlarge residuals �r > 0:4 
m and r�� > 0:2 
m are ex
luded from the �t.The distribution of the number of hits per tra
k and �tted hits per tra
k is plottedin �gure 5.9 for the same number of events. The average number of hits per tra
k is 16:5.The distribution peaks at a value of 19 hits. On
e the tra
k is �tted, in average one hitis ex
luded. The mean value of �tted hits per tra
k is 15:3, the most probable value is18 hits. The single tra
k eÆ
ien
y of TPC tra
k segments is plotted in �gure 5.10 as afun
tion of momentum. The eÆ
ien
y drops steeply for tra
ks with a momentum smallerthan 0:6 GeV/
. Tra
ks with higher momentum are re
onstru
ted with an eÆ
ien
y ofapproximately 90%. It has to be mentioned that about 2% of the eÆ
ien
y loss 
an beassigned to a row of dead front-end-boards in 
hamber 15 in all 20 planes whi
h weredisabled during the beam time in 2000.In a �rst order approximation it is assumed that the tra
k is only de
e
ted in
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Figure 5.11: Momentum Resolution. The momentum resolution is determined from anoverlay Monte Carlo sample. Red squares are used for the two-parameter �t, blue triangle forthe three-parameter �t. The bla
k 
ir
les show the result for the 
ombined momentum �t, whi
hin
lude the positive aspe
ts of both.azimuthal dire
tion. This allows to determine the polar angle � from a straight line�t in the r-z plane. In the next step the tra
k is �tted in the �-z plane using the hitsof the referen
e tra
ks for the given � angle. The momentum of the tra
k is determinedfrom the de
e
tion in �-dire
tion. The de
e
tion in �-dire
tion 
aused by a se
ond order�eld e�e
t is 
onsidered by applying a small 
orre
tion. In addition to the two-parameter�t, the three-parameter �t allows an azimuthal in
lination of the tra
k already at theentran
e of the TPC.The three-parameter �t yields an optimal result for low momentum tra
ks whi
h oftensu�er multiple s
attering. In 
ontrast, high momentum tra
ks are better des
ribed by atwo-parameter �t due to the additional vertex 
onstraint. This is 
learly seen in �gure 5.11whi
h shows the momentum resolution as a fun
tion of the momentum. To exploit thepositive aspe
t of both, a weighted 
ombination is used. The 
ombined momentum p
omb
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omb = p2�22 + p3�231�22 + 1�23 ; (5.5)where p2 and p3 denote the two-parameter and three-parameter �t, respe
tively, and�2 = �p2=p2 and �3 = �p3=p3 the 
orresponding resolution.The relative momentum resolution is determined by the resolution of the dete
torand multiple s
attering in the dete
tor material [70℄:��pp �2 = ��pp �2det + ��pp �2s
at (5.6)with ��pp �det / p and ��pp �s
at / 1Br 1L �X0 = 
onst: (5.7)Here L denotes the measured tra
k length, X0 is the radiation length, and B is the mag-nitude of the magneti
 �eld. The multiple s
attering term is 
onstant and in
uen
es theresolution of low momentum tra
ks. The dete
tor resolution deteriorates with momen-tum be
ause the relative error of the momentum �t is smaller for large tra
k de
e
tionsthan for small ones. This term determines the momentum resolution of high momentumtra
ks. The relative momentum resolution of the TPC, as obtained from the 
ombinedmomentum �t, is given by: �pp = q(1% � p)2 + (2%)2: (5.8)
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Chapter 6Calibration of the CERES TPCThe CERES TPC is ex
eptional in terms of its radial ele
tri
 �eld (see �gure 4.1). Thereadout system is therefore not lo
ated at the end plates as for a usual TPC, but aroundthe outer barrel. The magneti
 �eld inside the CERES TPC is inhomogeneous to bealmost parallel to the 
ourse of the tra
ks inside the spe
trometer, ex
ept for the partat whi
h the de
e
tions of the tra
ks o

ur. Due to this 
omplex �eld 
on�guration the
alibration of the CERES TPC poses a great 
hallenge.The di�erent steps of the 
alibration are des
ribed in ea
h se
tion of this 
hapter. Ithas to be pointed out that most of the steps are not independent from ea
h other andhave to be determined after previous 
alibration steps are applied.6.1 Ele
tri
 and Magneti
 Field and Mobility Cali-brationThe magneti
 �eld of the upgraded CERES experiment is 
al
ulated with the POISSONprogram and shown in �gure 6.1. The radial and longitudinal 
omponents Br and Bz
hange as a fun
tion of r and z. The magneti
 �eld has been measured before the instal-lation of the TPC in the experimental area. The measurement deviates from azimuthalsymmetry by few per
ent 
ompared to the nominal 
al
ulation. The deviations are in-
luded as 
orre
tion in the �eld map [67℄.The ele
tri
 �eld is predominantly radial with Er � 1=r. Deviations from the radialsymmetry o

ur due to the polygonal shape of the TPC. Furthermore, a small longitudinal
omponent appears at both end plates. The ele
tri
 �eld is 
al
ulated with a 
ustomprogram based on the relaxation method. The exa
t knowledge of the �eld 
age resistors,of �eld distortions 
aused by displa
ed 
hambers, and the leakage of the ampli�
ation�eld through the 
athode wire plane is in
luded in the 
al
ulation [12, 71℄.The ele
tron mobility � depends on the ele
tri
 �eld, pressure, gas 
omposition,and temperature. The dependen
e on the ele
tri
 �eld is 
alibrated using so 
alled laserevents in absen
e of a magneti
 �eld [72℄. For this purpose UV light of � = 266 nmfrom a Nd:YAG laser was sent into the TPC, parallel to its axis and at di�erent radii,
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Figure 6.1: Magneti
 �eld in the TPC. The plots show the radial and longitudinalmagneti
 �eld 
omponents Br and Bz as a fun
tion of z for di�erent radii r. The region of theTPC from z = 381:15 m (plane 0) to z = 572:55 m (plane 19) is marked with two verti
al lines.A magneti
 fringe �eld is also present outside the TPC, starting to be negligible upstream theRICH2 mirror at a position z = 329:73 m.
using a mirror system at the ba
kplate of the TPC. The position of ea
h laser ray wasmonitored with position sensitive diodes pla
ed behind the semi-transparent mirrors. Theestimated resolution of the measured laser ray position is dr = 0:25 mm and rd� = 0:5mrad. In �gure 6.2 an example of su
h a laser event 
an be seen. For a given set of gasparameters the re
onstru
ted tra
k position is 
ompared to its nominal position knownfrom the diodes. The mobility is adapted iteratively until both positions agree.A further 
onstraint is given by the position of the inner 
ylinder at a radius ofr = 486 mm. The signal from the inner 
ylinder 
omes from photo ele
trons kno
ked outby UV stray light whi
h falls onto the aluminum material. If no proper 
alibration isapplied, this signal appears as semi
ir
les, as 
an be seen in �gure 6.2. It re
e
ts thepolygonal shape of the TPC due to the fa
t that the drift paths for ele
trons be
omelonger and the drift velo
ities be
ome smaller towards the edges of a 
hamber.
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Figure 6.2: Laser event in the TPC. The �gure shows a display of plane 17 of the TPC fora laser event. The re
onstru
ted hits in 
hamber 8 
orrespond to the radii 700, 800, 900, 1000,1100 and 1200 mm. The semi
ir
les at the inner 
ylinder are 
aused by photo ele
trons fromUV stray light of the laser. This periodi
 stru
ture re
e
ts the polygonal shape of the TPC.
The pressure, gas 
omposition, and temperature were monitored during the beamtime with the slow 
ontrol system of the experiment as shown in �gure 6.3. The data isdivided in 
alibration units of roughly one hour. For ea
h 
alibration unit the relative
hange of the mobility due to outside in
uen
es is 
al
ulated with the MAGBOLTZprogram [73℄. The transformation from dete
tor spe
i�
 
oordinates (plane,time,pad)to Cartesian 
oordinates (x,y,z) is done via the drift velo
ity ~vdrift using a fourth-orderRunge-Kutta method. The drift velo
ity is determined with equation (4.8). A higherpre
ision is a
hieved using the drift option in MAGBOLTZ, but the 
omputation is time
onsuming. Therefore, the drift option is only used to 
ompute ~vdrift in a wide meshedgrid. The 
omponents of the drift velo
ity from equation (4.8) parallel to the ~E andparallel to ( ~E � ~B) are then 
orre
ted to a

ount for the obtained di�eren
es.At last the information about the maximum drift time tmaxdrift is required for the 
oordi-nate transformation. This quantity is extra
ted from the edge of the average radius distri-bution of the hits from the middle 16 pads of planes 9 and 10 using the drift velo
ity ~vdrift.tmaxdrift is determined for ea
h 
alibration unit to a

ount for di�erent 
onditions in the TPCover the beam time [74℄.
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Figure 6.3: Slow 
ontrol. The slow 
ontrol of the experiment monitored the pressure, gas
omposition, and temperature during the beam time. The 
hanges of the nominal mobility valuedue to outside in
uen
es are in the per
ent range.
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Figure 6.4: Calibration of 
hamber positions. The plots show the re
onstru
ted radiusof the inner aluminum 
ylinder before and after 
alibration. The stru
tures seen in the upperplot are 
aused by misaligned 
hambers. The three-fold stru
ture within ea
h 
hamber belongsto the three front-end-boards.
6.2 Corre
tion of Chamber Positions
The laser events taken in absen
e of a magneti
 �eld 
an also be used to 
orre
t fortilts and shifts of the 16 readout 
hambers [72℄. This is again done by using the signalfrom the inner 
ylinder, whi
h was already mentioned in the previous se
tion. On
ethe periodi
 stru
tures seen in �gure 6.2 have been 
orre
ted, the misalignment of the
hambers be
omes visible. This is shown in the upper plot of �gure 6.4 for plane 9 ofthe TPC. The observed stru
tures are ordered in groups of 48 pads 
orresponding to a
hamber. Within ea
h 
hamber a tinier three-fold stru
ture of 16 pads is visible, relatedto the three front-end-boards. The reason is found in the di�erent 
apa
ities of the
onne
tions between the pads and the preampli�ers and will be readdressed in se
tion 6.8.The 
hamber position a�e
ts the drift time via the drift path length and via theele
tri
 �eld. Thus, the 
orre
tion has to be done iteratively. The 
orre
ted data is shownin the lower plot of �gure 6.4.
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Figure 6.5: Geometry of a readoutboard. The pads have a 
hevron-like stru
-ture oriented along the z 
oordinate and rep-resenting one plane. The planes are sepa-rated by ground strips from ea
h other. Theanode wires are mounted in azimuthal dire
-tion above the pads. The red 
ir
le representsele
trons drifting towards the anode wire. Ashift of the wire will in
uen
e the ele
tron
loud in the indi
ated way.
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Figure 6.6: Calibration of anode wirepositions. Shifts of the anode wires resultin a linear dependen
e of �� = �tra
k � �hitversus pad number. This is 
orre
ted individ-ually for ea
h plane and ea
h 
hamber via alook-up table.
6.3 Corre
tion of Anodes Wire PositionsThe pre
ision of the adjustment of the anode wires above the 
athode pad planes is �nite.Deviations from the nominal positions, as shown in �gure 6.5, are 
alibrated using asample of data taken in the absen
e of a magneti
 �eld. For ea
h plane and ea
h 
hamberthe di�eren
e of the azimuthal angle between the tra
k and the hits �� = �tra
k � �hit isplotted versus the pad number. Here �tra
k is 
hosen as the best knowledge of the trueazimuthal angle �true. This assumption is justi�able be
ause the tra
k is a �t to 12-20 hitsand therefore a good measurand for �true.In some 
ases systemati
 o�sets of �� from zero are observed like the example in�gure 6.6. These o�sets depend linearly on the pad number and 
an be parameterized bya polynomial of �rst order. The linear dependen
e has its origin in the 
hevron-shapedstru
ture of the 
athode pads. If the position of an anode wire above the pads is shiftedin beam dire
tion (parallel to the z 
oordinate) the 
harge sharing between the pads mustne
essarily 
hange. This in turn in
uen
es the determination of the 
enter of gravity ofa hit. The azimuthal hit position �hit is 
orre
ted with the help of a look-up table. Theresult 
an be seen in the lower plot of �gure 6.6.
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Figure 6.7: Origin of nonlineari-ties. Nonlinearities are 
aused by thefa
t that a 
ontinuous 
harge distribu-tion (red) is sampled by a dis
rete num-ber of pads (blue). The 
enter of gravityfor both distributions di�ers by a smallamount, depending on whi
h pad fra
-tion the mean of the 
harge distributionis lo
ated.
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Figure 6.8: Nonlinearity 
orre
tion in theTPC. The nonlinearities 
an be seen by plotting�� = �tra
k � �hit versus a fra
tion of a pad. Theyare 
orre
ted via look-up tables separately for 2 and3 pad 
lusters. The shown example is plotted for apositive magneti
 �eld in the TPC.
6.4 NonlinearitiesThe 
harge distribution from a tra
k segment is sampled by a �nite number of pads.This introdu
es a systemati
 error in the position resolution, as depi
ted in �gure 6.7. Asexample a 
harge distribution, drawn as red 
urve, indu
es a signal in two adja
ent pads.The 
ontinuous signal is transformed into a dis
rete one, and thus results in a nonlinearityof the pad response fun
tion. The error vanishes for symmetri
 
on�gurations if the meanposition of the 
harge distribution is lo
ated either in the middle or at the edge of a pad.To minimize the nonlinearities a 
hevron shape has been 
hosen for the pads [63℄.The advantage with respe
t to a re
tangular shape is a better 
harge sharing and linearityof the pad response even at low pad granularity. The remaining nonlinearities 
an be
orre
ted by plotting �� = �tra
k � �hit versus a fra
tion of a pad, where �tra
k is thebest knowledge of the true value �true. The nonlinearities depend on the number of padson whi
h a signal is indu
ed. In the upper row of �gure 6.8 they are plotted separatelyfor 2 and 3 pad 
lusters. The azimuthal position distortion is smaller than 0:5 mrad andthus a tiny e�e
t. The 
orre
tion of �hit is done via look-up tables, separately for positiveand negative magneti
 �elds. The result of the 
orre
tion is shown in the lower row of�gure 6.8.
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Figure 6.9: Position 
orre
tion for overlapping hits. The splitting of the�� = �tra
k � �hit distribution in several peaks is due to unre
ognized overlapping hits. Thedistan
e d of the peak to the 
enter as a fun
tion of the pad width is used to derive a 
orre
tionfor the hit position.
6.5 Position Corre
tion for Overlapping HitsThe hit re
onstru
tion pro
edure des
ribed in se
tion 5.2.1 is able to separate overlappinghits as long as their absolute maxima are at least one pixel apart. If this is not the 
ase,the merged 
lusters are assigned to a single hit. These hits 
an be re
ognized by theirunusually large pad width of �pad > 0:6.In �gure 6.9 the azimuthal angle di�eren
e �� = �tra
k � �hit is plotted for di�erentvalues of �pad. With in
reasing pad width a double or even triple peak stru
ture starts toappear. This 
an be used to derive a 
orre
tion for unre
ognized overlapping hits. Thedouble peak stru
ture is �tted with two Gaussian fun
tions of same hight and width, butwith the distan
e d from the 
enter. The �ts are performed separately for 2 and 3 pad 
lus-ters. The relationship between the distan
e d and the pad width �pad is linear and given by
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Figure 6.10: Lateral 
rosstalk and signal undershoot. The �gure shows an average overmany laser events in the pad-time spa
e. The laser pulse is a

ompanied by a signal undershootand the lateral 
rosstalk. The broadly spread signal at high drift time is 
aused by stray lightof the laser kno
king out ele
trons at the inner 
ylinder of the TPC (
ompare �gure 6.2).d2pd
l = (3:569 � �pad � 1:656) mradd3pd
l = (3:903 � �pad � 1:543) mrad (6.1)for 2 and 3 pad 
lusters, respe
tively. The triple peak stru
ture is ignored in the 
orre
-tion. Assuming that �tra
k is 
lose to the true value �true, the hit position is shifted bythe distan
e d towards the tra
k. The tra
k is re�tted afterwards.6.6 Lateral Crosstalk and Signal UndershootWith the help of the laser it be
omes possible to generate many events 
ontaining tra
ksat the same position and with similar signal amplitude. An average over several laserevents 
an be seen in �gure 6.10 [63℄. The absen
e of surrounding tra
ks in laser eventsallows a detailed study of the pulse shape of the readout 
hamber.Ea
h gas ampli�
ation at an anode wire 
auses a drop of the wire voltage �U
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ording to �U = QampCwire : (6.2)In this equation Qamp is the deposited 
harge and Cwire is the 
apa
itan
e of the anodewire grid with respe
t to the surrounding ele
trodes. On the other hand ea
h pad has a
apa
itan
e Cpad with respe
t to the anode wire grid. A drop of the wire voltage thereforewill indu
e a 
harge Q
rosstalk = Cpad ��U = CpadCwire �Qamp (6.3)on the readout pad. This e�e
t is referred to as lateral 
rosstalk. It is a known feature ofwire 
hambers [75℄. The lateral 
rosstalk is seen in �gure 6.10 as a sagging of the baselinein the same time bins as the laser hit, but on neighboring pads. The e�e
t was redu
ed bya fa
tor of 2:5 by adding additional 
apa
itan
e of about 5 nF to ea
h HV se
tor [63℄.The se
ond e�e
t observed in �gure 6.10 is the sagging of the baseline for time binsfollowing the laser hit on a pad. The origin of this so 
alled undershoot 
an be foundin the usage of high-pass �lters to suppress leakage 
urrents. High-pass �lters work asdi�erentiators for frequen
ies below the threshold frequen
y [76℄. Thus, a trailing edge ofan in
oming pulse will 
ause a negative outgoing pulse. This de
reases the amplitude ofpulses following in time.For a given pad i and a lo
al maximum l0 the shape of the undershoot is well des
ribedby the sum of two exponential fun
tions:Xl<l0 Ali;
or(t) = Xl<l0 0�C11 � tl+2Xj=tl�2Alij � e�C12�(t�tl) � C21 � tl+2Xj=tl�2Alij � e�C22 �(t�tl)1A : (6.4)In this equation tl is the time bin of pad i where a lo
al maximum has been found. Pj Alijis the sum over the 5 time bins in pad i assigned to a hit l (for better understandingsee also se
tion 5.2.1). The 
oeÆ
ients Cnm have been determined in [77℄. Finally, thesum Pl<l0 Ali;
or(t) expresses that all undershoot 
orre
tions of hits pre
eding the lo
almaximum l0 in time have to be 
onsidered.6.7 Ele
tron atta
hmentAnother important issue is a pro
ess whi
h in
uen
es the number of primary produ
edele
trons. The noble gas neon in the TPC has an admixture of 20% quen
h gas 
arbondioxide. The CO2 improves the drift properties [63℄ and prevents multiple dis
harges. Itabsorbs the photons emitted by ex
ited atoms or de-ex
ites the atoms dire
tly through
ollisions. The energy mainly goes into rotational and vibrational ex
ited mole
ular statesand into ionization of the quen
her.However, the CO2 mole
ules also intera
t with gas impurities like oxygen. Oxygenhas the unwished property of atta
hing free ele
trons 
oming from primary ionizationpro
esses: e� +O2 ! O��2 : (6.5)
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Figure 6.11: Corre
tion of ele
tron atta
hment e�e
ts. The hit amplitudes de
reasewith drift time due to the atta
hment of free ele
trons to oxygen impurities in the �ll gas ofthe TPC. The amplitudes are 
orre
ted for the polar angle � of the tra
k. This is important toa

ount for the e�e
t that a tra
k segment proje
ted onto a pad is longer for larger angles �.Therefore, the amplitudes have to by multiplied by 
os �.In dilute media the oxygen loses its energy by the reemission of the ele
tron or by radiation.Unfortunately, at the atmospheri
 pressure present in the TPC the dominating pro
ess isthe intera
tion with another mole
ule M: O2 +M + e� (6.6)O��2 +M %& O�2 +M�: (6.7)In the lower 
ase the ele
tron is lost. The abundant ex
itation modes of CO2 even enhan
epro
ess (6.7). Therefore, high requirements for the oxygen purity of the gas mixture inthe TPC are indispensable.The ele
tron atta
hment 
an be parameterized as a fun
tion of the drift time byN(t) = N0 � e�p(M)p(O2)Kt; (6.8)where p(M) is the operation pressure of the 
ounting gas, p(O2) is the partial pressureof oxygen impurities and K is the ele
tron atta
hment 
oeÆ
ient. The average value ofp(O2) during the beam time in the year 2000 was 11 ppm. It is 
lear from equation (6.8)that the ele
tron atta
hment in
reases with the drift path length.The de
rease of the amplitude with the drift time 
an be des
ribed by an exponentialfun
tion: A(t) = A0 � e�Ct: (6.9)In this equation A0 is the amplitude expe
ted in absen
e of any ele
tron atta
hment e�e
t.An example is shown in �gure 6.11 [77℄. The 
oeÆ
ient C is determined individually for
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Figure 6.12: Pad-to-pad gain 
orre
tion. For the pad-to-pad gain 
orre
tion the maxi-mum ADC value of a hit is used, whi
h is lo
alized on a single pad. The maximum ADC valueis 
orre
ted for the polar angle � of the tra
k.ea
h of the 20 planes in time s
ales of 
alibration units. The di�erent parti
le 
ompositionsas a fun
tion of the polar angle � are taken into a

ount. The 
orre
tion is applied afterthe undershoot 
orre
tion des
ribed in the previous se
tion.
6.8 Pad-to-Pad Gain VariationsThe pad-to-pad 
orre
tion 
omprises all e�e
ts whi
h 
ause gain variation from pad topad, but also 
hara
teristi
s whi
h extend over a whole ele
troni
 devi
e. The upper plotof �gure 6.12 shows the un
orre
ted pad-to-pad gain variation of the �rst plane of theTPC as an example.
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eable stru
ture extends over groups of 48 pads a

ording to the 
ham-bers of the TPC. The periodi
 peaks 
an partly be explained by the bending of the anodewires. The wires are glued to the edge of a 
hamber. In between these two �xed pointsthe wires might bend due to the ele
trostati
 attra
tion towards the pad plane. Thisde
reases the distan
e between the anode wires and the pads and thus a stronger signalis indu
ed. The e�e
t is strongest in the 
enter of a 
hamber. It has also been observedthat the gain drops at the end of the wires. Here the ele
tri
 �eld di�ers from that of anin�nite wire. Furthermore, the 
losing pads at the border of a 
hamber are smaller andhave a di�erent shape than the rest of the pads. This 
an be responsible for the dip atthe edge of ea
h 
hamber. Finally, the three-fold stru
ture inside a 
hamber re
e
ts theindividual responding behavior of the front-end-boards.The pad-to-pad gain variations have been studied in [77℄. The 
orre
tion is imple-mented in form of look-up tables and determined for ea
h 
alibraton unit. The e�e
t ofthe 
orre
tion is demonstrated in the lower plot of �gure 6.12.
6.9 Corre
tion of Hit PositionsA �ne tuning of the hit positions in the TPC 
an be a
hieved by using further informationfrom the Sili
on Drift Dete
tors. The upper row of �gure 6.13 shows the polar angledi�eren
e �� = �SiDC;tra
k � �TPC;hit between the SiDC tra
k segment and the TPChits versus the pads of the TPC [74℄. The tiny stru
tures seen in the plots re
e
t the16 
hambers. No periodi
 stru
ture is seen in the distribution of �SiDC;tra
k. Using thisknowledge the positions of the hits in the TPC are shifted by the amount ��
or, 
al
ulatedwith respe
t to the mean value �� obtained for ea
h 
hamber. The 
orre
tion is appliedas a fun
tion of the polar angle � to the individual pads and planes. The result 
an beseen in the lower row of �gure 6.13.For the next 
orre
tion step it is important that the abundan
e of parti
les withopposite 
harge is similar. A 
onvenient 
hoi
e for this purpose are pions be
ause themultipli
ity of �+ and �� di�ers by only 10% [78℄. A 
lean sample of high momentumpions (p > 4:5 GeV/
) 
an be sele
ted with the help of the RICH dete
tors. This sample isused to plot the azimuthal angle di�eren
e �� = �R2M ��TPC;hit between the TPC tra
ksegment as measured at the RICH2 mirror and the hits in the TPC versus �R2M [69℄.This is shown in �gure 6.14. Clearly the de
e
tion of the oppositely 
harged parti
les
an be seen with in
reasing plane number. Tra
ks with in�nite momentum do not su�erde
e
tion. The minima of the distributions should therefore be 
entered at zero. However,a deviation from zero is seen as a fun
tion of �R2M . The deviation from zero is appliedas 
orre
tion to the hit positions of the TPC. The 
orre
tion is done as a fun
tion of theazimuthal angle � and as a fun
tion of the plane number. The pro
edure is repeated forthe distribution �� = �R2M � �TPC;hit.
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Figure 6.13: Comparison between polar angles in SiDC and TPC. The distributionof �� = �SiDC;tra
k � �TPC;hit plotted versus the pads in the TPC shows tiny stru
tures (upperrow). Applying a 
orre
tion �� to the hits in the TPC results in a 
at distribution (lower row).
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Figure 6.14: Remaining de
e
tion for in�nite momentum tra
ks. For a sample ofpion tra
ks the azimuthal angle di�eren
e �� = �R2M��TPC;hit is plotted versus �R2M . Tra
kswith in�nite momentum do not su�er de
e
tion and should be 
entered at zero.
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Figure 6.15: Hit multipli
ity in the TPC. The resolution is determined di�erentially forthe seven multipli
ity bins marked in the �gure.6.10 Di�erential ResolutionThe �tting of tra
k segments in the TPC, as des
ribed in se
tion 5.2.3, 
an be improvedby swit
hing from 
onstant weights for all hits to a more sophisti
ated method by assign-ing individual weights to the hits a

ording to their resolution. The weights 
ontain theinformation about the hit position in the 3-dimensional spa
e and about spe
ial hit 
har-a
teristi
s. In this way remaining ina

ura
ies in the determination of the drift velo
ityare taken into a

ount, as well as other dependen
ies like the hit amplitude or the hitmultipli
ity of the event.The momentum of a parti
le is determined by the de
e
tion of the traje
tory in themagneti
 �eld of the TPC. Thus, the important 
oordinate to obtain a good momentumresolution is the azimuthal angle �. For this 
oordinate the di�erential resolution �r�� isdetermined as a fun
tion of� the radius in steps of 4 
m,� the 20 planes in the TPC,� the hit amplitude in steps of 50 ADC units,� the hit multipli
ity in the TPC in steps a

ording to �gure 6.15,� the number of responding pads, and� the hit being isolated or not.The di�erential resolution is shown in �gure 6.16 for a sele
ted set of hits. For a betterunderstanding ��� is plotted instead of �r��. For isolated hits the 3 pad 
lusters have
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Figure 6.16: Di�erential Resolution. The di�erential resolution is determined as a fun
tionof several hit 
hara
teristi
s. In this way it is possible to weight ea
h hit individually in the �tof a TPC tra
k segment.
a somewhat better resolution than the 2 pad 
lusters due to the more favorable 
hargesharing. The resolution of overlapping hits deteriorates about a fa
tor of two 
omparedto isolated hits. Nevertheless the bulk of the hits are isolated, as 
an be seen in �gure 5.6.Only 20% of the hits have an overlapping partner. Remarkable is also the strong de-penden
e of the resolution on the amplitude. Firstly, the resolution in
reases with theamplitude. This e�e
t 
an be as
ribed to a better signal-to-noise ratio. Due to saturatione�e
ts the resolution deteriorates again at higher amplitudes. As expe
ted, the resolutionde
reases with the number of hits in the TPC, though the e�e
t only start to be impor-tant for very high multipli
ities of more than 40000 hits. The number of events with su
hhigh multipli
ities is small as 
an be judged from �gure 6.15. The linear de
rease of theresolution with the radius has its origin in the in
reasing in
uen
e of the di�usion withthe drift length. The dependen
e on the plane number of the TPC is due to the highero

upan
y in the �rst planes, but also due to remaining un
ertainties in the knowledgeof the ele
tri
 or magneti
 �eld.
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e the di�erential resolution has been determined, the weight of a hit is given by:w = 1�2r�� : (6.10)Figures 6.17 and 6.18 show a small extra
t of the weights for isolated and overlapping3 pad 
lusters, respe
tively. Ea
h 
onne
ted 
urve des
ribes an amplitude s
an at a �xedradius. The multipli
ity in the TPC is between 25000 and 27500 hits. Only every se
ondplane is displayed. The weights w 
an be parameterized as a fun
tion of the amplitude Aby w(A) = C0 + C1 � A+ C2 � A1 + e� AC3 (6.11)or in the 
ase of overlapping hits with three pads byw(A) = C0 + C1 � A+ C2 � A1 + e� AC3 + C4 � (A� C5) + C6 � (A� C5)1 + e (A�C5)C7 : (6.12)
Unfortunately the weights have large error bars at high amplitudes or radii due tolimited statisti
s. In some 
ases the �tting of the weights might fail, thus resulting inunreasonable 
oeÆ
ients Cn. To avoid this e�e
t the 
oeÆ
ients Cn are also �tted, butnow as a fun
tion of the radius. The used fun
tions are polynomials. The fun
tions shownin �gures 6.17 and 6.18 are smoothed in the des
ribed way.In order to keep the amount of data as small as possible, many runs were taken usinga so 
alled TPC mask. This means that only those hits in the TPC are written to tapewhi
h fall in the overall a

eptan
e of the spe
trometer. The mask window 
hosen for thebeam time in 2000 is 6:5o < � < 15o. Obviously, the information about the hit multipli
ityneeded to 
al
ulate the weights is wrong for runs with mask. The hit multipli
ity has tobe res
aled in those 
ases. The s
aling fa
tors are determined from runs taken withoutmask. The ratio ri = Nmaski;hitNi;hit (6.13)is determined for ea
h plane i, where Nmaski;hit and Ni;hit are the hit multipli
ities measuredwith and without mask appli
ation, respe
tively. The s
aling fa
tors rise 
ontinuouslyfrom � 0:6 for the �rst plane to 1:0 for the middle planes 9 and 10, and drop again to� 0:8 for the last plane.
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Figure 6.17: Weight fun
tions of isolated TPC hits. The plotted weights belong toisolated hits with three pads at a multipli
ity of 22500-25000 hits. The lines are �ts a

ordingto equation (6.11).
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Figure 6.18: Weight fun
tions of overlapping TPC hits. The same as in �gure 6.17for overlapping hits. The lines are �ts a

ording to equation (6.12).
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Figure 6.19: �2 distribution for 20 �tted hits in the TPC. If the hits are weighteda

ording to their individual 
hara
teristi
s the �2 distribution of the tra
k �t in the TPCapproa
hes the theoreti
al expe
tation.The bene�t of using individual weights for the hits be
omes obvious by plottingthe �2 distribution of the tra
k �ts in the TPC. This is done is �gure 6.19 for the 
aseof 20 �tted hits. If all hits in the �t are weighted equally the �t result is inadequateand the �2 distribution is broad. If the hits are weighted a

ording to their individual
hara
teristi
s, the �2 distribution approa
hes the theoreti
al expe
tation. The remainingdis
repan
y is due to a 
ontamination of the tra
k sample with parti
les originating fromde
ay verti
es. However, the referen
e tra
ks used for the �ts are 
al
ulated for parti
les
oming from a target. The �t result for parti
les 
oming from another intera
tion pointwill therefore deliver an unsatisfa
tory result.6.11 Inverse Momentum Corre
tionFor a dete
tor with in�nite resolution the distribution of the 
harge times the inversemomentum q=p should be 
entered at zero. However, remaining un
ertainties in theknowledge of the Lorentz angle might 
ause a shift, as sket
hed in �gure 6.20. For in-stan
e, depending on the 
harge, a somewhat smaller or higher momentum might bere
onstru
ted. It 
an even happen that parti
les at very high momentum are re
on-stru
ted with the wrong sign. If in addition the abundan
e of positive and negative
harged parti
les is di�erent, the shift of the minimum is even larger.The shift 
an be used to 
orre
t remaining deviations in the momentum. A 
onvenientparti
le 
hoi
e for this measurement are pions. As already mentioned in se
tion 6.9 themultipli
ities of �+ and �� are similar and e�e
ts related to a di�erent abundan
e ofparti
les with opposite 
harge are therefore redu
ed.
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−1Figure 6.20: Inverse momentum 
orre
tion. If the knowledge of the Lorentz angle inthe TPC is impre
ise the parti
les are re
onstru
ted at wrong momenta.The pions are sele
ted with the RICH dete
tors by the ring radius. The determinationof the shift of the minimum is done in four steps in order to optimize the statisti
s [79℄.First, a 
oarse 
orre
tion is 
al
ulated for ea
h 
alibration unit. The data is then dividedinto three groups,� positive magneti
 �eld at the beginning of the beam time,� negative magneti
 �eld, and� positive magneti
 �eld at the end of the beam time.A �ner 
orre
tion is 
al
ulated as a fun
tion of the azimuthal and polar angle � and �. Inthe following step the same is repeated as a fun
tion of �, but now within ea
h 
alibrationunit. In this 
ase the pions are sele
ted via their di�erential energy loss in the TPC inorder to in
rease statisti
s. Finally, a last 
orre
tion is determined in even �ner entitiesof 10 bursts, but integrated over � and �.6.12 Test Results of the CalibrationThe last se
tion of this 
hapter is devoted to the bene�ts a
hieved with the 
alibrationof the TPC. Figure 6.21 shows the e=� separation before and after 
alibration. In amomentum range between 0 < p < 1 GeV/
 the dE=dx resolution for ele
trons improvedfrom 18:4% to 11:8% [77℄.The position resolution is given by the width of the residuals r�� = r�tra
k � r�hitor �r = rtra
k � rhit. Figure 6.22 shows the present position resolution as a fun
tion of
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Figure 6.21: dE=dx resolution in the TPC before and after 
alibration. The leftplot shows the dE/dx resolution of ele
trons before the 
alibration of the TPC, the right plotshows the same after the 
alibration. The sele
ted momentum range is 0 < p < 1 GeV/
2. Onlytra
ks with at least 15 hits are used.the plane number in the TPC. The distortions in the azimuthal resolution are due toremaining un
ertainties of the Lorentz angle. The higher o

upan
y in the �rst TPCplanes is responsible for the deterioration of the radial resolution. Furthermore, the driftlength is longer in the �rst planes due to the a

eptan
e of the TPC, and thus di�usionplays a major role. The global position resolution a
hieved with the new 
alibration is�r�� � 340 �m and ��r � 640 �m. This has to be 
ompared with the design resolution of�designr�� = 250� 350 �m and ��r = 400� 500 �m [57℄. The important 
oordinate for themomentum resolution is the azimuth. Here the design resolution is rea
hed. The radialposition resolution is worse than its design value. The main reason is, that the weight
al
ulation des
ribed in the previous se
tion is not performed for the radial 
omponent.The improvements of the new TPC 
alibration be
ome visible by 
omparing the positionresolution with the 
orresponding values �r�� � 500 �m and ��r � 800 �m [63℄, obtainedwith an earlier 
alibration version.Another test is the 
omparison of the width of re
onstru
ted parti
les like the� baryon or K0S meson. Here, the previous 
alibration results in a width of12:6� 0:3 MeV/
2 for the de
ay � ! p�� and a width of 21:7� 0:3 MeV/
2 for the de-
ay K0S ! �+�� [63℄. Figure 6.23 shows both parti
les re
onstru
ted using the pro
eduredes
ribed in 
hapter 7 and using the new 
alibration. The width of the � is signi�
antlynarrower, having now a value of 5:68� 0:17 MeV/
2. The same applies for the K0S whi
hhas now a width of 13:24� 0:05 MeV/
2.
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Figure 6.22: TPC residuals. Plots a) and 
) show the resolution as a fun
tion of the planenumber in the TPC. Plots b) and d) show the residuals integrated over all planes.
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Figure 6.23: � and K0S Width. The number of analyzed events is 3:4 million for the �and 15:9 million for the K0S . The width �m and the o�set ��m of the measured mass from itsnominal value is written in the �gures. For both analyses a se
ondary vertex 
ut of zsv > 1 
mis used. Furthermore, a 
ut on the ba
k extrapolated momentum ve
tor of bep < 200 �m isapplied. The �2 probability 
ut on the tra
k and the se
ondary vertex �ts is P�2 > 0:01. There
onstru
tion pro
edure and the 
ut variables are explained in detail in 
hapters 7 and 8.
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Chapter 7Se
ondary Parti
le Re
onstru
tionS
hemeThe two RICH dete
tors of the CERES experiment are optimized for the identi�
ation ofele
trons. Other parti
les 
an be identi�ed using the di�erential energy loss dE=dx in theTPC, as shown in �gure 7.1. In the CERES a

eptan
e the momentum range of the K and� de
ay produ
ts of the D0 meson is predominantly lo
ated between 2:5 and 7:5 GeV/
.In this momentum regime the dE=dx resolution of the CERES TPC is not suÆ
ient toresolve the Bethe-Blo
h lines of the de
ay produ
ts. In �gure 7.2 a Monte Carlo simulationof the di�erential energy loss of the kaon and the pion are plotted as a fun
tion of themomentum. The �1� bands 
orrespond to � 10% of the mean dE=dx value. From 1GeV/
 on the bands for the kaon and the pion overlap. Furthermore, they are 
rossedby the Bethe-Blo
h lines of other parti
les like protons and muons. Without parti
leidenti�
ation the fra
tion of 
ombinatorial ba
kground be
omes extremely large. Thus, a
ombination of suitable 
uts has to be applied to optimize the signal-to-ba
kground ratio.A powerful tool for ba
kground suppression is provided by the re
onstru
tion of these
ondary vertex. This enables to separate tra
ks originating from the target from those
oming from late de
ays. The dete
tors usable for this purpose are the two SiDC dete
torsand TPC. At �rst, ea
h tra
k of a parti
le is �tted by a straight line in the ~B-�eld freeregion upstream the RICH2 mirror. The �ts are based on three points. The �rst two aregiven by the hits in SiDC1 and SiDC2. To obtain the third point the TPC tra
k segmentsare extrapolated to the RICH2 mirror taking the magneti
 fringe �eld into a

ount. Thethird point is then de�ned by the 
oordinates of this inter
ept. The fringe �eld upstreamthe RICH2 mirror is negligible as 
an be judged from �gure 6.1. Nevertheless, deviationsof the tra
k from a straight line 
an still o

ur by multiple s
attering between the twoSiDC dete
tors and the TPC. This is a

ounted for by momentum dependent errors ofthe points. In a se
ond step ea
h two tra
ks are 
ombined and the point of 
losestapproa
h between them is 
al
ulated. The re
onstru
tion s
heme of the se
ondary vertexis illustrated in �gure 7.3.
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Figure 7.1: Di�erential energy loss in the CERES TPC. The two verti
al lines markthe momentum range of the de
ay produ
ts of theD0 meson. In this region parti
le identi�
ationvia the di�erential energy loss in the TPC is not appli
able anymore.

p [GeV/c]
0 2 4 6 8 10

T
P

C
 d

E
/d

x 
[A

.U
.]

180
200
220
240
260
280
300
320
340
360

e

p

µ

Pion Band

Kaon Band
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orrespond to the 1�-dE=dx band of the pion and kaon, respe
tively. The bands overlapand are 
rossed by the Bethe-Blo
h lines of other parti
les like protons and muons.
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Figure 7.3: Re
onstru
tion s
heme of the se
ondary vertex. The tra
ks are straightline �ts through three points given by the SiDC dete
tors and the TPC. The errors of thesepoints are determined from the resolution of the dete
tors. The se
ondary vertex is the pointof 
losest approa
h between two tra
ks. A 
ut on its 
oordinates suppresses tra
ks originatingfrom the targets. The pi
ture is not drawn to s
ale.A possibility to suppress fake tra
k 
ombinations is given by a 
ut on the radialdistan
e between the ba
k extrapolated momentum ve
tor of the D0 
andidate and theprimary intera
tion point. In the following this distan
e will be denominated bep param-eter. The momentum ve
tor of the D0 
andidate is given by the sum of the momenta ofthe de
ay produ
ts P ~pi. For a true 
ombination of tra
ks this momentum ve
tor willpoint ba
k to one of the targets. In this 
ase the bep parameter will be small in 
ontrastto the 
ase of a fake 
ombination of tra
ks. The meaning of the bep parameter is further
lari�ed in �gure 7.4.The two following se
tions explain in more detail the tra
k and the vertex �ttingpro
edure and the error propagation. Afterwards the determination of the point errorsneeded for the straight line �ts of the tra
ks is addressed. This is followed by a dis
ussionof the bep parameter. The 
hapter will �nish with additional 
orre
tions used in theanalysis.7.1 Tra
k FitThe tra
ks used in this analysis are obtained by �tting a straight line through two hits inthe Sili
on Drift Dete
tor system, and an additional point obtained from the TPC. The�t is based on the Least Square Method and it is performed independently in the x-z andy-z planes. In this se
tion the analyti
al solution of the problem will be dis
ussed. Here,only the x-z plane will be 
onsidered. The treatment of the problem in the y-z plane is
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k extrapolated momentum ve
tor. The momentum of a D0 meson isthe sum of its de
ay produ
ts P ~pi. This ve
tor must point ba
k to the primary intera
tionregion for a true tra
k 
ombination. As a measurand the bep parameter is de�ned as the radialdistan
e between the ba
k extrapolated momentum ve
tor and the primary intera
tion region.identi
al.The general task is to des
ribe a sample of N measured data points (xi; zi) by afun
tion f(z; a1; a2; : : : ; an) and to determine the unknown parameters a1; a2; : : : ; an. Thenumber N of measured data points must be greater than the number n of parameters.Further, it is assumed that the measurement of the values xi at the points zi have theun
ertainties �i. The method of least squares states that the best values of aj are thosefor whi
h the sum �2 = NXi=1 �xi � f(zi; aj)�i �2 (7.1)is minimal. Examining equation (7.1) it is 
lear that it just des
ribes the sum of thesquared deviations of the data points from the 
urve f(zi; aj) weighted by the respe
tiveerrors on xi. To �nd the values of aj, the system of equations��2�aj = 0 (7.2)must be solved. In the 
ase of fun
tions linear in their parameters aj, i.e. with no termswhi
h are produ
ts or ratios of di�erent aj, equation (7.2) 
an be solved analyti
ally. Astraight line is one example of a linear fun
tion.A straight line in the x-z plane is de�ned by slope x0 and an inter
ept x0:x(z) = x0z + x0: (7.3)Here x0 and x0 stand for the unknown parameters a1 and a2 to be determined. Asmentioned at the beginning of this se
tion, the number of data points N is 3 (two SiDC



7.1. TRACK FIT 69hits and one TPC point). Equation (7.1) then 
an be written as�2 = 3Xi=1 �xi � x0z � x0�i �2 : (7.4)Taking the partial derivatives with respe
t to x0 and x0 results in��2�x0 = �2 3Xi=1 (xi � x0zi � x0)zi�2i ;��2�x0 = �2 3Xi=1 (xi � x0zi � x0)�2i : (7.5)To simplify the notation, the following terms are de�ned:B = P zi�2i ; A = P 1�2i ; C = P xi�2i ;D = P z2i�2i ; E = P zixi�2i ; F = P x2i�2i : (7.6)Using these de�nitions, equation (7.6) be
omesE � x0D � x0B = 0; (7.7)C � x0B � x0A = 0; (7.8)and leads to the solutionsx0 = AE � CBAD �B2 and x0 = DC � BEAD � B2 : (7.9)Finally, assuming to have obtained the best estimates for the unknown parameters x0 andx0, it is ne
essary to determine their un
ertainties. These 
an be extra
ted by invertingthe Hessian matrix H = �H11 H12H21 H22� ; (7.10)whi
h 
ontains the se
ond derivatives:H11 = 12 �2�2�x02 ; H22 = 12 �2�2�x20 ; and H12 = H21 = 12 �2�2�x0�x0 : (7.11)The inverse of the Hessian matrix is the 
ovarian
e matrix,V = H�1 = 1H11H22 �H212 � H22 �H12�H12 H11 � ; (7.12)from whi
h the varian
es �x0x0, �x0x0 and the 
ovarian
e �x0x0 are obtained:�x0x0 = A22A11A22 � A212 = AAD �B2�x0x0 = A22A11A22 � A212 = DAD �B2�x0x0 = �A12A11A22 � A212 = �BAD �B2 = �x0x0: (7.13)
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Figure 7.5: Ve
tors used in the se
ondary vertex �t algorithm. ~ri is the positionve
tor of the ith tra
k, ~ai is its dire
tion ve
tor. ~rv is the ve
tor pointing to the se
ondary vertex.di is the distan
e between the ith tra
k and the se
ondary vertex.7.2 Se
ondary Vertex FitThe se
ondary vertex �t algorithm implemented within the framework of this thesis alsouses the Least Square Method. It 
al
ulates the point of 
losest approa
h between a givennumber of N tra
ks in 3-dimensional spa
e 
oordinates. A similar pro
edure was alreadyused in the HADES experiment for the target re
onstru
tion [80℄. The mathemati
sbehind it are des
ribed in the following.Ea
h tra
k is de�ned by a straight line and 
an be written as:~xi = ~ri + t � ~ai 8i : 1 � � �N; (7.14)where ~ri is the position ve
tor of the ith tra
k, ~ai is its dire
tion ve
tor and t is a parameter(t 2 <). Let ~rv be the ve
tor pointing to the se
ondary vertex. The two ve
tors (~ri � ~rv)and ~ai span a parallelogram with j(~ri � ~rv) � ~aij being equal to its area (see �gure 7.5).On the other hand, the area of a parallelogram is also given by multiplying its base withits height, where the base is just j~aij and the height is the distan
e di between the tra
kand the se
ondary vertex. Hen
e, the distan
e is:di = j(~ri � ~rv)� âij; with âi = ~aij~aij : (7.15)The point of 
losest approa
h between all tra
ks is given as that point, where the distan
esdi to ea
h of the N tra
ks, normalized by their un
ertainties �i, be
ome minimal:��2�xv = ��2�yv = ��2�zv = 0 with �2 = NXi=1 d2i�2i (7.16)



7.2. SECONDARY VERTEX FIT 71The un
ertainties �i assign a weight to the ith tra
k in the determination of the vertex.Assuming the un
ertainties �i to be 
onstant, the problem 
an be solved analyti
ally.The expression for d2i 
an be extra
ted from equation (7.15):d2i = [(yi � yv)azi � (zi � zv)ayi℄2 +[(zi � zv)axi � (xi � xv)azi℄2 +[(xi � xv)ayi � (yi � yv)axi℄2 (7.17)Cal
ulating the derivatives of equation (7.16) one obtains:��2�xv = PNi=1 2�2i f[(zi � zv)axi � (xi � xv)azi℄azi � [(xi � xv)ayi � (yi � yv)axi℄ayig = 0��2�yv = PNi=1 2�2i f[(xi � xv)ayi � (yi � yv)axi℄axi � [(yi � yv)azi � (zi � zv)ayi℄azig = 0��2�zv = PNi=1 2�2i f[(yi � yv)azi � (zi � zv)ayi℄ayi � [(zi � zv)axi � (xi � xv)azi℄axig = 0(7.18)By rearranging the variables in the system of equations (7.18), and by de�ning the fol-lowing matri
esA = NXi=1 2�2i Ai = NXi=1 2�2i 0� a2yi + a2zi �axiayi �axiazi�ayiaxi a2xi + a2zi �ayiazi�aziaxi �aziayi a2yi + a2xi1A (7.19)and B = A0�xiyizi 1A ; (7.20)equations (7.18) 
an be written in matrix notation asA0�xvyvzv 1A = B ) 0�xvyvzv 1A = A�1B (7.21)and thus be solved to obtain the vertex 
oordinates.A 
ompli
ation emerges with the fa
t, that the �i's in equation (7.18) are indeed not
onstant. One has to 
onsider that the tra
k �t, des
ribed in se
tion 7.1, itself already
omprises un
ertainties. Thus, the values of �i are dependent on the distan
es di. They
an be determined by error propagation:�2i (di) = � �di�x0 ; �di�y0 ; �di�x0 ; �di�y0�0BB� �x0x0 0 �x0x0 00 �y0y0 0 �y0y0�x0x0 0 �x0x0 00 �y0y0 0 �y0y0 1CCA0BBB� �di�x0�di�y0�di�x0�di�y0
1CCCA (7.22)In this notation x0; y0 denote the axis inter
ept of the tra
k and x0; y0 the slopes. �kl = �lkstand for the 
ovarian
es of the tra
k �t in the 
ase of k 6= l and for the varian
es in the
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ase of k = l. The tra
k �t is performed independently for the x-z and y-z planes.Therefore the 
ovarian
es �x0y0, �x0y0 , �x0y0 and �x0y0 do not 
ontribute to the 
ovarian
ematrix in equation (7.22). The slopes x0; y0 
an be expressed in terms of the unit dire
tionve
tor âi: x0 = axaz and y0 = ayaz : (7.23)Using ~�i = (~ri � ~rv) as abbreviation, equation 7.17 
an be rewritten as:d2i = [�yiazi ��ziayi℄2 + [�ziaxi ��xiazi℄2 + [�xiayi ��yiaxi℄2= (�2zi ��2xi)a2xi + (�2zi ��2yi)a2yi + �2xi + �2yi�2(�yi�ziayiazi) + �xi�ziaxiazi + �xi�yiaxiayi: (7.24)The next 
on
ern are the derivatives (�di=�x0), (�di=�y0), (�di=�x0) and (�di=�y0). Forsimpli
ity �rst the derivatives with respe
t to ax and ay will be 
omputed instead of x0and y0. Using the expressions (d2)0 = 2dd0 ) d0 = (d2)02d (7.25)and �az�ax = �axaz ; �az�ay = �ayaz with a2z = 1� a2x � a2y (7.26)one �nally obtains:�di�x0 = (1� a2xi)�xi � axi(�ziazi + �yiayi)di�di�y0 = (1� a2yi)�yi � ayi(�ziazi + �xiaxi)di�di�axi = (�2zi ��2xi)axi + �yi�ziayiaxiazi + �xi�zia2xiazi ��xi�ziazi ��xi�yiayidi�di�ayi = (�2zi ��2yi)ayi ��yi�ziazi + �yi�zi a2yiazi + �xi�zi axiayiazi ��xi�yiaxidi : (7.27)The derivatives �di=�x0 and �di=�y0 
an now be retrieved by:�dix0 = �di�axi �axi�x0 + �di�ayi �ayi�x0 = �di�axi 1� a2xiL � �di�ayi x0y0L3�diy0 = �di�axi �axi�y0 + �di�ayi �ayi�y0 = � �di�axi x0y0L3 + �di�ayi 1� a2yiL ; (7.28)



7.3. RESOLUTION OF THE DETECTORS 73where L2 = x02 + y02 + 1= a2xia2zi + a2yia2zi + a2zia2zi= 1a2zi (7.29)was used. The un
ertainties �i 
an now be 
omputed with equation (7.22). The fa
tthat the vertex 
oordinates appear in the expression for �i has the 
onsequen
e that theproblem does not have an analyti
al solution anymore. Therefore an iterative minimiza-tion pro
edure is needed.In the �rst iteration the values for the un
ertainties �i are set to be 
onstant. A�rst guess of the vertex position 
an then be obtained solving equation (7.21). Under theassumption that the �i 
hange only slowly with the vertex, their values 
an be 
omputedin the next iteration by using the vertex position from the previous one. This pro
edure isrepeated until a 
onvergen
e 
riterion is ful�lled. This 
riterion was 
hosen su
h that the
omputation stops if the 
hanges in the vertex position be
ome smaller than � = 0; 01 �m.Typi
ally three iterations are needed in order to rea
h this 
ondition.7.3 Resolution of the Dete
torsThe errors of the points needed as input for the straight line �ts mentioned in se
tion 7.1are extra
ted from the mat
hing between the tra
k segments of ea
h dete
tor. The mat
h-ing is performed in polar 
oordinates as most of the tra
ks 
ome from the targets. On
ethe resolution of the dete
tors is determined, the point errors are determined by 
oordinatetransformation �x(�; �; z; ��; ��) and �y(�; �; z; ��; ��).The errors are extra
ted from the azimuthal angle di�eren
e �� = �hitSiDC1 � �hitSiDC2between the hits in the two Sili
on Drift Dete
tors and �� = �tra
kSiDC � �tra
kTPC betweenthe SiDC and TPC tra
k segments. The same applies for the polar angle di�eren
e ��.These mat
hing distributions are parameterized as a fun
tion of the momentum p and asa fun
tion of the polar angle �. Furthermore the hits in the SiDC are 
lassi�ed in singleanode (sgl) and multi anode (mlt) hits. The ba
kground was determined by a randomrotation of the hits in SiDC2 and the tra
k segments in the TPC, respe
tively. Figure 7.6shows some examples of ba
kground subtra
ted mat
hing distributions. They are �ttedwith a sum of two Gaussians. The width � is de�ned as 68:3% of the total integral.Under the assumption that the Sili
on Drift Dete
tors have equal properties, theSiDC resolution is given by �mltSiDC = r12(�mlt;mltSiDC1;SiDC2)2 (7.30)
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Figure 7.6: Azimuthal and polar mat
hing. The upper three plots a), b) and 
) showthe azimuthal mat
hing distributions �� for a momentum range between 4 and 5 GeV/
 and arange of the polar angle � between 11Æ to 12Æ. The lower three plots d), e) and f) show the samefor the polar mat
hing distributions ��. Plots a) and d) show the hit mat
hing between thetwo SiDC dete
tors, only 
onsidering multi anode hits. The same is plotted for a 
ombinationof a multi with a single anode hit in b) and e). The tra
k mat
hing between the SiDC and theTPC is shown in 
) and f).for multi anode hits, and by�sglSiDC = q(�mlt;sglSiDC1;SiDC2)2 � (�mltSiDC)2 (7.31)for single anode hits. The resolution of the TPC is�TPC = r(�tra
kSiDC;TPC)2 � 14(�mlt;mltSiDC1;SiDC2)2 (7.32)if only SiDC tra
k segments with multi anode hits are used.The values for the dete
tor resolution obtained in this way are summarized in�gure 7.7. The resolution of the SiDC dete
tors is about �� = 1 mrad in the azimuthal
oordinate and �� = 0:2 mrad in the polar 
oordinate for multi anode hits. As expe
tedthe resolution of single anode hits remains equal for �� but deteriorates signi�
antly for



7.3. RESOLUTION OF THE DETECTORS 75�� : C0 �� : C1 �� : C0 �� : C18Æ < � < 10Æ 0.001160 0.000794 0.000198 0.000130SiDC 10Æ < � < 11Æ 0.000995 0.000810 0.000192 0.000139multi 11Æ < � < 12Æ 0.000916 0.000836 0.000190 0.000154anode 12Æ < � < 13Æ 0.000848 0.000928 0.000189 0.00016713Æ < � < 15Æ 0.000863 0.000787 0.000193 0.0001788Æ < � < 10Æ 0.006759 0.000794 0.000249 0.000130SiDC 10Æ < � < 11Æ 0.005741 0.000810 0.000230 0.000139single 11Æ < � < 12Æ 0.005193 0.000836 0.000168 0.000154anode 12Æ < � < 13Æ 0.004516 0.000928 0.000193 0.00018113Æ < � < 15Æ 0.003543 0.000787 0.000203 0.0001788Æ < � < 10Æ 0.002487 0.010029 0.000659 0.00138110Æ < � < 11Æ 0.002176 0.008810 0.000588 0.001378TPC 11Æ < � < 12Æ 0.001943 0.008426 0.000543 0.00146512Æ < � < 13Æ 0.001794 0.007893 0.000498 0.00162313Æ < � < 15Æ 0.001738 0.007753 0.000669 0.001623Table 7.1: Fit parameters of the dete
tor resolution. The table 
ontains the valuesfor the �t parameter C0 and C1 a

ording to equation (7.33) and �gure 7.7.��. The steep rise of the TPC resolution for low momenta has its origin due to multiples
attering in the RICH2 mirror. For high momenta the TPC 
an rea
h a resolution of�� = 2:3 mrad and �� = 0:6 mrad. The strong dependen
e of the TPC resolution onthe polar angle � is explained by di�usion, whi
h a�e
ts ele
tron 
louds with long pathlength. Additionally the de
reasing number of hits per tra
ks in the TPC has an impa
ton the resolution in the outer range 13Æ < � < 15Æ.The resolution was �tted with the fun
tion� = s(C0)2 + �C1p �2: (7.33)The �rst term refers to the 
onstant point resolution of the dete
tor. The se
ond term de-s
ribes the deterioration of the resolution due to multiple s
attering whi
h predominantlye�e
ts the TPC at low momentum. The 
oeÆ
ients C0 and C1 are listed in table 7.1.
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Figure 7.7: Dete
tor resolution versus momentum. The left plot shows the azimuthalangle resolution �� of SiDC multi anode hits (�lled 
ir
le), SiDC single anode hits (open 
ir
les)and of the TPC (�lled triangles). The right plot shows the same for the polar angle resolution ��.The resolution is plotted as a fun
tion of the momentum p and of the polar angle �.
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Figure 7.8: bep parameter versus momentum and number of anodes. The �guresshow the bep parameter in overlay Monte Carlo for di�erent pair pT sele
tions. The upper rowis plotted for tra
ks with at least one single anode hit in the SiDC dete
tors. The lower row
ontains only tra
ks with multi anode hits.7.4 Ba
k Extrapolated Momentum Ve
torThe momentum ve
tor of a mother parti
le is given by the sum of the momentum ve
torsof its daughters. This ve
tor should point ba
k to the primary intera
tion region in oneof the targets (
ompare �gure 7.4). This is quanti�ed by the radial distan
e between theba
k extrapolated momentum ve
tor of the mother parti
le to the primary intera
tionregion and denominated as bep parameter.The measurement of the absolute momentum of a parti
le is performed with theTPC, as des
ribed in 
hapter 5. In this analysis the individual 
omponents px, py, and pzare re
al
ulated by multiplying the momentum with the unit slope ve
tor obtained fromthe tra
k �ts. Thus the bep parameters depends strongly on the momentum resolution inthe TPC and the pointing resolution of the tra
k �ts, as 
an be seen in �gure 7.8.A large fra
tion of 67% from all two tra
k 
ombinations 
ontain tra
ks with at leastone single anode hit in the Sili
on Drift Dete
tors. It is thus 
lear that a 
ut ex
ludingthese tra
ks in order to improve vertex resolution implies a signi�
ant loss of statisti
s.
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Figure 7.9: Ba
kground suppression by a bep parameter 
ut. The plots show aK0S ! �+�� analysis of 3:4 million events, on
e without using a bep parameter 
ut (upper row)and on
e requiring bep < 200 �m (lower row). Plots a) and d) show the distribution of these
ondary vertex zsv 
oordinate, b) and e) show the distribution of the bep parameter, and 
)and f) the invariant mass spe
tra.The remaining 33% belong to tra
ks with multi anode hits. Of these only 28% have abep parameter smaller than 200 �m. For the tra
k 
ombinations 
ontaining at least onesingle anode hit this number is 16%. The right part of the distribution with bep > 200 �moriginates from mismat
hes between the TPC and the SiDC tra
k segments or from mis-mat
hes between the hits in SiDC1 and SiDC2. It is removed by applying a 
ut on the�2 probability of the straight line �ts of the tra
ks, whi
h will be explained in detail inse
tion 8.2.6.The power of the bep parameter 
ut is demonstrated in �gure 7.9. It showsa K0S ! �+�� analysis on
e without a bep parameter 
ut and on
e with a 
ut ofbep < 200 �m. For pairs of primary parti
les the bep parameter has by de�nition smallvalues and therefore it is only a useful quantity if in addition a 
ut on the se
ondaryvertex zsv 
oordinate is applied. In �gure 7.9 a 
ut of zsv > 1:5 
m is 
hosen. Further-more, a 
ut of pT > 200 MeV/
 was required on the single tra
k transverse momentumand an opening angle 
ut of  > 0:1 rad. Only tra
k and se
ondary vertex �ts are 
on-sidered whi
h passed a �2 probability 
ut of P�2 > 0:01. Contamination in the invariant
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trum from misidenti�ed � baryons is 
leaned by an Armenteros-Podolanski 
utof qT > 0:11 MeV/
 (see appendix A). Tra
ks 
ontaining single anode hits in the SiDCdete
tors are ex
luded. The ba
kground is drawn as dashed line and is obtained by themixed events te
hnique (see se
tion 8.3.1 for more details). No parti
le identi�
ation viadE=dx in the TPC is used. The invariant mass spe
tra in �gure 7.9 are plotted assumingthat all tra
ks have the pion mass. For 3:4 million analyzed events the appli
ation of thebep parameter 
ut is able to improve the signi�
an
e S=pB from 31 to 733.7.5 Additional Corre
tionsThe present analysis is sensitive to the se
ondary vertex resolution. Therefore, two ad-ditional 
orre
tions are applied on top of the overall 
alibration. The �rst one is thedetermination of a mat
hing 
orre
tion between a TPC and a SiDC tra
k segment [79℄.The distribution �� = �SiDC��TPC is plotted di�erentially as a fun
tion of the azimuthaland polar angle � and �, and as a fun
tion of the inverse momentum 1=p and the numbersof responding anodes in the SiDC dete
tors. The mat
hing 
orre
tion 
or�mat
h is deter-mined as the shift of the mean value of the distributions from zero. The same applies for
or�mat
h.Under the assumption that the pre
ision of the SiDC dete
tors is higher, the mat
hing
orre
tion is added to �TPC and �TPC , respe
tively. The 
orre
tness of this statement 
anbe judged from �gure 7.10. It shows a 
omparison of the azimuthal angle distribution ofthe TPC before and after appli
ation of the mat
hing 
orre
tion. The tra
ks used for theplots are �tted a

ording to se
tion 7.1. It 
an be observed that the borders to dead padsor front-end-boards be
ome sharper on
e the 
orre
tion is applied. The slight valley inthe distribution around �2 < �TPC < 0 and 2:25 < �TPC < 2:5 rad 
an be as
ribed toineÆ
ien
ies in the SiDC dete
tors. They develop if only multi anode hits are required.The se
ond 
orre
tion is the determination of the nonlinearities in the SiDC dete
torsfollowing the work des
ribed in se
tion 6.4. Unfortunately, the SiDC tra
k segment 
annotbe used as an approximation for the true value �true be
ause it is obtained from only twohits. As a repla
ement the TPC tra
k segment is used. The nonlinearities for the SiDCdete
tor are derived by plotting �� = �TPC;tra
k��SiDC;hit versus a fra
tion of an anode.The 
orre
tion is determined separately for SiDC1 and SiDC2, for positive and negativemagneti
 �eld and for 2 and 3 anode 
lusters. The 
orre
tion needed for the hits is< 0:1 mrad for SiDC1 and < 0:2 mrad for SiDC2.
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Figure 7.10: Improvements due to mat
hing 
orre
tion. The azimuthal angle ofthe TPC is plotted for tra
ks 
onstru
ted with the pro
edure des
ribed in se
tion 7.1. If themat
hing 
orre
tion is applied to the third �t point obtained from the TPC, the dips in thedistribution be
ome more pronoun
ed.



81
Chapter 8A

eptan
e and EÆ
ien
yCharm quarks are less frequently produ
ed in hadroni
 
ollisions than strange quarks. Itis therefore appropriate to test the se
ondary parti
le re
onstru
tion s
heme presentedin the previous 
hapter with strange parti
les. The de
ay length has to be short to beable to re
onstru
t the se
ondary vertex within the limited region of 10:4 
m given by thedistan
e between the �rst Sili
on Drift Dete
tor and the target area. The abundant K0Smeson, de
aying into two 
harged pions with a bran
hing ratio of 68:95%, has a de
aylength of 
� = 2:68 
m [66℄ and thus ful�lls the required 
onditions.The 
hapter starts with a detailed study of the a

eptan
e and the eÆ
ien
y usingas referen
e the de
ay K0S ! �+��. A measurement of the K0S rapidity density dN=dyand the inverse slope parameter T is presented and 
ompared to existing measurements.In this way the systemati
 un
ertainty of the eÆ
ien
y is derived.8.1 A

eptan
eThe a

eptan
e in the CERES spe
trometer is 8Æ < � < 14Æ for the polar angle at fullazimuthal 
overage. For the re
onstru
tion of the se
ondary vertex it is in additionrequired that a parti
le de
ays upstream the �rst Sili
on Drift Dete
tor lo
ated 10.4 
mdownstream the target system. The 
al
ulation of the number of parti
les falling inthe a

eptan
e of the spe
trometer and passing SiDC1 is performed using a kinemati
generator [81℄. A s
hemati
 pi
ture of the 
al
ulation is shown in �gure 8.1. The de
aypoint is marked with a small 
ir
le and has the 
oordinates (xsv; ysv; zsv). Parti
les 
omingfrom zsv > 10:4 
m are reje
ted. To 
onsider the spe
trometer a

eptan
e one has to beaware that a simple 
ut on the polar angle is not suitable for se
ondary tra
ks. Thereforethe angle � is translated into a radius r at a distan
ezr = rmaxtan �max = 130:8 
mtan(14Æ) = 542:61 
m: (8.1)In this equation the maximal radius rmax is given by the outer barrel of the TPC. Theminimal radius is given by rmin = 73:7 
m using �min = 8Æ. Thus, a parti
le is a

eptedif its radius r = tan �sv � (zr � zsv) + rsv (8.2)
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rFigure 8.1: S
heme for the 
al
ulation of the a

eptan
e. The lo
al angle �sv of ase
ondary tra
k di�ers from the polar angle � as determined from the origin of the 
oordinatesystem. Therefore the polar angle 
overage of the spe
trometer �min < � < �max is translatedinto a radial 
overage rmin < r < rmax at the distan
e zr.ful�lls the 
ondition 73:7 
m < r < 130:8 
m at zr = 542:61 
m.8.2 EÆ
ien
yThe re
onstru
tion eÆ
ien
y of the D0 and the K0S meson is determined using a fulloverlay Monte Carlo simulation and applying the same 
uts as in the analysis of the data.The error of the eÆ
ien
y is given by the quality of the agreement between simulationand data whi
h has to be veri�ed.This se
tion starts with a des
ription of the overlay Monte Carlo pro
edure, followedby a 
omparison of the relevant single tra
k distributions between simulation and data.The momentum resolution is tested by measuring the mass resolution of the K0S. Thevertex resolution is 
he
ked by re
onstru
ting the targets using the se
ondary parti
lere
onstru
tion s
heme. Furthermore, a s
an is performed for ea
h individual 
ut and theresults are 
ompared to the simulation. The se
tion ends with a des
ription of the 
ut onthe �2 probability of the straight line �ts and its adjustment in the simulation.8.2.1 Full Overlay Monte Carlo SimulationThe eÆ
ien
y for the D0 analysis is determined with a full overlay Monte Carlo simu-lation. For this purpose 1 million D0 ! K+�� de
ays are 
reated using the aforemen-
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 generator and requiring the 
onditions des
ribed in se
tion 8.1. Thetransverse momentum distribution of the D0 is simulated with an inverse slope param-eter of T = 205 MeV/
2. The rapidity density is sampled with a Gaussian fun
tion ofwidth �y = 0:6. These parameters are identi
al to those obtained from the PYTHIAevent generator [47℄ des
ribed in more detail in se
tion 9.2.The de
ay kaons and pions are passed through a GEANT [68℄ simulation of theCERES spe
trometer. The simulated parti
les are embedded into 50 di�erent runs andre
onstru
ted with the the C++ pa
kage COOL des
ribed in 
hapter 5. The sele
tedruns sample the multipli
ity distribution of the data taken during the beam time. Theembedding of the simulation into real events is 
alled overlay Monte Carlo. It provides amore realisti
 des
ription of problems related to the large amount of ba
kground in a realevent. The simulation is adjusted to des
ribe the measured residuals of �gure 6.22.The rapidity density of the D0 meson, the opening angle and the se
ondary ver-tex distribution is shown in �gure 8.2 as a fun
tion of the transverse momentum of theD0 meson. Within the a

eptan
e of the CERES spe
trometer the phase spa
e between2:1 < y < 2:5 and 0 < pD0T < 1:6 GeV/
2 is o

upied. The opening angle is large, startingat around 0.25 rad. The de
ay position of the D0 meson is in the range of few millimeters.The eÆ
ien
y is 
ross 
he
ked with the referen
e de
ay K0S ! �+��. The simulationof 1 millionK0S mesons is performed in the same way as des
ribed above. An inverse slopeparameter of T = 220 MeV/
2 is used, estimated from [82℄. The width of the rapiditydistribution is set to �y = 1:2 [83℄.The same kinemati
 variables as in �gure 8.2 are shown in �gure 8.3 for the K0S meson.The bulk of the K0S mesons are re
onstru
ted within a rapidity range of 2 < y < 2:5and a transverse momentum range of 0:1 < pK0ST < 1 GeV/
. The opening angle in thespe
trometer ranges from about 0:1 to 0:4 rad and is strongly anti
orrelated with pK0ST .The de
ay position of the K0S is re
onstru
table up to 5 
m.8.2.2 Comparison of Single Tra
k VariablesAs starting point for eÆ
ien
y 
he
ks the angular distribution of the tra
ks from thestraight line �ts (see se
tion 7.1) are examined. This is shown in �gure 8.4. The holes inthe distribution are due to dead ele
troni
 devi
es either in SiDC1, SiDC2 or TPC. Theyare well reprodu
ed by the simulation.Another important issue is the number of single anode hits in the Sili
on Drift De-te
tors. It has been shown in �gure 7.7 that the resolution of single anode hits is worsethan of multi anode hits. A di�erent number of single anodes in the data than in thesimulation would thus result in a di�erent resolution of the se
ondary vertex and of thebep parameter. Although all dead anodes are in
luded in the simulation, the distribu-tion of the number of anodes shows di�eren
es between data and simulation. Therefore,8% randomly sele
ted anodes in SiDC1 are assigned to be a dead anode. SiDC2 is leftun
hanged. The distributions obtained after this adjustment are shown in �gure 8.5.
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Figure 8.2: Kinemati
 variables of theD0. The plots show some kinemati
 variablesof the D0 meson within the a

eptan
e of theCERES spe
trometer. (a) shows the rapidity,(b) the opening angle and (
) the de
ay pointdistribution versus the transverse momentumof the D0 meson.
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Figure 8.4: Azimuthal distribution of the tra
ks. For the 
omparison of the azimuthaltra
k distribution the same a

eptan
e 
ut is used for the simulation and for the data. Thea

eptan
e 
ut depends on the number of �tted hits per tra
k and is shown in �gure 8.12.
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Figure 8.5: Distribution of the Number of Anodes in a SiDC hit. For the se
ondaryparti
le re
onstru
tion s
heme it is important that the amount of single anode hits in SiDC1and SiDC2 is similar in the data and in the simulation.



86 CHAPTER 8. ACCEPTANCE AND EFFICIENCYThe ratio R of the number of tra
ks 
ontaining at least one single anode hit to thenumber of tra
ks 
ontaining only multi anode hits is R = 0:52 in the data. This largenumber shows how essential it is to in
lude tra
ks with single anode hits in the analysis.The same ratio in overlay Monte Carlo is R = 0:51 after the adjustment of single anodesin SiDC1.Another modi�
ation 
on
erns the di�erential energy loss dE=dx in the Sili
on DriftDete
tors. The position of the mean and width of the distribution are adapted in thesimulation to resemble the data. Originally a 
ut on the dE=dx of SiDC was planned toex
lude unresolved double tra
ks. Su
h a 
ut be
omes redundant on
e an opening angle
ut is applied.8.2.3 Comparison of Momentum ResolutionThe momentum resolution of the CERES experiment given by equation (5.8) is deter-mined by 
omparing the re
onstru
ted momenta of tra
ks from an overlay Monte Carlosimulation with their true momenta. The momentum resolution obtained from the simu-lation 
an be veri�ed using the de
ay K0S ! �+��. The invariant mass of the K0S mesonwith mK0S = 497:65 MeV/
2 [66℄ is given bymK0S = qm2�+ +m2�� + 2E�+E�� � 2~p�+ � ~p��; (8.3)where m� = 139:57 MeV/
2 [66℄ is the pion mass and E� the pion energy. The 
ontribu-tion of the pion masses to the mass of the K0S is small. Thus, the mass resolution of theK0S is sensitive to the momentum resolution.Figure 8.6 shows a 
omparison between the re
onstru
ted invariant mass positionand the width of the K0S between overlay Monte Carlo and data. For the 
omparisonthe 
uts summarized in table 8.2 are used. The invariant mass position is displayed inform of an o�set �� = mre
 � mK0S between the re
onstru
ted K0S mass mre
 and itsnominal value mK0S . The shape is well des
ribed by the simulation. A small mass o�setof the order of few MeV/
2 is observed at low and high pK0ST . The situation remainsun
hanged if the re
onstru
ted angles �re
 and �re
 of the tra
ks are substituted in thesimulation by the true angles �true and �true. If, on the other hand, the re
onstru
tedmomentum pre
 is substituted by the true momentum ptrue the mass o�set be
omes 
atover the whole pK0ST range with ��m � 0. Furthermore, the same mass o�set as shown in�gure 8.6 is seen if a simulation is used where all the K0S mesons are for
ed to de
ay in thetargets (
� = 0 
m). These observations indi
ate a bias in the momentum determination.However, the e�e
t is small as 
ompared to the average mass resolution of the K0S with�m = 13:21� 0:05 MeV/
2, indi
ating that the momentum bias is small as 
ompared tothe momentum resolution �p.The in
rease of the mass resolution with the transverse momentum of the K0S re
e
tsthe shape of the momentum resolution shown in �gure 5.11. At low pK0ST the mass resolu-tion as obtained from data is somewhat worse than the simulation, although the overallagreement is satisfa
tory.
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Figure 8.6: K0S mass o�set and width. The invariant mass o�set and width of the K0Speak is plotted as a fun
tion of the transverse momentum of the K0S meson. The points are
onne
ted by a line to guide the eye.8.2.4 Comparison of Se
ondary Vertex ResolutionThe presented analysis s
heme is based on a se
ondary vertex 
ut to diminish the large
ontribution of target tra
ks. The resolution of the se
ondary vertex is determined inoverlay Monte Carlo by 
omparing the re
onstru
ted de
ay position of a simulated parti
lewith its nominal value. For the D0 it is given by(�xsv;�ysv;�zsv) = (49 �m; 50 �m; 348 �m): (8.4)An improvement of about 7% is obtained if only tra
ks with multi anode hits in bothSiDC dete
tors are 
onsidered. The K0S has a worse resolution of(�xsv;�ysv;�zsv) = (132 �m; 135 �m; 1181 �m); (8.5)due to the lower momentum range of the de
ay pions.The se
ondary vertex resolution 
an be 
ompared to the target width if the samere
onstru
tion pro
edure is used. Figure 8.7 a) and d) show the 13 targets of the CERESexperiment re
onstru
ted by either using two or three points for the straight line �ts of thetra
ks. An additional 
ut on the single tra
k transverse momentum of pT > 500 MeV/
 isapplied to the data in order to represent the same momentum region as the kaon and piontra
ks from the D0 de
ay. Furthermore, only tra
ks with multi anode hits in both SiDCdete
tors are a

epted to avoid e�e
ts related to a possible di�erent number of singleanode hits in the data and in the simulation whi
h might result in di�erent values for theresolution. A magni�
ation of the target region is shown in �gure 8.7 b) and e) togetherwith a Gaussian �t. The target width obtained in this way is in good agreement with the
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Figure 8.7: Veri�
ation of the se
ondary vertex resolution. Plots a) and d) showthe 13 targets of the CERES experiment re
onstru
ted with the analysis s
heme presented in
hapter 7. Only tra
ks with multi anode hits in the SiDC dete
tors with pT > 500 MeV/
 are
onsidered. Plots b) and e) show a magni�
ation of the re
onstru
ted targets. The target widthobtained from a Gaussian �t agrees with the se
ondary vertex resolution of the D0 shown in 
)and f).se
ondary vertex resolution of the D0 meson, shown in �gure 8.7 
) and f). Remarkableis that the third point from the TPC on the straight line �ts of the tra
ks improves thevertex resolution by 40%. This is expe
ted be
ause the high momentum tra
ks from thede
ay of the D0 meson have a very good pointing from the TPC to the SiDC.8.2.5 S
an of Cut ParametersIdeally, the 
orre
tness of the eÆ
ien
y determination 
ould be proven by showing thatthe fra
tion of the K0S yield lost by the appli
ation of a 
ut is the same in data as insimulation. This would imply the knowledge of the number of K0S without any 
ut. Inthis 
ase, however, the signi�
an
e of the K0S is too small, making su
h a measurementimpossible. Still, it is possible to prove that the resolution of a 
ut parameter is understood
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Figure 8.8: S
an of zsv, pT, and bep 
ut parameter. To show the agreement betweenoverlay Monte Carlo and data ea
h 
ut parameter is s
anned while �xing the others.by s
anning this parameter, while �xing the others, and 
omparing the behavior of thedata and the simulation under the the in
uen
e of this 
ut. This is shown in �gure 8.8.Plot a) shows a s
an of the se
ondary vertex 
ut for the values zsv > 0:5, 1, 1:5, 2, and2:5 
m, while the other 
uts are �xed to pT > 150 MeV/
 and bep < 200 �m. For ea
hset of 
uts the K0S yield is determined. The yield obtained from the data and from thesimulation is arbritrarily normalized to the 
orresponding yield obtained at zsv > 1 
m.The �gure shows that the data and simulation behave similarly.In a similar way the single tra
k transverse momentum 
ut is s
anned in �gure 8.8 b)for the values pT > 150, 200, 250, 300, and 350 MeV/
, while �xing bep < 200 �mand zsv > 1 
m. The yields are normalized to the yield at pT > 200 MeV/
. Data andsimulation show a good agreement ex
ept for the �rst point at 150 MeV/
. For this reasona single tra
k transverse momentum 
ut of pT > 200 MeV/
 is 
hosen for the followingK0S analysis. A harder 
ut of pT > 400 MeV/
 is 
hosen for the D0 analysis.Unfortunately the same pro
edure fails if applied to s
an the bep parameter while�xing zsv > 1 
m and pT > 200 MeV/
. Additional requirements on the quality of thetra
k �t are needed. This is done by using a 
ut on the �2 probability of the straight line
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Figure 8.9: Correlation between bep parameter and �2 probability of the straightline �ts. The two 
omponents of the bep parameter 
ut seen in �gure 7.8 emerge at di�erentP line�2 values. The broad 
omponent appears almost ex
lusively at P line�2 � 0. The narrow
omponent at around 80 �m is equally distributed along all P line�2 values.
�ts P line�2 , whi
h will be explained in more detail in the next se
tion.As seen in �gure 7.8 the bep parameter distribution has two 
omponents. The �rst
omponent is narrow and peaks at 80 �m, while the se
ond 
omponent is very broadand peaks at around 600 �m. The broad 
omponent is due to mismat
hes between theTPC and the SiDC tra
k segments and disappears 
ompletely on
e a �2 probability 
ut isapplied. If 
lean Monte Carlo is used, the se
ond 
omponent is not even present be
ausea mismat
h between TPC and SiDC be
omes rare. It has to be pointed out that thesimulation only 
ontains parti
les de
aying upstream SiDC1.The 
orrelation between the bep parameter and P line�2 is plotted in �gure 8.9, using alogarithmi
 s
ale for the verti
al axis. The broad 
omponent of the bep parameter appearsmainly at P line�2 � 0, while the narrow 
omponent at around 80 �m is equally distributedalong all P line�2 values, as expe
ted. Thus, using a bep parameter 
ut of bep < 200 �mimpli
itly reje
ts a large fra
tion of tra
ks with P line�2 � 0.On
e a 
ut of P line�2 > 0:05 is used to s
an the bep parameter, the agreement betweenthe data and the simulation is satisfa
tory, as seen in �gure 8.8 
). In this 
ase the yieldobtained without applying a bep parameter 
ut is used for the normalization. Summarizingthese results, it has been shown that the single tra
k pT 
ut, the se
ondary vertex 
ut zsvand the bep parameter 
ut are understood. The remaining task is to study the agreementof the �2 probability between the data and the simulation.
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Figure 8.10: �2 probability of the straight line �ts. Plot a) shows the �2 probabilityof the straight line �ts in the x-z plane and y-z plane in double logarithmi
 s
ale. The sameis plotted in b) in linear s
ale. The distributions are obtained from the data. The verti
al lineindi
ates the 
ut used in the analysis.8.2.6 �2 probabilityThe �2 probability is a number between 0 and 1 that des
ribes how likely it is that fora given number of degrees of freedom, the �2 
ould be greater than the reported �2. Avery small �2 probability indi
ates that it is unlikely that the measurement is 
onsistentwith the expe
tation.The straight line �ts of the tra
ks are performed in the x-z plane and y-z plane.For both a �2 probability is de�ned, named as P line;x�2 and P line;y�2 , respe
tively. Oftenthe abbreviation P line�2 is used to refer to both quantities. The distributions of P line;x�2 andP line;y�2 are plotted for data in �gure 8.10, on
e in double logarithmi
 (a) and on
e in linears
ale (b). The large peak at P line�2 < 0:05 arises from tra
ks, where the errors of the threepoints are too small to des
ribe their distan
e to the �t. Thus, most of the mismat
hesbetween the TPC and the SiDC tra
k segments will show up there. Also se
ondary tra
ksfrom parti
les de
aying after SiDC1 or SiDC2 will have low P line�2 values. By de�nitionthese tra
ks do not have a real mat
h to the SiDC dete
tors. To signi�
antly redu
e theamount of mismat
hed tra
ks, and thus of ba
kground, a 
ut of P line�2 > 0:05 is used, asindi
ated by the verti
al line in �gure 8.10.The �2 probability of the straight line �ts is not well des
ribed by the simulation.The di�eren
es depend on the momentum and the polar angle � of the tra
ks. Thus, the
ut of P line�2 > 0:05 used in the data has to be adjusted in the simulation, su
h that thesame number of tra
ks normalized to the total number of tra
ks in a given momentumand polar angle range is a

epted.
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ribe the 
o
ktail of parti
les arising from an ultrarela-tivisti
 heavy-ion 
ollision in order to in
lude all e�e
ts that might have an in
uen
eon the �2 probability of the straight line �ts, for example late de
ays. For this pur-pose 9000 Pb-Au 
ollisions at 6:5% 
entrality are generated with the Ultrarelativisti
Quantum Mole
ular Dynami
s model (UrQMD) [84, 85℄, passed through a GEANT [68℄simulation of the CERES spe
trometer, and re
onstru
ted with the C++ pa
kage COOL.The simulation is performed on
e in a 
lean mode, and on
e embedding it in real events.The 
lean UrQMD simulation underestimates the hit multipli
ity in the TPC by a fa
torof 4, while the hit multipli
ity in the SiDC is reprodu
ed. On the other hand, the overlayUrQMD simulation overestimates the SiDC hit multipli
ity by a fa
tor of 2, while theTPC hit multipli
ity is better des
ribed (fa
tor 1.3).The full 
ir
les and full lines in �gure 8.11 show the P line�2 
ut as determined with theoverlay UrQMD simulation. The 
orresponding 
ut of P line�2 > 0:05 as used in the data isindi
ated with the dashed line. The P line�2 
ut from the 
lean UrQMD simulation is drawnwith dotted lines. The momentum dependen
e of the P line�2 
ut used in the simulation is�tted by the empiri
al fun
tion:f(p) = C0 e�pp + C1 + C2 p: (8.6)The parameters are summarized in table 8.1. The steep rise at low momentum re
e
tsthe aforementioned underestimation of mismat
hes between the TPC and SiDC tra
k seg-ments. The dependen
e of the polar angle � of the tra
k be
omes stronger with in
reasinghit multipli
ity.The adjustment of the P line�2 
ut gives rise to a systemati
 un
ertainty in the deter-mination of the eÆ
ien
y, be
ause neither the 
lean nor the overlay UrQMD simulationsimultaneously des
ribe the hit multipli
ity in the SiDC and TPC. The two simulationsthus allow to estimate the upper and lower boundary of the eÆ
ien
y, the truth lyingsomewhere in between.Besides the straight line �ts of the tra
k, also a se
ondary vertex �t is used in theanalysis. This means that in addition a 
ut on the �2 probability of the se
ondary vertex�t is needed. This quantity is labeled P vtx�2 . The e�e
t of this 
ut has been studied inthe analysis of the K0S des
ribed in the next se
tion. If the analysis is performed with orwithout a 
ut of P vtx�2 > 0:05 the result 
hanges by 5%.
8.3 pT Spe
trum of K0SThe eÆ
ien
y is further 
ross-
he
ked by measuring the K0S pT spe
trum and 
omparingthe results to a referen
e measurement from [86℄. The referen
e measurement is performedwith the CERES spe
trometer, but only using the TPC and a redu
ed set of 
uts. The
entrality sele
tion of both analyses are the same. The results will also be 
ompared tomeasurements from the NA49 [83, 87℄ and the NA57 
ollaborations [88, 89℄.
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Figure 8.11: Adjustment of the Pline�2 
ut. A 
ut of P line�2 > 0:05 is used in the data. Toreje
t the same fra
tion of tra
ks a momentum and polar angle dependent 
ut has to be appliedin the simulation, as shown by the 
olored lines. The P line�2 
ut adjustment is determined using aUrQMD simulation. The simulation is performed on
e in a 
lean and on
e in an overlay mode.P line;x�2 P line;y�2C0 C1 C2 C0 C1 C28Æ < � < 10Æ 0.3150 0.0691 0.0025 0.3548 0.0554 0.0025
lean 10Æ < � < 11Æ 0.3781 0.0592 0.0030 0.4044 0.0465 0.0030UrQMD 11Æ < � < 12Æ 0.4327 0.04531 0.0035 0.4495 0.0322 0.0035simulation 12Æ < � < 13Æ 0.4911 0.0301 0.0040 0.5215 0.0134 0.004013Æ < � < 15Æ 0.4696 0.0356 0.0040 0.5284 0.0113 0.00408Æ < � < 10Æ 0.2846 0.0847 0.0020 0.3142 0.0704 0.0020overlay 10Æ < � < 11Æ 0.3080 0.0653 0.0025 0.3558 0.0447 0.0025UrQMD 11Æ < � < 12Æ 0.3241 0.0471 0.0030 0.3602 0.0299 0.0030simulation 12Æ < � < 13Æ 0.3856 0.0252 0.0030 0.3963 0.0145 0.003013Æ < � < 15Æ 0.3379 0.0306 0.0030 0.3781 0.0091 0.0030Table 8.1: Fit parameters of the Pline�2 
ut adjustment. The table 
ontains the valuesfor the �t parameters a

ording to equation (8.6) and �gure 8.11.
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Figure 8.12: A

eptan
e Cut in the TPC. The 
ut on the polar angle �TPC of the TPCtra
k segment takes into a

ount that at large �TPC the tra
ks leave the TPC earlier. Thesetra
ks have by de�nition a smaller number of hits per tra
k.8.3.1 AnalysisThe K0S analysis is based on 18:8 million events at 7% 
entrality, 
omprising the 
alibra-tion units 146 to 415 (end of the run). The resolution of the data from the 
alibrationunits 1 to 145 does not satisfy the high requirements in pointing pre
ision between TPCand SiDC needed for the se
ondary vertex re
onstru
tion s
heme. For the �rst 80 unitsthe jitter of the TPC was not measured resulting in a worse drift time resolution. The dataof the units 81 to 145 is reje
ted due to an unstable gas 
omposition in the TPC duringthe beam time, whi
h was monitored with less pre
ision using a CO2 analyzer instead ofthe drift velo
ity monitor.The analysis is performed by 
ombining all positive tra
ks with all negative tra
kswithin ea
h event. For both tra
ks the pion mass is assumed and the invariant mass m��is 
al
ulated a

ording to equation (8.3). Only events with an intera
tion position lyingwithin 0.9 mm with respe
t to the 
losest target are 
onsidered, the distan
e between twotargets being approximately 2 mm (
ompare �gure 5.2). In the following this pro
edureis 
alled same events analysis. The ba
kground distribution is obtained by 
ombiningthe positive tra
ks of a given event with all negative tra
ks of ten other randomly 
hosenevents within the same burst (1 burst � 400 events), and vi
e versa. The mixing of twoevents is performed within the same target and the tra
k multipli
ity should not di�er bymore than 10%. This pro
edure is 
alled mixed events analysis.A polar angle 
ut is applied on the a

eptan
e of the TPC a

ording to �gure 8.12.The upper and lower 
ut of 0:1396 rad < �TPC < 0:2443 rad 
onsiders the geometri
al
overage of the spe
trometer. In order to obtain a reasonable momentum �t at least12 �tted hits are required for the TPC tra
k segments. At large polar angles the tra
ksdo not traverse the whole TPC barrel. Here the requirements for the number of �tted
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Figure 8.13: Armenteros-Podolanski Plot for the K0S. The 
uts  > 0:1 rad,bep < 200 �m, zsv < 1:5 
m and P�2 > 0:01 are used to obtain a 
lear K0S signal in theArmenteros-Podolanski plane. The small 
ontribution of misidenti�ed � baryons 
an be ex-
luded by using a 
ut on the transverse momentum in 
ight dire
tion of the mother parti
leof qT > 0:11 GeV/
. The 
ut is drawn as dashed line. The solid lines for the K0S and � are
al
ulated a

ording to the formulas in appendix A.hits is relaxed to 10 �tted hits for the range 0:22 rad < �TPC < 0:24 rad and to 8 �ttedhits for 0:24 rad < �TPC .Analyses performed without parti
le identi�
ation often su�er from the problem thatmisidenti�ed resonan
es, whi
h are re
onstru
ted with the wrong mass assumption of thedaughters, fall in the same mass range as the 
onsidered one. However, kinemati
al 
on-siderations still enable to suppress unwanted 
ontributions. A powerful method is to applya 
ut in the qT -� plane of the Armenteros-Podolanski plot [90℄, where qT is the transversemomentum with respe
t to the 
ight dire
tion of the mother parti
le, and � is an asym-metry variable 
omprising the longitudinal momentum qL. A detailed des
ription aboutthis topi
 
an be found in appendix A. Figure 8.13 shows the Armenteros-Podolanski plotas obtained with an adequate 
hoi
e of 
uts from the data. The remaining 
ontributionsare mostly the K0S and the � meson. A 
ut of qT > 0:11 MeV/
 in the qT -� plane issuÆ
ient to suppress the � baryon. A summary of the 
uts used in the K0S analysis 
anbe found in table 8.2.The total number of 
olle
ted K0S mesons is 168315. The analysis is performed di�e-rentially in ten equidistant pK0ST bins in the range 0 < pK0ST < 2 GeV/
 and three equidistantrapidity bins in the range 2:0 < y < 2:6. Examples of the raw invariant mass spe
tra ofthe same and the normalized mixed events analyses are shown in �gure 8.14. To extra
tthe normalization 
onstant the invariant mass distribution in the same events sampleis divided by the analog distribution in the mixed events sample. The ratio is �ttedby a Gaussian on top of the normalization 
onstant. The mixed events distribution isthen multiplied with this 
onstant and subtra
ted from the same events distribution.The resulting signal spe
trum is �tted with a Gaussian fun
tion for the K0S yield and a



96 CHAPTER 8. ACCEPTANCE AND EFFICIENCYpolar angle 0:1396 < �TPC < 0:2443Armenteros-Podolanski qT > 0:11 GeV/
single tra
k transverse momentum pT > 200 MeV/
opening angle  > 0:05 rad�2 probability of the line �t P line�2 > 0:05�2 probability of the vertex �t P vtx�2 > 0:05se
ondary vertex zsv > 1 
mbep parameter bep < 200 �mTable 8.2: Cuts for the K0S analysis. The table 
ontains a 
ompilation of the 
uts used inthe K0S analysis.polynomial of �rst order for a possible residual ba
kground 
ontribution. The un
orre
tedK0S yields obtained in this way are shown in �gure 8.15 
) for ea
h pK0ST and y bin.Also the a

eptan
e and the eÆ
ien
y are determined for ea
h di�erential spe
trum,as shown in �gure 8.15 a) and b). Using further the number of analyzed events and thebran
hing ratio for the de
ay K0S ! �+��, the quantity dN=(pTdydpT ) is 
al
ulated andplotted versus the transverse momentum of the K0S meson, as shown in �gure 8.15 d).The pT spe
trum is �tted with the exponential fun
tiond2NpT dy dpT = dN=dyT (T +m) � e�pm2+p2T �mT : (8.7)For m the invariant mass of the K0S meson mK0S = 497:65 MeV/
2 is used. The position ofthe data points within the bins are 
al
ulated a

ording to [91℄. The parameters obtainedfrom the �ts are the inverse slope parameter T and the rapidity density dN=dy. Theresults are dis
ussed in the next se
tion.8.3.2 Results and Con
lusions for the EÆ
ien
yFigure 8.16 shows a 
ompilation of the �t results from the K0S pT spe
trum of �gure 8.15in 
omparison to other measurements. The three values for the rapidity density dN=dyobtained in this work are shown in �gure 8.16 a) as 
ir
les. The 
orresponding values forthe inverse slope parameter T are shown in plot b). The referen
e measurement from [86℄is drawn as squares and the 
orresponding �t results as dashed lines. Both are CERESmeasurements for 158 AGeV/
 Pb-Au 
ollisions at 7% 
entrality, but using two di�erentphilosophies in the analysis s
heme. The referen
e measurement is solely based on theinformation of the TPC. The triangles and dotted lines indi
ate the results obtained by theNA49 
ollaboration for Pb-Pb 
ollisions at 5% 
entrality [83, 87℄. The NA49 measurementis s
aled by a fa
tor of 0:938 using the number of parti
ipating nu
leons Npart [92℄. Thedotted line is not a �t to the K0S data points from NA49, but rather a �t to the mean oftheir measured K+ and K� rapidity density spe
tra. The measurement from the NA57
ollaboration for the most 4:5% 
entral Pb-Pb 
ollisions [88, 89℄ is shown by the diamondsymbols, using a s
aling fa
tor of 0.928. Although a disagreement is seen at mid-rapiditybetween the NA49 and NA57 rapidity density measurements, all four measurements are
ompatible within the narrow a

eptan
e window of the CERES spe
trometer.
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Figure 8.14: Raw invariant mass spe
tra of the K0S meson. The plots show theraw invariant mass spe
tra of K0S ! �+�� for two di�erent pK0ST bins in the rapidity range2:2 < y < 2:4. The 
ontribution of the ba
kground is determined with the mixed events te
h-nique and is drawn as dashed line.The pT spe
trum integrated in the rapidity range 2:0 < y < 2:6 is shown in�gure 8.17 a). A �t a

ording to equation (8.7) results in a rapidity density ofdN=dy = 19:75� 0:23 and an inverse slope parameter of T = 227:97� 1:47 MeV/
2. Themeasured rapidity density agrees within 5% if 
ompared to the 
orresponding value ob-tained from the CERES �t from [86℄. It agrees within the statisti
al errors with the
orresponding value obtained from NA49 [83℄. The di�eren
e of the data points to thedashed or dotted line is shown in �gure 8.17 b) as a fun
tion of the transverse momentumof the K0S meson. The deviation towards larger pK0ST re
e
ts the larger �t value obtainedfor the inverse slope parameter T .The results presented here are stable if the �t range in the K0S signal spe
trum isvaried or if the residual ba
kground is �tted with a 
onstant instead of a polyomial of �rstorder. As it was dis
ussed in se
tion 8.2.6, the eÆ
ien
y is obtained by using the P line�2 
utadjustment from the overlay UrQMD simulation, shown as full lines in �gure 8.11. Usingthe adjustment from the 
lean UrQMD simulation, drawn as dashed lines in �gure 8.11,in
reases the rapidity density by 7%.As summary, it is 
on
luded that the overall systemati
 un
ertainties are dominatedby the un
ertainty of the eÆ
ien
y determination. Systemati
 variations of the di�erent
uts have shown that the un
ertainty is dominated by the P line�2 
ut adjustment with 7%and the un
ertainty of the P vtx�2 
ut with 5%, resulting in an systemati
 un
ertainty of8:6% for the �nal yields. Within this limit, the results for the K0S meson presented hereare 
onsistent with results from an independent analysis of the CERES data and resultsfrom the NA49 and NA57 
ollaborations.
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Figure 8.15: K0S pT spe
tra for di�erent rapidity bins. The K0S pT spe
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ted K0S yields (
),the eÆ
ien
ies (b) and the a

eptan
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Figure 8.17: Integrated K0S pT Spe
trum. Plot a) shows the K0S pT spe
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ies obtained from the CERES and NA49 �ts from [86℄ and [83, 87℄, respe
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101
Chapter 9Open Charm AnalysisThe measurement of 
harmed mesons is an extremely diÆ
ult task in heavy-ion physi
sdue to the low produ
tion 
ross-se
tion and the huge amount of 
ombinatorial ba
kground.For instan
e, 30 million 
olle
ted events of 158 AGeV/
 Pb-Au 
ollisions would resultin 3:6 million D0 mesons, if a yield of 0:12 D0 per event [26℄ is assumed. Measuringonly the de
ay 
hannel D0 ! K+�� (
� = 123:0 �m) will further redu
e this numberby the bran
hing ratio of 3:8% [66℄. In only 3:4% of the 
ases both daughters will fallin the a

eptan
e of the spe
trometer, thus leading to an amount of 4650 dete
tableD0 mesons. This has to be multiplied by an eÆ
ien
y of the order of 3%, resulting inroughly 140 D0 mesons. If an open 
harm enhan
ement fa
tor of 3 is assumed, at most420 D0 mesons would be expe
ted. This number has to be further redu
ed by a fa
tor0.63 
onsidering the fa
t that data of lower quality, i.e. with worse se
ondary vertexresolution, is sorted out for the analysis.The situation is not promising either 
onsidering the three body de
ayD� ! K+���� (
� = 311:8 �m) with a bran
hing ratio of of 9:2% [66℄. Assuming a yieldof 0.036 D� per event [26℄, an a

eptan
e of 0.9% and again an eÆ
ien
y of the orderof 3% results in 27 expe
ted D� mesons in 30 million 
olle
ted events of 158 AGeV/
Pb-Au 
ollisions.
9.1 Suppression of Resonan
esWithout an e�e
tive parti
le identi�
ation many resonan
es will 
ontribute to the invari-ant mass spe
trum of the D0 meson. These 
ontributions will remain after subtra
tion ofthe 
ombinatorial ba
kground, and 
ompletely mask the tiny D0 peak.The solution is again a 
ut in the qT -� plane of the Armenteros-Podolanski plot. Asderived in appendix A the semi-minor axis of the Armenteros-Podolanski ellipse is givenby the 
enter of mass momentum p
m. If a mother parti
le at rest has the four-momentumpM = (mM ; 0) and de
ays in two daughter parti
les with four-momenta p1 = (E1; ~p1) and
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ay mass mM [GeV/
2℄ semi-minor axis [GeV/
℄D0,D0 ! K� 1.865 0.8609K0S ! �� 0.498 0.2060�! �� 0.776 0.3619! ! �� 0.783 0.3656�! KK 1.019 0.1269K� ! K� 0.892 0.2881�,� ! p� 1.116 0.1006� ! p� 1.232 0.2272� ! �� 1.383 0.2054�� ! �� 1.321 0.1390
� ! �K 1.672 0.2112Table 9.1: Semi-minor axes of Armenteros-Podolanski ellipses. The table 
on-tains examples of parti
le de
ays with the 
orresponding masses and semi-minor axes of theArmenteros-Podolanski ellipses. The semi-minor axis 
an be used as 
ut variable to suppress
ontributions from unwanted resonan
es in the invariant mass spe
trum.p2 = (E2; ~p2), then p
m is given byp
m = j~p1j = j~p2j = s(m2M � (m1 +m2)2) � (m2M � (m1 �m2)2)4m2M ; (9.1)applying the energy and momentum 
onservation law. Using equation (9.1) the semi-minor axis of the Armenteros-Podolanski ellipse is 
al
ulated for few examples in table 9.1.Figure 9.1 shows the Armenteros-Podolanski plot of the D0 meson obtained from an over-lay Monte Carlo simulation.It 
an be seen from equation (9.1) that a large mass mM of the mother and smallmasses m1 and m2 of the daughters imply a large 
enter of mass momentum p
m. This isexa
tly the 
ase for the D0 meson. A 
ut of qT > 0:5 GeV/
, as indi
ated in �gure 9.1,will thus reje
t most of the unwanted resonan
e 
ontributions, ex
ept those from 
harmde
ays.9.2 Fast Monte Carlo SimulationTo obtain the signal spe
trum of all possible 
harm de
ays a fast Monte Carlo simulationbased on the PYTHIA event generator [47℄ has been developed. The fast Monte Carlosimulation allows to make optimal use of the available 
omputing time and disk spa
e,and to redu
e the statisti
al error dramati
ally 
ompared to the limited statisti
s of afull overlay Monte Carlo simulation. Its pre
ision is however not suÆ
ient to determinethe eÆ
ien
y of the analysis method. For this purpose still a full overlay Monte Carlosimulation of D0 mesons is needed. This was already des
ribed in detail in se
tion 8.2.1.The input for the fast simulation is a sample of 158 GeV/
 p-p 
ollisions generatedin �xed target mode with the PYTHIA event generator. The total number of 
olle
ted
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Figure 9.1: Armenteros-Podolanski Plot for the D0 meson. The plot is obtainedfrom an overlay Monte Carlo simulation. The solid line is 
al
ulated a

ording to appendix A.The semi-minor axis of the D0 ellipse is larger than that of most of the other resonan
es. Only
ontribution from 
harm de
ays 
an pass the 
ut of qT > 0:5, indi
ated by the dashed line.

 pairs is 3.2 million, obtained by only triggering on 
harm produ
tion pro
esses. The
harm mass is set to m
 = 1:35 GeV/
2 [66℄. The nu
leon stru
ture fun
tion is para-meterized by MRS(G) [93℄. The primordial kT distribution inside the hadron is assumedto be Gaussian with < k2T >= 1 (GeV/
)2 and an upper 
ut-o� at 3 GeV/
. The 
harm
ross-se
tion is s
aled from p-p to A-A 
ollisions using the number of binary 
ollisions(see [25℄ for details).The fast simulation tool pro
esses all D0, D0, D�, D+, �
, D�s and D+s de
ay 
han-nels from the PYTHIA simulation. Ea
h two opposite 
harged parti
les having the samevertex are assumed to originate from a D0 ! K+�� de
ay. The kaon mass is assignedto the positive parti
le, the pion mass to the negative one, respe
tively. The result is a
ontinuous invariant mass spe
trum mK�. Some of the most important 
harmed reso-nan
e 
ontributions are shown in �gure 9.2. Remarkable is that the misidenti�ed de
ayD0 ! K��+, i.e. where the kaon mass is assumed for the �+ and the pion mass is as-sumed for the K�, appears in the same invariant mass range as the D0 ! K+��. Thereason 
an be found in the similar momentum distributions of the de
ay kaon and pionpK � p� (
ompare equation (8.3)).To obtain a more realisti
 pi
ture the momentum of a parti
le is smeared usingequation (5.8) for the momentum resolution of the TPC. A

ording to �gure 8.5, 19:3%randomly 
hosen tra
ks are assigned to have a single anode hit in SiDC1, and respe
tively20:1% in SiDC2. The three points (x1; y1; zSiDC1), (x2; y2; zSiDC2) and (x3; y3; zR2M ) on agiven tra
k are smeared a

ording to the dete
tor resolution des
ribed in se
tion 7.3. Fi-nally, the simulation is passed through the same se
ondary parti
le re
onstru
tion s
hemeas used for the analysis of the data.Figure 9.3 shows a 
omparison between the fast Monte Carlo and the full overlayMonte Carlo simulation for the de
ay 
hannel D0 ! K+��. The mass resolution of
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Figure 9.2: Charmed resonan
e 
ontributions to the invariant mass spe
trum.The plots show some of the relevant 
ontributions to the invariant mass spe
trum of theD0 ! K+�� de
ay.
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Figure 9.4: Target stru
tures in the se
ondary vertex distribution. The arrows and
ir
les mark regions with enhan
ed se
ondary verti
es. These might be tra
ks from se
ondaryintera
tions of 
ollision fragments in downstream targets. They are removed by 
utting out abox of zsv > 1:5 mm and rsv < 300 �m in the rsv-zsv distribution of the se
ondary vertex.�m = 70 MeV/
2 is reprodu
ed by the fast Monte Carlo simulation. An additional smear-ing of the z 
oordinate with a width of �z = 190 �m had to be introdu
ed to reprodu
ethe se
ondary vertex resolution given in equation (8.4). The fast Monte Carlo simulationdoes not 
omprise the possibility of mismat
hes between the dete
tors. Thus, the dis-tributions shown in �gure 9.3 have only tails in the 
ase of the full overlay Monte Carlosimulation.9.3 AnalysisThe analysis of the de
ay D0 ! K+�� is similar to the K0S analysis des
ribed inse
tion 8.3.1. Thus, only the di�eren
es will be explained here. The analysis of theD0 meson is is based on 18.9 million events at 7% 
entrality, 
omprising the 
alibrationunits 146 to 415 as explained in se
tion 8.3.1. No e�e
tive parti
le identi�
ation is pos-sible, meaning that the kaon mass is assigned to all positive tra
ks and the pion massto all negative tra
ks. The 
ombinatorial ba
kground is obtained with the mixed eventste
hnique.A high single tra
k transverse momentum 
ut of pT > 400 MeV/
 is possible for theD0 analysis due to the high momentum range of the de
ay kaon and pion. The de
aylength of the D0 meson with 
� = 123 �m is short. Thus, the se
ondary vertex 
ut is
hosen in the range of 1 mm (
ompare �gure 8.2). In this s
ope interesting featuresbe
ome visible in the se
ondary vertex distribution as shown in �gure 9.4. Plot a) shows



106 CHAPTER 9. OPEN CHARM ANALYSISpolar angle 0:1396 < �TPC < 0:2443Armenteros-Podolanski qT > 0:5 GeV/
single tra
k transverse momentum pT > 400 MeV/
opening angle  > 0:25 rad�2 probability of the line �t P line�2 > 0:05�2 probability of the vertex �t P vtx�2 > 0:05se
ondary vertex 1 mm < zsv < 1 
mbep parameter bep < 200 �m
leaning of target tra
ks zsv < 1:5 mm jj rsv > 300 �mTable 9.2: Cuts for the D0 analysis. The table 
ontains a 
ompilation of the 
uts used inthe D0 analysis.the distribution of the transverse 
oordinate rsv versus the longitudinal 
oordinate zsv withlogarithmi
 
olor 
ode. The 
ir
les and arrows mark regions with enhan
ed se
ondaryverti
es. The distan
es of these stru
tures are 2 mm in longitudinal dire
tion, whi
h isthe distan
e between adja
ent targets. These stru
tures are target tra
ks whi
h might ori-ginate from se
ondary intera
tions of 
ollision fragments in downstream targets. Plot b)shows the distribution of zsv for low values of pD0T . Here, the target stru
tures appearas equidistant peaks marked with arrows. To obtain a 
lean tra
k sample for the D0analysis a box of zsv > 1:5 mm and rsv < 300 �m is 
ut out in the rsv-zsv distribution,taking into a

ount that the radius of a target is 300 �m. A 
ompilation of all 
uts usedfor the D0 analysis is listed table 9.2. It has been shown in se
tion 9.1 that the hard 
ut ofqT > 0:5 GeV/
2 in the Armenteros-Podolanski plane removes all resonan
e 
ontributionsfrom the invariant mass distribution, ex
ept those from 
harmed mesons and baryons.The normalization between the same and mixed events invariant mass distributionsis obtained by �tting their ratio with a spe
trum of 
harmed resonan
es on top of thenormalization 
onstant. The spe
trum of 
harmed resonan
es is based on PYTHIA andsimulated with the fast simulation des
ribed in se
tion 9.2. The same 
uts as used in theanalysis of the data are applied to the simulation. As an example �gure 9.5 shows a spe
-trum of 
harmed resonan
es for the 
uts listed in table 9.2. The spe
trum is normalizedto the yield of the de
ay D0 ! K+��. To �t the ratio between same and mixed eventsdistributions the D0 yield is 
onstraint to positive values.The signal distribution, whi
h is obtained after subtra
tion of the 
ombinatorialba
kground, is also �tted with the spe
trum of 
harmed resonan
es, but now on top ofa polynomial of �rst order to a

ount for a possible residual ba
kground. In 
ontrast tothe �tting pro
edure for the ratio, the D0 yield is not 
onstraint to positive values.This pro
edure is repeated for di�erent sets of 
uts. The largest in
uen
e on theinvariant mass spe
trum of the D0 is observed, if the opening angle or the se
ondary vertex
ut are varied. This is shown in �gure 9.6 for three di�erent opening angle 
uts,  > 0:24,0.25, and 0.26 rad, and two di�erent se
ondary vertex 
uts, zsv > 1:0 and 1.1 mm. The six
ut variations are labeled with numbers 1 to 6. The �rst row (a) shows the raw invariantmass spe
tra of the same events (solid line) and the normalized mixed events (dashed
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Figure 9.5: Example of a spe
trum of 
harmed resonan
es. The spe
trum 
ontainsall 
ontributions from 
harmed resonan
es, whi
h pass the 
uts listed in table 9.2. For
omparison a bin size of 100 MeV/
2 is 
hosen, as used in the analysis of the D0 meson.The red dashed-line indi
ates the 
ontribution from the de
ay D0 ! K+��.line) distributions in logarithmi
 s
ale with a bin size of 100 MeV/
2. Remarkable isthat, even though very hard 
uts are applied (see table 9.2), the number of entries isstill of the order of 106 per bin. The measurement of a tiny signal thus requires 
arefultreatment of the normalization. The ratio between same and mixed events distributionsis shown in the se
ond row (b) of �gure 9.6, together with the �t for the normalizationas explained above. The signal distribution and the �t for the D0 yield is shown in thethird row (
). The resulting �t parameters are the inter
ept and the slope for the residualba
kground and the D0 yield Nmeas in the 
onsidered de
ay 
hannel. The �t parametersand the 
orresponding �2 per number of degrees of freedom are summarized in table 9.3for the six sets of 
uts. Ex
ept for the measurement number 2 with large �2=dof, allinter
ept and slope parameters are 
onsistent with zero within the errors.The eÆ
ien
ies are 
al
ulated for ea
h set of 
uts using the full overlay Monte Carlosimulation des
ribed in se
tion 8.2.1. The expe
ted yields Nexp in the 
onsidered de
ay
hannel D0 ! K+�� are 
al
ulated a

ording to:Nexp = Nev hD0iBA �: (9.2)In this equation Nev is the number of analyzed events, hD0i = 0:12 is the expe
ted averagenumber of D0 mesons per event a

ording to [26℄, B = 3:80% [66℄ is the bran
hing ratio,A = 3:43% is the a

eptan
e and � is the eÆ
ien
y.
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6c)Figure 9.6: D0 invariant mass spe
tra for di�erent sets of 
uts. The numbers 1 to 6label di�erent sets of opening angle and se
ondary vertex 
uts:  > 0:24 rad (1,2),  > 0:25 rad(3,4), and  > 0:26 rad (5,6), with zsv > 1:0 mm (1,3,5) and zsv > 1:1 mm (2,4,6). Plots a) showthe raw invariant mass spe
tra, plots b) the ratio between same and mixed events distributions,and plots 
) the signal spe
tra.
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trum 
uts inter
ept slope [(GeV/
2)�1℄ Nmeas �2/dof > 0:24 rad1 zsv > 1:0 mm 148� 175 �38� 47 130� 509 36:26=25 > 0:24 rad2 zsv > 1:1 mm 143� 140 �37� 38 224� 388 57:69=25 > 0:25 rad3 zsv > 1:0 mm �44� 174 11� 47 105� 496 22:45=25 > 0:25 rad4 zsv > 1:1 mm 11� 140 �2� 38 200� 376 33:66=25 > 0:26 rad5 zsv > 1:0 mm �163� 173 43� 47 1410� 456 27:81=25 > 0:26 rad6 zsv > 1:1 mm �127� 139 34� 37 250� 366 22:84=25Table 9.3: Fit results for D0 invariant mass spe
tra. The table summarizes the �tresults from the signal spe
tra in �gure 9.6. Nmeas is the measured D0 yield.The eÆ
ien
ies � and the signi�
an
es S=pB are listed in the �rst two rows oftable 9.4 for the six sets of 
uts. The signi�
an
es 
onsider a range of �2:5 �m aroundthe nominal value of the D0 invariant mass. The expe
ted D0 yields Nexp are given in thethird row of table 9.4 a

ording to equation (9.2). The �rst error of the expe
ted yield isthe statisti
al un
ertainty 
oming from the a

eptan
e and eÆ
ien
y determination. These
ond error is the systemati
 un
ertainty, 
ontaining the un
ertainty of the bran
hingratio with 0.09% [66℄ and of the eÆ
ien
y with 8:6%. The last row of table 9.4 
ontainsthe 
al
ulated enhan
ement fa
tors E, i.e. the ratio between measured and expe
tedyields, with the 
orresponding statisti
al and systemati
 un
ertainties. The systemati
un
ertainties of the enhan
ement fa
tors 
ontain again the un
ertainty of the bran
hingratio and of the eÆ
ien
y. It is seen that this error is negligible as 
ompared to thestatisti
al error. Thus, this error is negle
ted in further 
onsiderations.Within the statisti
al un
ertainties the enhan
ement fa
tors should remain robustagainst the variation of 
uts. However, the deli
ate determination of the normalization
onstant between same and mixed events distributions 
ould result in a systemati
 un
er-tainty in the measurement of the D0 yield. This systemati
 un
ertainty is given by halfof the largest variation between the enhan
ement fa
tors, resulting in �Esyst � 7:3.9.4 Upper Limit in the Bayesian Approa
hIf the out
ome of an experiment is a null result it is often interesting to set an upperlimit in order to eliminate some of the proposed theories. This 
an be done either in theframework of Frequentist or Bayesian statisti
s. The two approa
hes attribute di�erentmeanings in the involved quantities and lead to di�erent numeri
al results. The questionwhi
h framework yields the better des
ription is at present a hotly debated issue.The determination of the upper limit in this thesis follows Bayesian philosophy, whi
h
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trum � S=pB [10�3℄ Nexp E1 3:2% 4.32 94:95� 0:06� 8:47 1:4� 5:4� 0:12 2:4% 4.07 72:45� 0:05� 6:46 3:1� 5:4� 0:33 3:1% 4.31 92:87� 0:06� 8:28 1:1� 5:3� 0:14 2:4% 4.05 70:72� 0:05� 6:31 2:8� 5:3� 0:35 3:1% 4.28 90:37� 0:05� 8:06 15:6� 5:0� 1:46 2:3% 4.02 68:63� 0:05� 6:12 3:7� 5:3� 0:3Table 9.4: Enhan
ement fa
tors for di�erent sets of 
uts. The table 
ontains theeÆ
ien
ies �, the signi�
anes S=pB, the expe
ted D0 yields Nexp and the enhan
ement fa
torsE for the six di�erent D0 spe
tra of �gure 9.6. The expe
ted yields are 
al
ulated a

ordingto equation (9.2). The enhan
ement fa
tors are the ratios between the measured yields fromtable 9.3 and the expe
ted yields. The errors are the statisti
al and systemati
 un
ertainties,respe
tively.is very general and avoids unphysi
al 
on�den
e limits. Following [66, 94, 95℄ and [96℄ thisse
tion will des
ribe some important features of Bayesian statisti
s and its 
on
lusions forthe upper limit determination of the D0 meson.9.4.1 General ConsiderationsThe starting point is Bayes' theorem:p(hypjdata) = L(datajhyp)p(hyp)R L(datajhyp0)p(hyp0) dhyp0 : (9.3)The degree of belief in a hypothesis, given the data, is summarized by the posteriorprobability density fun
tion (pdf) p(hypjdata). It is proportional to the likelihoodfun
tion L(datajhyp) multiplied with the prior pdf p(hyp). L(datajhyp) gives the pro-bability that the hypothesis, when true, just yields the data. The prior pdf p(hyp)re
e
ts the experimenters subje
tive degree of belief about the hypothesis before themeasurement was 
arried out. The denominator in equation (9.3) normalizes the poste-rior pdf to unity.As example, let's suppose that the measurement of a physi
al 
onstant � results inthe estimator b. Usually, no spe
i�
 knowledge about the prior pdf p(�) is at hand andthe 
laim is that all physi
ally reasonable values for � are equally probable. Thus, p(�)is set to be 
onstant over the region of interest and zero in the unphysi
al region. If � isassumed to by positive, the upper limit at (1� �) 
on�den
e level is than given by:1� � = MZ0 p(� 0jb) d� 0 = RM0 L(bj� 0)p(� 0) d� 0R10 L(bj� 0)p(� 0) d� 0 : (9.4)Figure 9.7 represents the out
ome of several experiments measuring values for �, withsigni�
ant probability of obtaining unphysi
al results. Assuming a step fun
tion for p(�)would mean to just 
onsider the shaded region, but renormalized to unity. By stating anupper limit at (1� �) 
on�den
e level thus means that � lies in the grey shaded region.
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εFigure 9.7: Measurement of variables in bounded physi
al regions. Bayes' theoremsays that the knowledge of the distribution of �, given the measurement b, is given by thefun
tion over the shaded region after appropriate renormalization.9.4.2 D0 Upper LimitIn the following these 
onsiderations are applied to the measurement of the D0 yield.At �rst, a likelihood fun
tion is 
onstru
ted. The measured invariant mass spe
trum ofthe same and mixed events analysis is divided in bins i with bin 
ontent nsi and nmi ,respe
tively. The bin 
ontents are large and therefore taken to be real numbers whi
h areGaussian distributed. If so, than also the bin 
ontents ni of the invariant mass spe
trumobtained after mixed events subtra
tion are Gaussian distributed with mean �i and width�i. The probability of the 
ounts lying between ni and ni + dni 
an then be written as:L(nij�i; �i) dni = 1�ip2� e� 12�ni��i�i �2 dni: (9.5)The invariant mass spe
trum, obtained after mixed events subtra
tion, is des
ribed by asignal spe
trum W (m) on top of a �rst order polynomial des
ribing the residual ba
k-ground �(m; 
) = 
0 + 
1m + 
2W (m); (9.6)where 
 � f
ig. The signal spe
trum W (m) is obtained from a PYTHIA simulationand 
ontains all relevant resonan
es. It is normalized to the D0 peak, and thus 
2 givesthe number of measured D0 ! K+�� de
ays. The �t fun
tion �(m; 
) is linear in the
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 and 
an be expressed by�(m; 
) = 2Xj=0 
jfj(m); (9.7)where the fj are a set of fun
tions of m with f � f1; m;W (m)g.Under the assumption that the bin 
ontents ni are statisti
ally independent, thelikelihood fun
tion of the data 
an be obtained by multiplying the probabilities ofequation (9.5), L(nj
) = Yi L(nij
) = Ae� 12 Pi �ni��(mi;
)�i �2 = Ae� 12�2(nj
): (9.8)In this equation n � fnig, A is a normalization 
onstant, and�2(nj
) = Xi �ni � �(mi; 
)�i �2 = Xi 1�2i  ni � 2Xj=0 
jfj(mi)!2 : (9.9)The �2 
an be expanded around the point 
 where the likelihood be
omes maximal orthe �2 be
omes minimal, thus leading to�2(nj
) = �2(nj
) +Xi ��2(nj
)�
k �
k + 12Xj Xk �2�2(nj
)�
j�
k �
j�
k + : : : ; (9.10)with �
k = 
k � 
k. The �rst derivative of equation (9.9) vanishes at the point 
:��2(nj
)�
k = �2Xi 1�2i  ni �Xj 
jfj(mi)! fk(mi) = 0: (9.11)This equation 
an be written in ve
tor notation asa = W
 with ak = Xi 1�2i nifk(mi) and Wjk = Xi 1�2i fj(mi)fk(mi): (9.12)The se
ond derivative of equation (9.9), evaluated at the point 
, yields an expression forthe Hessian matrix H = Hjk = 12 �2�2(nj
)�
j�
k = Xi 1�2i fj(mi)fk(mi); (9.13)whi
h is just equal to Wjk in equation (9.12). Higher derivatives vanish.Inserting now the �2 expansion of equation (9.10) in equation (9.8), and 
onsideringproper normalization, results inL(nj
) = 1p(2�)3jVj e� 12 (
�
)TV�1(
�
); (9.14)
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ovarian
e matrix V is the inverse of the Hessian matrix H with thedeterminant jVj.After deriving the likelihood fun
tion, the next step is to spe
ify the prior pdfp(
). Without having spe
i�
 knowledge about the parameters the simplest 
hoi
e isto set p(
0; 
1) = (2r)�2, where r de�nes the range in whi
h the parameters are de�ned(�r � 
0; 
1 � r). The prior pdf p(
0; 
1) vanishes for r ! 1 but the posterior pdf willremain �nite be
ause the normalization integral in the denominator 
ontains the samefa
tor (2r)�2. Similar arguments apply to the 
hoi
e of the remaining prior pdf p(
2), butnow 
onsidering the knowledge that the D0 yield 
2 must be positive, that is (0 � 
2 � r):p(
2) = � 0 for 
2 < 0r�1 for 
2 � 0 (9.15)To obtain the posterior pdf, the likelihood fun
tion of equation (9.14) has to be multipliedwith the prior pdf for the parameters, leading top(
jn) = Bp(2�)3jVj p(
2) e� 12 (
�
)TV�1(
�
); (9.16)with the normalization 
onstant B. The posterior pdf p(
2jn) 
an now be obtained byusing the marginalization rule and integrating the joint pdf p(
jn) with respe
t to 
0 and
1. In this way the posterior pdf is obtained asp(
2jn) = BÆp2� p(
2) e� 12( 
2�
2Æ )2 = B p(
2) g(
2; 
2; Æ); (9.17)where g(
2; 
2; Æ) is used as abbreviation for the Gaussian fun
tion.The upper limit for the D0 meson is thus given by1� � = MZ0 p(
2jn) d
2 = RM0 g(
2; 
2; Æ) d
2R10 g(
2; 
2; Æ) d
2 (9.18)at (1� �) 
on�den
e level.9.5 Results and Dis
ussionThe upper limit for the D0 yield is determined with measurement number 3 from�gure 9.6, plot 3 
). This measurement is performed with the set of 
uts listed in table 9.2.It ful�lls the requirements of having one of the highest signi�
an
es and at the same time�2=dof � 1. The D0 yield Nmeas obtained from this measurement is given byNmeas = 105� 496 (stat)� 693 (syst); (9.19)with a systemati
 un
ertainty of 660%. The systemati
 un
ertainty is obtained from the
onsiderations in se
tion 9.3 with �Esyst=E � 7:3=1:1. Using further equation (9.18) withthe parameters
2 = Nmeas = 105 and Æ = q(�N statmeas)2 + (�N systmeas)2 = 852; (9.20)
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Figure 9.8: D0 upper limit. The �gure shows the �nal result for the measurement of theD0 yield. The data is based on 18.9 million analyzed events of 158 AGeV/
 Pb-Au 
ollisions.The red solid 
urve is the �t to the data with a measured enhan
ement fa
tor of E = 1. Theupper limit of EM = 22 is indi
ated with the blue dotted line. The sensitivity of the experimentwith EsensM = 13 is drawn as green dashed line. It is the best possible upper limit, whi
h 
ouldbe obtained with the available statisti
s if no systemati
 un
ertainties would be present.an upper limit for the D0 yield of M = 2058 is obtained at 98% 
on�den
e level. As theexpe
ted number of D0 mesons is Nexp = 93, an upper limit for the enhan
ement fa
tor ofEM = M=Nexp = 22 
an be ex
luded. The same result is obtained if the measurement is�tted with a 
harmed resonan
e spe
trum on top of a 
onstant, instead of a polynomial of�rst order. If measurement number 6 from �gure 9.6, plot 6 
) is used for the 
al
ulation,an upper limit for the open 
harm enhan
ement fa
tor of EM = 24 is obtained.Figure 9.8 shows the �nal results for the measurement of the D0 yield in 158 AGeV/
Pb-Au 
ollisions. The red solid 
urve is the �t to the data, resulting in an enhan
ementfa
tor of E = 1. The blue dotted 
urve marks the upper limit for the enhan
ement fa
torwith EM = 22. The position of the D0 meson in the 
ontinuous spe
trum of 
harmedresonan
es is indi
ated with an arrow and a horizontal line of �2:5 �m. The green dashedline marks the best possible upper limit of EsensM = 13, 
onsidering only the statisti
alun
ertainty. This is denoted as sensitivity of the experiment. It is the upper limit that
ould be obtained with the available statisti
s, under the assumption that the systemati
un
ertainties in the determination of the normalization between same and mixed eventsdistributions 
ould be removed.The result 
an be 
ompared to two other measurements of the open 
harm enhan
e-ment fa
tor E at the CERN SPS. The indire
t measurement from the NA38/NA50
ollaboration [17℄ has already been presented in se
tion 3.1. It is 
onje
tured that theobserved ex
ess in the intermediate mass range (1 < m�� < 3 GeV/
2) of the dimuon
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trum 
ould be due to an open 
harm enhan
ement. For 158 AGeV/
 
entralPb-Pb 
ollisions an enhan
ement fa
tor up to E = 3:5 is possible (
ompare �gure 3.3).The upper limit of EM = 22 obtained in this thesis is 
learly not sensitive enough to rea
hthe region below E � 3:5 and bring further light in the situation.The se
ond experiment is the dire
t open 
harm measurement of the de
ay 
hannelsD0 ! K+�� and D0 ! K��+ from the NA49 
ollaboration [97, 98℄ for 158 AGeV/
Pb-Pb 
ollisions. As result an upper limit for the 
ombined yield per event ofM(hD0 +D0i) = 1:5 is obtained at 98% 
on�den
e level. The 
omparison to the ex-pe
ted yield per event hD0 +D0i = 0:21 [26℄ gives an upper limit for the enhan
ementfa
tor of ENA49M = 7.The measurement in [97, 98℄ is based on two samples of tra
ks with and withoutkaon identi�
ation via the TPC dE=dx, respe
tively. The relative dE=dx-resolution isabout 4%. The measurement of the parti
le momentum is pre
ise with a resolution of�p=p2 = 3 � 10�5 (GeV/
)�1. The de
ision weather kaon identi�
ation is performed or notdepends on the tra
k length and on weather the momentum of the tra
k is low enoughto make kaon sele
tion via a dE=dx 
ut possible. The D0 and D0 de
ay 
hannels areanalyzed separately and 
ombined at the end. It is not 
lear how the 
ontribution ofD0 mesons in the D0 spe
trum, and vi
e versa, is treated for the tra
k sample withoutkaon identi�
ation (
ompare herefore �gure 9.2). This 
ontribution might in fa
t benegligible 
ompared to their D0 or D0 mass resolution of m� = 6:2 MeV/
2, obtainedfrom an overlay Monte Carlo simulation. However, in the absen
e of parti
le identi�
ationa 
areful study of 
ontributing resonan
es to the invariant mass spe
trum is advisable.In [97, 98℄ the raw invariant mass spe
tra are dire
tly �tted in a region of�90 MeV/
2around the position of the D0 or D0 meson, using a Cau
hy fun
tion for the signal distri-bution on top of a polynomial of fourth order for the ba
kground. The D0 or D0 invariantmasses and widths are kept �xed during the �tting pro
edure. This approa
h is not fol-lowed in this thesis. The reason is that, if the signal spe
trum has a di�erent shape thanthat predi
ted by a Monte Carlo simulation, it might easily be assigned to the ba
k-ground and thus in
luded in the �t with the polynomial of high order. It is judged to bemore safe to subtra
t the 
ombinatorial ba
kground using the mixed events te
hnique anddes
ribe the remaining signal spe
trum with a simulation of the 
ontributing resonan
es,as des
ribed in the 
ourse of this 
hapter.
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Chapter 10Con
lusionsThe development of a se
ondary parti
le re
onstru
tion s
heme using the 
ombined infor-mation of the SiDC dete
tors and the TPC to re
onstru
t the se
ondary vertex is new forthe CERES experiment. The analysis s
heme allows to suppress a large fra
tion of targettra
ks by 
utting on the longitudinal distan
e between the de
ay vertex of the se
ondaryparti
le and the primary intera
tion region. The 
onstraint of this method is, that theparti
le has to de
ay upstream SiDC1, i.e. within a distan
e of 10.4 
m. Consequently,it is appli
able to re
onstru
t parti
les with relatively short de
ay length.The method is optimal to re
onstru
t the de
ay K0S ! �+�� (
� = 2:68 
m) andis already su

essfully in
orporated in other CERES analyses, like the measurementof the ellipti
 
ow of the K0S [99℄. Within this thesis the K0S meson is used as re-feren
e measurement to study the eÆ
ien
y for the subsequent measurement of theD0 yield. It is shown that the measurement of the integrated K0S rapidity density ofdN=dy = 19:75� 0:23 (stat)� 1:70 (syst) for 2:0 < y < 2:6 is dominated by the un
er-tainty of the eÆ
ien
y determination with 8:6%. Within this limit, the results obtainedfor the K0S agree with an alternative analysis of the CERES data and with measurementsthe NA49 and NA57 
ollaborations.The se
ondary parti
le re
onstru
tion s
heme rea
hes its limits of appli
ability if the
ut on the se
ondary vertex gets 
lose to the target resolution of about �z � 210 �m.The analysis of the D0 meson (
� = 123 �m) is in this regime. However, a 
areful studyof the 
ombinatorial ba
kground and of 
ontributing resonan
es to the invariant massspe
trum still allows to derive an upper limit for the D0 yield. Taking the ratio tothe expe
ted D0 yield per event of hD0i = 0:21 [25, 26℄, whi
h is 
al
ulated by s
alingthe 
harm 
ross-se
tion to nu
leus-nu
leus 
ollisions, an upper limit of EM = 22 is ob-tained at 98% 
on�den
e level for the open 
harm enhan
ement fa
tor in 158 AGeV/
Pb-Au 
ollisions.
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Appendix AThe Armenteros-Podolanski PlotA 
ommon problem of numerous experiments is the la
k of parti
le identi�
ation.For a two body de
ay system this issue was addressed in 1954 by J. Podolanski andR. Armenteros [90℄. They developed a method to distinguish between di�erent hadronsusing the transverse and longitudinal momenta qT and qL of the de
ay parti
les relativeto the 
ight dire
tion of their mother parti
le. In a so 
alled Armenteros-Podolanskiplot the transverse momentum qT is plotted against an asymmetry variable �, whi
h is a
ombination of the longitudinal momenta of the positive and the negative de
ay parti
les:� = q+L � q�Lq+L + q�L : (A.1)The transverse momenta of the de
ay parti
les are by de�nition equal:q+T = q�T = qT : (A.2)The following derivations will show that ea
h type of hadrons des
ribe individual ellipsesin the qT -� plane.In the 
enter of mass system the transverse and longitudinal momentum of the po-sitive de
ay parti
le and and its energy 
an be written as:q+T;
m = p
m sin(�
m)q+L;
m = p
m 
os(�
m)E+
m = p(p
m)2 + (m+)2: (A.3)In the laboratory system these quantities transform toq+T = q+T;
m = p
m sin(�
m)q+L = 
q+L;
m + 
�E+
m = 
p
m 
os(�
m) + 
�E+
mE+ = 
E+
m + 
�q+L;
m = 
E+
m + 
�p
m 
os(�
m): (A.4)
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B

pcm

qT

α

AFigure A.1: Armenteros-Podolanski Ellipse. Ea
h parti
le has its individual ellipse inthe qT -� plane of the Armenteros-Podolanski plot with the semi-minor and semi-major axesgiven by p
m and A as derived below. The point (B; 0) is the 
enter of the ellipse.Due to the relation q�L;
m = �q+L;
m, one arrives toq�T = q�T;
m = p
m sin(�
m)q�L = �
p
m 
os(�
m) + 
�E�
mE� = 
E�
m � 
�p
m 
os(�
m) (A.5)for the negative parti
le.To derive the former de�ned variable � one has to form the di�eren
eq+L � q�L = 2
p
m 
os(�
m) + 
�(E+
m � E�
m) (A.6)and the addition q+L + q�L = pM = 
�mM : (A.7)Here pM denotes the momentum of the mother parti
le in the laboratory system andmM its rest mass. A

ording to equation (A.1), equations (A.6) and (A.7) 
an then be
ombined to form:� = 2p
m�mM 
os(�
m) + E+
m � E�
mmM = A 
os(�
m) +B: (A.8)Together with equation (A.4) or (A.5) this results in
os(�
m) = ��BA andsin(�
m) = qTp
m (A.9)



121with sin2(�
m) + 
os2(�
m) = ��� BA �2 + � qTp
m�2 = 1: (A.10)This is an ordinary ellipse equation in the qT -� plane with the semi-minor axis given byp
m and the semi-major axis by A = 2p
m=(�mM). The ellipse is shifted along the �-axisby the amount B = (E+
m � E�
m)=mM . The geometry is depi
ted in �gure A.1.
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