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Who has seen the wind?Neither I nor you,But when the leaves hang trembling,The wind is passing through.Who has seen the wind?Neither you nor I,But when the trees bow down their heads,The wind is passing by.
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Abstra
tThe Ultra-relativisti
 heavy-ion 
ollisions provide a unique opportunity tostudy the properties of extremely hot and dense system. At large enoughtemperature and/or baryon density, statisti
al latti
e QCD predi
ts a phasetransition from hadroni
 matter to a new state of matter: a de
on�ned quarksand gluons plasma. Among the proposed signatures of the plasma, the en-han
ement of strangeness produ
tion is studied in the NA50 experiment.A strong enhan
ement of strange parti
le produ
tion, as 
ompared to theyield expe
ted from hadroni
 gas, has been predi
ted if QGP formed. In NA50experiment Pb{Pb 
ollisions at 158 GeV/
 per nu
leon in
ident momentumat CERN/SPS, � meson produ
tion is measured through dimuon 
hannelsand 
ompare it to the ! meson yields.In this thesis � meson study is based on the data 
olle
ted in 2000 runs.Compared to previous measurements from 1996 and 1998, this one beni�tsfrom improvements in the experimental setup, in parti
ular 
on
erning themeasurement of minimum bias spe
trum used to determine J= , �, ! and� multipli
ities. The results of �=! ratios are presented, as a fun
tion oftransverse mass and transverse energy. The present study 
on�rms that �=!ratio does not depend on MT , but in
reases with the 
ollision 
entrality, bya fa
tor about 2. The e�e
tive temperature analysis shows that T� � T!at the order of 220 MeV. The multipli
ity of ! per parti
ipant nu
leon doesnot exhibit any Npart dependen
e, while � multipli
ity per parti
ipant nu
leonin
reases with Npart.Finally, the 
omparison of the � 
entral multipli
ity in Pb-Pb system be-tween NA50 and NA49 is made with updated BR�� 
onstant, also the 
om-parison of the 
ross se
tion measurement between Pb-Pb system and lightersystems is done. The evolution of produ
tion in J= mass dominated regionfor the most 
entral 
ollisions is also 
onsidered by 
omparing to the minimumbias spe
trum. iv
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Chapter 1Introdu
tion
1.1 The produ
tion of the Quark-Gluon PlasmaStatisti
al latti
e Quantum Chromo-Dynami
s (QCD) 
al
ulations predi
t that a phasetransition from ordinary hadroni
 matter to a new state of matter should o

ur whenthe nu
lear matter is 
ompressed and heated to a suÆ
iently high energy density andtemperature [1, 2℄. The quarks and gluons 
on�ned in hadrons are liberated due to thes
reening e�e
t on their potentials, and they are able to move freely in this de
on�ned stateof matter. This de
on�ned state of matter is named Quark-Gluon Plasma (QGP). QCDlatti
e 
al
ulation predi
ts su
h a phase transition with 
riti
al values of the temperaturefrom 150 MeV to 180 MeV and the energy density �1 GeV/fm3 [3℄.1.1.1 Where to �nd the QGP and how to 
reate itFollowing the \Big Bang" model, it is believed [4, 5℄ that the early Universe was the�rst 
ase in this state of quark-gluon plasma, the hadronization having o

urred later, asthe 
onsequen
e of its expansion and 
ooling, about 10 �s after the \Big Bang" origin.It is possible that QGP exists inside of the neutron stars [4, 5℄, whose 
ore is believedto have a density higher than the 
riti
al density for the phase transition. In order toexperimentally study the phase transition of the quark-gluon plasma, we need to a
hievevery high energy density and/or temperature in the lab. It is also important to have alarge intera
tion volume in order to approa
h the thermodynami
 limit of the new phase.In the laboratory, QGP 
an be obtained, as a transient state, by means of very highenergy heavy ion 
ollisions.Ultra-relativisti
 heavy-ion 
ollisions provide a unique opportunity to study the prop-erties of the matter in the extreme 
onditions of temperature and/or density. Fixed target1



2 Introdu
tionexperiments have been performed for many years, by using high energy heavy ion beams,in order to attempt to rea
h the 
riti
al temperature of the phase transition (see �gure1.1).
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Figure 1.1: Diagram of the temperature versus baryoni
 density.
1.1.2 The stopping power and transparen
y regionAt very high energy the 
olliding ultra-relativisti
 ions look like squeezed in the longitu-dinal dire
tion due to the Lorentz 
ontra
tion, when they are seen in their 
enter-of-massreferen
e frame, with their thi
kness about 1 fm (1 fm = 10�15 m) (see �gure 1.2).The nu
lear stopping power indi
ates that the 
olliding nu
lear matter loses a sub-stantial fra
tion of its energy in the 
ollision pro
ess. Sin
e the energy lost by the 
ollidingnu
lear matter is deposited in the vi
inity of the 
enter of mass with the produ
tion ofhadrons, high-energy nu
leus-nu
leus 
ollisions provide an ex
ellent tool to produ
e a veryhigh energy density region. As estimated by Bjorken [6℄, the energy density 
an be so highthat these rea
tions might be utilized to explore the existen
e of QGP. Qualitatively twodi�erent energy regions are de�ned as the \baryon-free quark-gluon plasma" region (orthe transparent region) and the \baryon-ri
h quark-gluon plasma" region (or the stoppingregion). For a 
ollision at an energy of a few GeV per nu
leon in the 
enter of mass sys-tem, like AGS, the nu
lear stopping power determines whether the 
olliding baryons willbe stopped in the 
enter of mass system and pile up to form a quark-gluon plasma withlarge baryon density, whi
h is in the stopping region. While in the transparent region or\baryon-free quark-gluon plasma" region, the nu
lear stopping power determines whether2



1.1 The produ
tion of the Quark-Gluon Plasma 3the proje
tile baryons and the target baryons will re
ede away from the 
enter of masswithout being 
ompletely stopped, leaving behind QGP with very little even no baryon
ontents. For SPS, the energy 
overs these two regions, for RHIC and LHC, the energyis very high up to the baryon-free quark-gluon plasma region (or the transparent region).The RapidityIn order to des
ribe the kinemati
s of a 
ollision, a kinemati
al variable of RapidityVariable y for a parti
le is de�ned as :y = 12 ln E + pzE � pz ; (1.1)where E is the energy of the parti
le, pz is the parti
le's longitudinal momentum alongthe beam axis. This variable is a dimensionless quantity. The advantage of this rapidityvariable is that the dependen
y on the frame of referen
es is very simple, i.e., the rapidityof the parti
le in one Lorentz frame of referen
e is related to the rapidity in another Lorentzframe of referen
e just by a additional 
onstant. For instan
e, the relation between aparti
le in the laboratory frame of referen
e and in the 
enter of mass frame of referen
eis given by yCM = ylab�y�, where y� is the rapidity of the 
enter-of-mass in the laboratoryframe.In many experiments, it is only possible to measure the angle of the dete
ted parti
lesrelative to the beam axis. In that 
ase, it is 
onvenient to utilize this information by thepseudo-rapidity variable �, to 
hara
terize the dete
ted parti
les. The pseudo-rapidity isde�ned as � = � ln � tan(�=2)� ; (1.2)where � is the angle between the parti
le's momentum and the beam axis. In the termsof the momentum, the pseudo-rapidity variable 
an be writen as� = 12 ln jpj+ pzjpj � pz ; (1.3)By 
omparing Equation 1.1 and 1.3, it is easy to see that the pseudo-rapidity variable
oin
ides with the rapidity variable when the momentum is large, i.e. jpj � E. Forparti
les with � � 1, � � y, while for massless parti
les, � = y.In the stopping region, the rapidity of all parti
les in 
enter-of-mass frame y is zero.The baryon density in the 
entral rapidity region is rather high. While for the transparentregion, there are three rapidity domains: two regions for the fragmentation 
orrespondingto in
ident ions of the target and the proje
tile, the rapidity distributions of the target3



4 Introdu
tionand the proje
tile fragmentation is large and moving fast, the number of baryons is almostinta
t and redistributed in the region for ea
h. The remained is the rapidity region aroundy� = 0, where it is ex
ited and emitting parti
les during 
ollisions, whi
h is baryon-free.1.1.3 Evolution of the systemA

ording to the hydrodynami
al Bjorken model [6℄, a spa
e-time s
enario, the two 
ollid-ing ions are almost transparent to ea
h other. After they 
rossing and departing with ea
hother, they leave in-between a hot intera
tion region, where the system is thermally and
hemi
ally equilibrated. The target and proje
tile fragmentation regions are produ
ed,
onne
ted by a region of 
entral rapidity. These a
quire the transverse momentum fromthe multiple 
ollisions in between them. After the intera
tion the two disks of the target

y = 0y < 0 y > 0

central rapidity
region

target projectile
fragmentation fragmentation

region region

Figure 1.2: Diagram of the heavy ion 
ollision.and the proje
tile will 
ontinue to move in opposite dire
tions with the speed � 
, theregion y = 0 in between them will expand 
ylindri
ally (see �gure 1.2).The spa
e-time evolution of a 
ollision at high energy is shown in �gure 1.3. Sin
ethe energy deposited in the 
ollision region around z � 0 is very high, sooner after the
ollision of the two nu
lei at point (z; t) = (0; 0), the energy density is suÆ
iently high toform QGP. In the �rst stage, nu
leon-nu
leon 
ollisions introdu
e a redistribution of theoriginal energy into other degrees of freedom, materializing into quarks and gluons aftera short time. In a se
ond stage, the dense system of quarks and gluons is formed, withthermal and 
hemi
al equilibration. Due to 
olor de
on�nement, quarks and gluons arefree from ea
h other. Then QGP will rapidly 
ool down via the expansion and the evap-oration, undergoing a \mixed phase" in whi
h the hadrons and the \blobs" of plasmawould 
oexist. Finally it will 
ompletely 
ondensate into a state of ordinary hadrons,4



1.1 The produ
tion of the Quark-Gluon Plasma 5
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Figure 1.3: Spa
e-time diagram of the heavy ion 
ollision a

ordingto Bjorken model.�rstly intera
ting with ea
h other and then freeze out. The �nal state re
e
ts the 
om-plex evolution of the system, and the di�erent observables 
arry informations of di�erentaspe
ts and resulting from di�erent stages.Thermodynami
 variables The phase transition of the hot hadroni
 matter 
anbe derived from the measurement of the energy density � and the temperature T . A phasetransition involving a large latent heat would manifest itself in a 
hara
teristi
 shape of Tversus � dependen
e: the T would �rstly grow with �, then remain 
onstant while the ad-ditional energy goes into the latent heat, and �nally grows again. Dileptons being de
ayedat the early stage, they 
arry with the original information of the system temperature.The spa
e-time evolution of the system, parti
ular in the freeze-out phase spa
e, 
anbe measured via identi
al parti
le interferometry (HBT). Furthermore, the multipli
ity
u
tuations 
ould feedba
k the 
riti
al phenomena linked to a phase transition.Chiral symmetry restoration In QGP, the quarks lose their e�e
tive mass whi
hthey 
arried when 
on�ned in a hadron, and re
over ba
k to their \bare mass". In otherwords, with the quark masses very small or almost equal to zero, the QGP would be
hiral symmetri
. This would manifest itself in a 
hange in the strangeness produ
tion(strangeness enhan
ement), and in 
hanges of the hadron masses. The Mass, width andde
ays of the parti
les su
h as � and � should experien
e sharp modi�
ations.De
on�nement As a suÆ
iently dense ordinary plasma 
an prevent the formationof the atoms by ele
tromagneti
 s
reening of nu
lei from the ele
trons (the \Mott tran-sition"), the 
olor for
e between quarks would be s
reened in QGP. The heavy 
�
 pairs,5



6 Introdu
tionlike J/ or  0 mesons, are produ
ed only rarely, the pro
esses 
an happen only in theinitial instants of a nu
lei 
ollision. The 
 and �
 quarks are prevented to form the boundstates due to the 
olor s
reening e�e
t. Thus a suppression of J/ and  0 in the 
entralnu
lear 
ollisions is expe
ted in a de
on�nement phase.1.2 The signatures of the Quark-Gluon PlasmaEviden
es of the formation of the quark-gluon plasma are studied experimentally bylooking at the modi�
ation of the fra
tion of produ
ed parti
les :1. The 
omparison between the results of the fra
tion of the parti
les measured innu
leus-nu
leus, proton-proton and proton-nu
leus 
ollisions.2. The 
omparison between the results obtained from the nu
leus-nu
leus 
ollisions atthe di�erent energies.3. Study the variation of the fra
tion of the parti
le yields in the nu
leus-nu
leus
ollisions as a fun
tion of the 
entrality.Experimentally, one or several of these pro
edures are used for physi
al analysis.1.2.1 The J= suppressionThe produ
tion and suppression of heavy quarkonia bound states, su
h as J= , wasproposed by Matsui and Satz in 1986 as an ideal signal of quark de
on�nement [7℄.In a very dense medium, the 
 and �
 quarks do not feel the presen
e of ea
h other,either due to the plasma preventing the 
�
 from be
oming a bound state (the 
olor 
hargesof quarks are s
reened be
ause of the Debye s
reening e�e
ts), or alternatively due to theintera
tions between the dense hadroni
 matter and 
�
 quarks, in
luding the 
omovers.The NA38 and NA50 experiments have presented results to interpret the J= sup-pression as a signal of QGP formation [8, 9, 10℄, whi
h was one of the most promisingand attra
tive experimental results, and triggered many theoreti
al 
al
ulation to explainthe J= suppression in a dense hadron gas, within a non-QGP s
enario, as due to theabsorption and the re-s
attering pro
esses.This anomalous J= suppression pattern in the 
entral Pb+Pb 
ollisions at 158AGeV/
 [9, 10, 11℄ is one of the strongest eviden
es of the initial 
ondition 
reationup to an extremely hot and dense state of matter at SPS, a state that 
an not be ex-plained within the s
enario of the normal nu
lear matter. The J= suppression results6



1.2 The signatures of the Quark-Gluon Plasma 7(the ratio J= =DY with minimum bias from 1996 and 1998) are presented in the Figure1.4, where in this �gure the 
urve 
orresponding to the normal nu
lear absorption.
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Figure 1.4: Ratio J= =DY as a fun
tion of transverse energy ofNA50 experiment in Pb{Pb 
ollisions at 158 A GeV/
 from 1996,1996 with minimum bias and 1998 with minimum bias results.
1.2.2 Signature of dire
t photonsDire
t photons have been proposed as a promising signature for the QGP formation inrelativisti
 heavy-ion 
ollisions [12, 13℄. WA98 and WA80 experiments have presenteddire
t photons results in Pb+Pb and S+Au 
ollisions [14℄.The photons from high-energy hadroni
 and nu
leus-nu
leus 
ollisions provide im-portant information about fundamental aspe
ts of the parti
les involved and their inter-a
tions. In parti
ular, they probe the parton distributions in hadrons and nu
lei. Inrelativisti
 heavy-ion 
ollisions, they serve as a dire
t probe for all stages of the �reballsin
e they leave the system without further intera
tions due to their large mean free path.Most important, the thermal radiation from the �reball might allow to extra
t informationon the EOS of the matter produ
ed in the 
ollision. Hen
e, the dire
t photon produ
tionprovides one of the most promising signatures for the QGP.The extra
ted dire
t photon spe
trum from WA98 shows a 
lear ex
ess over theba
kground for photon transverse momenta between 1.5 and 3.5 GeV/
 (Figure 1.6)7
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Figure 1.6: WA98 dire
t photons in 
en-tral Pb-Pb 
ollisions at 158 GeV/
.[14℄, whereas WA80 gave only an upper limit for dire
t photons in S + Au 
ollisionsat 200 A GeV (Figure 1.5) [15℄. In Figure 1.6, Data from pp rea
tions by E704 andfrom p+C rea
tions by E629 and NA3 at ps = 19:4GeV have been 
onverted to thelower energy ps = 17:3GeV assuming a s
aling a

ording to parameterized 
ross se
tionEd3�
=dp3 = f(xT ; �)=s2, where xT = 2pT=ps and � is the emission angle of the photon.They have been multiplied with the average number of binary nu
leon-nu
leon 
ollisionsin the 
entral Pb + Pb rea
tions. These s
aled p-indu
ed results are in
luded in Figure1.6 for 
omparison [16℄. The present experimental results of dire
t photons 
an not inferabout the existen
e of a QGP phase in 
entral Pb+Pb 
ollisions at a beam energy of 158A GeV. However, the data are 
onsistent with a thermal sour
e, either QGP or HHG, forphotons with pT < 2:5 GeV/
 and with enhan
ed prompt photons for pT > 2:5 GeV/
[17℄.1.2.3 Dilepton signatureDileptons are one of the dire
t ele
tromagneti
 probes when produ
ed through virtualphotons that do not intera
t strongly. Thermal dileptons, for example, 
an be produ
edin the quark-gluon plasma, through the annihilation pro
esses :q�q ! 
� ! l+l� : (1.4)There is a 
ontaminant by the 
ontinuum 
orresponding to the mass spe
trum from8



1.2 The signatures of the Quark-Gluon Plasma 9other 
ontributions (Dalitz de
ays, Drell-Yan and DD pro
esses), and eventual pro
esseslike �� annihilation.The CERES experiment has observed the yields of low mass diele
tron pairs e+e�measured in p-A 
ollisions [18℄, the results 
an be explained in a proper way by a ex-pe
table \
o
ktail" of hadroni
 de
ays. In Pb-Au 
ollisions, the measured results havea ex
ess yields [19℄, by a fa
tor of 2.5, in the mass domain 0.2-0.7 GeV/
2 (Figure 1.7[20℄). The dependen
e with the diele
tron transverse momentum [19℄ shows that the ex-
ess dileptons are 
on
entrated at low pT . This result 
an also be interpreted based onthe 
hanges of the properties of the ve
tor mesons when they are produ
ed in the densematter, in
luding 
hanges of masses and de
ay widths. In parti
ular, the 
hiral symmetryshould be (partially) restored, near the phase transition. The life-time of � is short, thismakes it to be a sensitive probe of the dense medium e�e
ts1.
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Figure 1.7: Diele
tron invariant massspe
trum measured by CERES experi-ment in 
entral Pb-Au 
ollision at 158 AGeV, 
ompared with expe
ted 
ontribu-tions from hadroni
 de
ays.
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

10
-8

10
-7

10
-6

10
-5

-1 )2
> 

(1
00

 M
eV

/c
ch

>/
<N

ee
/d

m
ee

<d
N

)
2

 (GeV/ceem

Pb-Au 158 AGeV

combined 95/96 data

 30 %≈geoσ/σ

>=245η/dch<dN

<2.65η2.1<

>0.2 GeV/ctp

>35 mradeeΘ

Figure 1.8: The same results as in Figure1.7, but 
ompared with the 
ontributionfrom � de
ays with and without in thedense medium e�e
ts.The NA50 experiment has observed an ex
ess produ
tion of intermediate mass dilep-tons. Figure 1.9 displays two 
omplete dimuon mass spe
tra, for peripheral and 
entral1In Figure 1.8, Comparison of the experimental data to i) free hadron de
ays without � de
ays (thinsolid line), ii) model 
al
ulations with a va
uum � spe
tral fun
tion (thi
k dashed line), iii) with droppingin-medium �-mass (thi
k dash-dotted line), iv) with a medium-modi�ed � spe
tral fun
tion (thi
k solidline). 9
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Figure 1.9: Dimuons mass spe
trafor low and high ET bins in Pb-Pb
ollision, displaying the various 
on-tributions 
onsidered in the �t andshowing the in
rease of the DD like
omponent (blue lines).
Figure 1.10: Evolution of mea-sured/expe
ted DD like 
omponentas a fun
tion of the number of parti
-ipant nu
leons, from protons to ionsindu
ed 
ollisions, see [21℄ in detail.
ollisions in the Pb-Pb system. The various 
omponents 
onsidered in the �t are shown.The Drell{Yan 
ontribution is determined by the high mass dimuon yield. The ba
kground
omponent is mostly �xed by the muon pair of the same signs. J/ and  0 resonan
es
ontribute signi�
antly only in their restri
ted mass domains, so in the intermediate massrange (1:5 � m � 2:5 GeV/
2) only the DD 
omponent is signi�
antly free.DD and Drell{Yan are hard pro
esses, their 
ross se
tion s
ales as the number ofnu
leon-nu
leon 
ollisions. Their ratio should be 
onstant, irrespe
tive of the system
onsidered. This pi
ture is veri�ed for the Drell{Yan, whereas the DD 
omponent has tobe in
reased relatively to Drell{Yan in order to reprodu
e the 
ontinuum produ
tion in themass range 1.5-2.5 GeV/
2, and this ex
ess is in
reasing with the 
entrality (�gure 1.9).Pi
ture 1.10 shows the evolution as a fun
tion of the number of parti
ipant nu
leons [21℄.The kinemati
al distribution of the ex
ess is 
onsistent with DD produ
tion as ex-pe
ted from the PYTHIA 
ode, suggesting that this ex
ess is due to an open 
harmenhan
ement. This will be 
he
ked by the NA60 experiment. Alternative explanations[21, 22℄ 
ould be res
attering of D mesons in nu
lear matter, or produ
tion of thermaldileptons. It is ne
essary to mention that 
on
erning 
ontinuum determination in theintermediate mass region and an observation of enhan
ement of dilepton produ
tion formost 
entral 
ollisions, some doubts have been raised[23℄ on the need to improve the10



1.3 Strangeness produ
tion 11pre
ision on the eventual bias on the ba
kground determination2.1.3 Strangeness produ
tionIn pp 
ollisions, strangeness produ
tion is suppressed by OZI rule[24℄, this is often referredalso as the \
anoni
al suppression". As proposed by J.Rafelski[25℄ in nu
leus-nu
leus
ollisions, the o

urren
e of QGP should lead (due to the in
rease of gluon number,relative lower s quark mass thanks to the 
hiral symmetry, and disappearan
e in the QGPof the need for additional quarks, favoring the strangeness produ
tion and the o

urren
eof equilibrium between u, d and s quarks) to the enhan
ement of strangeness produ
tion,with respe
t to the 
anoni
ally suppressed produ
tion in pp 
ollisions.In quark-gluon plasma, the threshold for the produ
tion of s�s pairs is very low, sin
ethe s quark bare mass is only 75 to 170 MeV [26℄ and so to produ
e a pair it is onlyne
essary a maximum of 2ms � 300 MeV. On the other hand, the gluon fusion gg! s�s,quark fusion q�q ! s�s and gluon de
ay g ! s�s pro
esses (see Figure 1.11) in the plasmaare another fa
tor that favors the strangeness produ
tion. The gluon fusion gg ! s�spro
ess is responsible for about 90% of the s�s pairs produ
ed. Due to Pauli Ex
lusion
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Figure 1.11: The lowest-order Feynman diagrams for the produ
-tion of s�s by gluon fusion and quark pair fusion.Rule, the produ
tion of s�s pairs would be produ
ed in a similar way than u,d quark pairsif the lowest available u; d quarks energy levels are larger than 2Ms (see �gure 1.12).Finally, the time needed for the system to rea
h the thermal and 
hemi
al equilibrium if2This is due to the short life time and expe
ted low multipli
ity of D{mesons whi
h 
ause the smallexperimental signal originating from D de
ays to be hidden in the large 
ombinatorial ba
kground [23℄.11



12 Introdu
tionQGP formed is 20 to 30 times shorter (and 
omparable to the time needed for the twonu
lei to transverse ea
h other at this energy) than that needed for an hadron gas [27℄.All these 
hara
teristi
s would favour the strangeness produ
tion.

Figure 1.12: S
hemati
 illustration of the energy levels inside amultiquark bag with two or three 
avours.A. Shor[28℄ has applied this view to the � produ
tion, predi
ting a possible enhan
e-ment of the ratio �=!, up to a fa
tor of about 20. Observed in
rease of the strangenessprodu
tion was also interpreted as possible e�e
t of the res
attering [29℄.In the se
ond half of the nineties, the global des
ription of the hadroni
 produ
tionhas been improved by the development of thermal models [30℄. Nevertheless severalinterpretations remain.1.3.1 Thermal modelsA 
at rapidity distribution is a simpli�ed 
ase for the des
ription of the system, whi
hhas been used by Bjorken for deriving the energy density[6℄. Even if this 
ondition is notful�lled, the abundan
es of parti
le spe
ies will follow statisti
al Boltzman distributions[31℄ if the longitudinal 
ow 
an be 
onsidered as a superposition of �reballs. Following[31℄, in thermal model the density ni of parti
le i 
an be approximated by a Boltzmandistribution, ni = gZ d3p(2�)3 e�(Ei��i)=T = gm2iT2�2 K2(mi=T )e�i=T ;where the index i refers to the type of hadrons, e.g., i = �+; K+; : : : et
, g is the spin-isospin-degenera
y fa
tor for the parti
le spe
ies.12



1.3 Strangeness produ
tion 13For small systems with few elements, the thermodynami
al 
anoni
al des
ription isne
essary, where quantum numbers (like baryoni
 number, ele
tri
 
harge, strangenessnumber) are 
onserved exa
tly and on an event by event basis. Typi
ally this des
riptionhas to be used for pp 
ollisions. In nu
leus-nu
leus 
ollisions, the high number of elementsleads to 
onsider a 
onservation on the average, through 
hemi
al potentials or 
hemi
alfa
tors, in a grand 
anoni
al des
ription. The 
hange from 
anoni
al to grand 
anoni
alhas been interpreted as the origin of the strangeness enhan
ement predi
ted and observedin A{A 
ollisions [32℄.Another additional question 
ould even be to 
onsider a lo
al equilibrium, a mi
ro-
anoni
al des
ription. There is a 
onsensus for 
onsidering 
omplete produ
tion yields inorder to avoid lo
al (y or MT ) biases. Nevertheless a global equilibration and existen
eof an important 
orrelation between all rapidity domains are not obvious. Important
onditions like the baryoni
 density, and then the 
hemi
al potential, and more generallyall the observable (MT distribution, freeze-out radius) vary with y, raising doubts aboutthe validity of a universal 
ondition. The in
uen
e of baryon density, in a me
hanismfavouring for instan
e � and then K+ produ
tion, should be more relevant in a unitrapidity than that in average. For heavy parti
les, rapidity distributions are in
uen
edby energy 
onservation, and it is not 
lear how a thermal model 
ould a

ount for that.U.Heinz[37℄ indi
ates arguments against the global thermal state, but �nally 
on
ludesthat mainly be
ause of di�eren
es in rapidity distributions and 
ow e�e
t, a full phasespa
e is required.Similarly to questions about the homogeneity of 
onditions along rapidity axis, one
an wonder about the e�e
ts of time evolution and introdu
e a 
ontinuous emission ofparti
les [38℄.For years, sin
e pioneering work of Hagedorn [39℄, and the observation of a transverseenergy s
aling [40℄ the fa
t that a thermal des
ription 
an be su

essful in pp 
ollisions hadoften been the sour
e of wondering, sin
e the equilibrium is not supposed to be rea
hed inpp 
ollisions. A
tually the mystery 
an be solved by 
onsidering that the population of thevarious �nal states available for the important number of 
ollisions studied (whi
h is thehigh number apparently missing) has to be statisti
ally populated, a

ording to energyand 
harge 
onservation. As a 
onsequen
e, the mi
ros
opi
al model lead to statisti
alpopulation. Beside of this statisti
al sharing, reintera
tions in ea
h A{A 
ollisions[37℄lead to a lo
al equilibrium: a 
hemi
al one (parti
le spe
ies) thanks to inelasti
 
ollisions,and a (kineti
) thermal one thanks to the total 
ross se
tion of 
ollisions.Flu
tuations (on
e the 
u
tuations due to N{N 
ollisions between the wounded nu
le-ons are removed) are also interesting as a test of thermalization.13



14 Introdu
tion1.3.2 Some appli
ations and strangeness saturation at 40 GeVper nu
leonFigure 1.13 displays a striking 
onsisten
y between experimental results and a thermal �t[36℄. It is noteworthy that here strangeness is assumed to be saturated.

Figure 1.13: Comparison between thermal model predi
tionsand experimental parti
le ratios for Pb{Pb 
ollisions at 158GeV/nu
leon. The thermal model 
a
ulations are obtained withT = 170 MeV and �B = 255 MeV.Su
h �ts to the populations lead to thermal parameters, whose evolutions are parti
-ularly important for the understanding of the 
hara
teristi
s of the matter 
reated in the
ollisions. Figure 1.14 presents the Wroblewski fa
tor[41℄ at the primary parti
les level,where �s = 2s�s=(u�u+ d �d). This fa
tor presents a maximum around 40 GeV/nu
leon.The eventuality of this pe
uliar pattern has been the origin of a ion beam energy s
anat CERN performed re
ently to study the transition region [46℄.The data on A{A 
ollisions show that there is a signi�
ant 
hange in the energydependen
e of strangeness yields whi
h is lo
ated between the top AGS and SPS energies.Based on the statisti
al approa
h it was spe
ulated that this 
hange is related to the onsetof de
on�nement at the early stage of the A{A 
ollisions. Following this physi
al idea, aquantitative model has been developed, the Statisti
al Model of the Early Stage (SMES)[47℄. It assumes that the early stage matter is 
reated a

ording to the prin
iple of14
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tor �S determined within the statisti
almodel in several elementary [42, 43℄ and heavy ion 
ollisions [44, 45℄as a fun
tion of (nu
leon-nu
leon) 
entre-of-mass energy. Unlikeall other points, the RHIC value has been obtained by using mid-rapidity hadron yields.maximum entropy. Depending on the 
ollision energy, the matter is in the 
on�ned phase(E < 30 A�GeV), mixed phase (30 < E < 60 A�GeV) or de
on�ned phase (E > 60A�GeV). The phase transition is assumed to be of the �rst order.Within SMES model at low 
ollision energies, when 
on�ned matter is produ
ed, thestrangeness to entropy ratio steeply in
reases with the 
ollision energy, due to the lowtemperature at the early stage (T < TC) and the high mass of the 
arriers of strangeness(mS �= 500 MeV, the kaon mass). When the transition to de
on�ned matter is 
rossed(T > TC), the mass of the strangeness 
arriers is signi�
antly redu
ed (mS �= 170 MeV,the strange quark mass). Due to the low mass (mS < T ), the strangeness yield be
omes(approximately) proportional to the entropy, and the strangeness to entropy (or pion3)ratio is independent of energy. This leads to a 
hange of shape from the larger valuefor 
on�ned matter to the value for de
on�ned matter at TC . Thus, within the SMES,3The major parti
les produ
ed in high energy intera
tions are pions. Pions 
arry basi
 informationon entropy 
reated in the 
ollisions. 15
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Figure 1.15: The dependen
e of the hK+i=h�+i (left) and ES (right)ratios on the 
ollision energy for 
entral A{A 
ollisions (
losed sym-bols) and inelasti
 p{p intera
tions (open symbols). The predi
-tions of SMES for the ES ratio are shown by a line. Di�erent linestyles indi
ate predi
tions in the energy domains in whi
h 
on�nedmatter (dashed line), mixed phase (dashed{dotted line) and de-
on�ned matter (dotted line) are 
reated at the early stage of the
ollisions (Where F = (psNN � 2mN)3=4=psNN 1=4).the measured non{monotoni
 energy dependen
e of the strangeness to entropy ratio isfollowed by a saturation behavior in the de
on�ned phase whi
h is a dire
t 
onsequen
eof the onset of de
on�nement taking pla
e at about 30 AGeV.Experimentally, the strangeness to entropy ratio is 
losely proportional to the tworatios dire
tly measured through experiments: the hK+i=h�+i ratio and the ES = (h�i+hK+Ki)=h�i ratio. The energy dependen
e of both ratios is plotted in Fig. 1.15 for 
entralPb+Pb (Au+Au) 
ollisions and p{p intera
tions. As seen in this �gure the measureddependen
e is 
onsistent with that expe
ted within the SMES.Reinfor
ing the pi
ture of a phase transition, another striking pie
e of eviden
e isobtained. The energy dependen
e of the inverse slope parameter �tted to the K+ (left)and K� (right) transverse mass spe
tra at mid-rapidity for 
entral Pb+Pb (Au+Au)
ollisions is shown in Fig. 1.16 [48℄. The striking features of the data 
an be summarizedand interpreted within the statisti
al model of the early stages as follows. (1) The T �16
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Figure 1.16: The energy dependen
e of the inverse slope parame-ter T � for K+ mesons produ
ed at mid-rapidity in 
entral Pb+Pb(Au+Au) 
ollisions at AGS (triangles), SPS (squares) and RHIC(
ir
les) energies.parameter in
reases strongly with 
ollision energy up to the lowest (30 A�GeV) SPS energypoint. This is an energy region where the 
reation of 
on�ned matter at the early stageof the 
ollisions is expe
ted. In
reasing 
ollision energy leads to an in
rease of the earlystage temperature and pressure. (2) The T � parameter is approximately independent ofthe 
ollision energy in the SPS energy range. In this energy region the transition between
on�ned and de
on�ned matter is expe
ted to be lo
ated. The resulting modi�
ation ofthe equation of state \suppresses" the hydrodynami
al transverse expansion and leadsto the observed plateau stru
ture in the energy dependen
e of the T � parameter. (3)At higher energies (RHIC data), T � again in
reases with 
ollision energy. The equationof state at the early stage be
omes again sti�, the early stage temperature and pressurein
rease with 
ollision energy, resulting an in
rease of T � with energy.These predi
ted signals of the de
on�nement phase transition, in
luding anomalies inthe energy dependen
e of hadron produ
tion (the strangeness and the step of temperatureof kaons) are observed simultaneously at SPS energies. They indi
ate that the onset ofde
on�nement is lo
ated at about 30 A�GeV. It seems to have 
lear eviden
e for theexisten
e of the de
on�ned state of matter in nature within this SMES.It is noteworthy also that at 40 GeV, 3/4 of theK+ are asso
iated with a � produ
tion.17



18 Introdu
tionThe peak observed for K+ should then also re
e
t an e�e
t of the baryoni
 density, whi
his high in the 
entral rapidity at 40 GeV/nu
leon but very weak at RHIC (as a 
onsequen
eparti
le/antiparti
le ratios are 
lose to 1, whereas at 40 GeV/nu
leon ��=� = 2:5%). The�gure 1.15 left illustrates that parti
les and antiparti
les display very di�erent behaviorin this energy domain.The pe
uliar role of � is due to that the lowest threshold is through p+n! �+K+nfor strangeness produ
tion, requiring a minimal energy of 671 MeV. In a medium withnon-zero 
hemi
al potential �u;d , be
ause densities of u and d quarks are greater thanthe ones of �u and �d quarks, it is mu
h more likely for �s anti-quark to 
ombine with a uor d quark to form K+(u�s) or K0(d�s), than it is for the strange quark s to 
ombine a �uor �d to form �K0(�us) and K�( �ds). For the strange quark s, a more likely out
ome is to
ombine with u and d quarks to form �(uds), �+(uus), �0(uds) or ��(dds), instead of
ombining with �u and �d to produ
e �K0 and K�.Cal
ulations based on thermal models a

ount for the maximum observed in the Wrob-lewski fa
tor at 40 GeV/nu
leon by the 
ombined e�e
t of the de
rease of the baryoni
potential and the in
rease of temperature with energy. The peak should then mostly beasso
iated with baryoni
 produ
tion [36℄ (see �gure 1.17).1.3.3 Strangeness saturationEquilibration time for the strangeness in a hadron gas should be of the order of 40 fm/
,for instan
e for Kaons in RQMD model [49℄. It is higher than the 10 fm/
 duration timeof the 
ollision, and the thermalization of strangeness is very likely not being 
omplete,but only partial, ex
ept if a high level of strangeness is kept in the hadronization pro
essafter 
omplete saturation in the QGP phase.Introdu
ing a fa
tor 
S is a phenomenologi
al way to a

ount for this in
ompletestrangeness equilibration, by J. Rafelski [50℄ in the early nineties through a phase spa
eo

upan
y fa
tor 
S , and by the strangeness saturation fa
tor 
S used by other authors[51℄. In the latter 
ase at least, this fa
tor, the probability that a strange quark o

upy the
ell of phase spa
e and whi
h is multiplying the thermal partition fun
tion, is estimatedat the primary produ
tion stage, before e�e
ts of the hadron gas. Strangeness populationplausibly evolves through the life time of the system, rea
hing a high relative value duringthe QGP eventual phase, 
hanging during hadronization in parti
ular thanks to gluons,and �nally in
uen
ed by the reintera
tions in hadroni
 gas. One should 
onsider di�erentvalues of 
S for these di�erent phases[52℄.The Wrobleski ratio �S=2s�s/(u�u+d�d) is sometime 
onsidered to be proportional to18
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les. Full line isa sum of all these 
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S [52℄, but the later 
ould be too sensitive to 
onsidered parti
les and misleading in theee to A{A 
omparison [53℄.1.3.4 Multiple strange baryonsThe relative produ
tion of baryons and anti-baryons with strangeness 
ontent is also agood signature for the quark-gluon plasma. The dire
t produ
tion of these parti
les inan hadron 
ollision requires high energy and long time, thus the produ
tion of strangebaryons in an hadroni
 gas is less probable, de
reasing their 
ontent in s quarks. Onthe 
ontrary, the quark-gluon plasma is abundant in s quarks, so that after the phasetransition into an hadron gas, one expe
ts to observe the hierar
hy :(�)QGP(�)HG < (�)QGP(�)HG < (
)QGP(
)HG ; (1.5)sin
e their strangeness quantum numbers are S� = �1, S� = �2 and S
 = �3 .19



20 Introdu
tionThe multiple strange baryon produ
tion bas been studied by NA57/WA97 experimentin Pb-Pb 
ollisions at 158 A GeV. The results show in agreement with the predi
tion ofthe hierar
hy Equation 1.5 [54℄. In �gure 1.18, the results are shown, as a fun
tion ofmean number of parti
ipant nu
leon [55℄. Figure 1.18 shows that the produ
tion of 
baryon in Pb-Pb 
ollisions at 158 A GeV is in
reased by a fa
tor of 15, 
ompared to itsprodu
tion in the proton indu
ed 
ollisions. Furthermore, these multiple strange baryonprodu
tions in Pb-Pb 
ollisions remains 
onstant, independent of the 
entrality, for anumber of parti
ipant higher than 100. These hyperons produ
tions require about 100fm/
 to equilibrate, whereas the life-time of hadroni
 system is only about 10 fm/
. Thishyperon enhan
ement result 
an not be explained by intera
tions in hadroni
 system.
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tion in Pb-Pb 
olli-sions at 158 A GeV 
ompared to the 
orresponding yields in protonindu
ed 
ollisions as measured by NA57/WA97 experiment.

1.4 The � produ
tionThe � meson, whi
h is the mainly subje
t of this study, is a bound state of s�s . Itsproperties of mass, width and main de
ay modes are listed in Table 1.1. The produ
tionof � has been proposed by A. Shor [28℄ as a probe to dete
t the strangeness enhan
ementdue to QGP formation. Firstly, an enhan
ement of s�s pairs in the QGP phase should20



1.4 The � produ
tion 21Quantum Number IG(JPC) = 0�(1��)Mass 1019.456 � 0.020 GeV=
2Full width � 4.26 � 0.05 GeV=
2De
ay 
hannels Bran
hing Ratio�! K+K� (49:2 +0:6�0:7)%�! e+e� (2.96 � 0.04) � 10�3%�! �+�� (2:87 +0:18�0:22) � 10�4 %Table 1.1: � meson properties (Parti
le Data Booklet 2002)lead to an enhan
ement of � mesons. Se
ondly, the res
attering of � meson with nu
leonsand other hadrons in the expanding hadroni
 phase is insigni�
ant, so the � would retaininformation on the 
onditions of the plasma. The � produ
tion is studied through arelative produ
tion with respe
t to the non-strange mesons, i.e. the ratio �=!, relatedto the ratio s�s/u�u. This ratio in NN 
ollisions 
ould in
rease by a fa
tor of 20 in QGPpredi
tion, as 
ompared to the one for hadroni
 produ
tion, if the s�s and u�u would beprodu
ed at the same level. The ratio �=! should be 
lose 1 in this QGP o

urren
esin
e � and ! have the same net quantum numbers. A spe
ial interest of this ratio isthat their masses being very 
lose, the potential e�e
ts of kinemati
al biases, for instan
elinked to the 
ow, are redu
ed. Apart from the e�e
ts linked to the wider mass domain
on
erned (see for instan
e below), the � is in a similar situation, ex
ept that it has aisospin 1 instead of 0. Then � should be 3 times more produ
ed, but this is not holdingin the dimuon de
ay 
hannel sin
e we only dete
t the �0 state. Usually one 
onsiders thatthe 
ross se
tion produ
tion of �0 is the same as the ! one. This is supported by theexperimental measurements [56℄. However this similarity of the produ
tion is probablyrestri
ted to the similar mass domains and ex
lude eventual low mass tails.1.4.1 Strangeness saturation fa
tor and �=! ratioIn thermal models the produ
tion is equiprobable for phase spa
e 
ells 
orresponding tothe same energy. In heavy ion 
ollisions, this 
orresponds to produ
tions with the sametransverse mass MT . If the produ
tion is mainly driven by thermal e�e
ts, then the ratio�=!(MT ) should be dire
tly related to s�s=u�u. The produ
tion of strangeness 
an also bein
reased in A{A 
ollisions with respe
t to p{p 
ollisions but not yet rea
h the saturationlevel. Some thermal models introdu
e this 
hara
teristi
 through the strangeness satura-21



22 Introdu
tiontion fa
tor [52, 51, 57℄, 
S . In su
h models the probability to produ
e a � is proportionalto the square of 
S [58℄.The �gure in [59℄ displays the value of (�=!)��. A �=! ratio before de
ay of about 0.5should lead, 
onsidering the ele
tron pairs bran
hing ratios, to a ��=(� + !)��� of 1.2 .The ratio �=! of 0.5 
orresponds to 
S � 0:7. Of 
ourse the pi
ture has to be improvedby taking into a

ount se
ondary produ
tion 4, hadronization e�e
ts, and eventually 
owe�e
ts, if one wants a 
loser estimate of the 
S at the \primary" stage.1.4.2 Studies as a fun
tion of p��T or M��T ?In order to have a dire
t a

ess to the relative e�e
ts a
ting on the MT slope or tothe estimate of the strangeness saturation fa
tor 
S , one [60, 61, 62℄ has 
onsideredexperimental mass spe
tra obtained in MT domains. This is in prin
iple equivalent to thestudy performed in pT domains. Only the method biases 
ould be di�erent, allowing aneventual 
ross 
he
k. Also the e�e
tive 
S 5 is obtained dire
tly from the ratio �=!.Another important di�eren
e in the two types of analyses is the way of the smearingand a

eptan
e 
orre
tions are done in the treatment. In this analysis, the extra
tionof the 
omponents �, ! is done by a �t of experimental dimuons mass spe
tra, using
omponents taking into a

ount smearing and a

eptan
e 
orre
tion. The pT analysis areperformed by another 
hoi
e (whi
h is independent of the use of pT bins): the experimentalspe
trum is 
orre
ted for a

eptan
e and smearing [63℄, and then �tted by using physi
aldistributions (Figure 1.19). The same Monte-Carlo programs are used for both analysis.Finally one observes that the obtained results are very 
ompatible between these twotypes of analyses.1.4.3 �/! or �/(�+ !) ?Experimentally the dimuon produ
tion measured in the NA50 experiment gives a

essto the ratio ��=(� + !)��� , un
orre
ted for a

eptan
e. Due to the experimental massresolution of about 70 MeV, the extra
tion of � + ! relies on an hypothesis made on theratio between ! and � . Pra
ti
ally this ratio 
ould be 
hanged by a fa
tor of 3, without
hanging the number of dimuons in the � + ! un
orre
ted for a

eptan
e spe
trum by a
omparable amount, for instan
e in this example 30%. This is due to the fa
t that giventhe negligible a

eptan
e for very low masses and the large mass spreading, the � and !4This is, for instan
e, lower by 32% the ! yield (F. Be

atini, private 
ommuni
ation)5In fa
t it is 
S=
q. 22
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tion 23
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2Figure 1.19: The various analysis methods : (a) a �t of the experi-mental invariant mass spe
trum with simulated 
omponents takinginto a

ount smearing and a

eptan
e e�e
ts, (b) a �t with physi-
al 
omponents of a mass invariant spe
trum 
orre
ted for smearingand a

eptan
e. In both 
ases the same simulation program is used.un
orre
ted for a

eptan
e mass distribution have limited di�eren
es. On the other hand,the e�e
tive � mass spe
trum is not very well de�ned. It is not a simple Breit-Wignerdistribution. The \phase spa
e" availability [64℄, i.e. the distribution of the availableenergy in the primary 
ollisions of partons, is not negligible, and should favour the lowmasses, as 
omplementarily it should prevent a � tail from lying above the upsilon (�)produ
tion if the Breit-Wigner shape would be dire
tly applied. The � is also expe
tedto possibly 
hange its shape due to various e�e
ts in heavy ion 
ollisions [65℄. All thesee�e
ts are more spe
i�
 of the � than of the !, whi
h is less a�e
ted by the low massa

eptan
e. So dealing with a

eptan
e 
orre
ted results, the �/! ratio should turn out tobe less model dependent than the �/(�+!) one. Anyway in our treatment, the �/(�+!)and the �/! are dire
tly proportional, i.e, going from one to the other is only multipliedby fa
tor 1.6 6, and any 
hange in the hypothesis done in the extra
tion or the a

eptan
e
orre
tion pro
ess should lead to a new determination. The only di�eren
e is that the�=! ratio is less sensitive than the �=(� + !) to the 
hanges in the hypothesis o

urring6With the assumption �� = �!, then ��=!��� = (BR� +BR!)=BR!� ��=(�+ !)��� :23



24 Introdu
tionoutside the NA50 a

eptan
e.1.4.4 E�e
tive temperatureThe dense system 
reated in heavy ion 
ollisions 
an be des
ribed hydrodynami
ally, i.e.,all the produ
ed matter (parti
les) 
ow with the same 
olle
tive velo
ity. The 
ross se
tionprodu
tion for ea
h parti
le as a fun
tion of its transverse momentum or transverse mass(MT = qM2 + p2T ) gives information relative to the thermalization of the system and its
olle
tive expansion.From transverse mass distribution one 
an extra
t the \e�e
tive temperature" that
hara
terizes ea
h parti
le, i.e. the inverse slope of the distribution. This s
aling withMT is des
ribed by a Bessel fun
tion K1(MT=T ) [66℄:d�dMT = M2T K1(MT =T ) : (1.6)The e�e
tive temperature T only depends on two parameters: the temperature ofthermal freeze-out Tthermal at whi
h the hadronized system stops intera
ting, and themean velo
ity hvT i of the 
olle
tive expansion (the 
ow) in the transverse plane.In a non-relativisti
 regime (i.e. if the parti
le's mass is not negligible, M � pT ), onehas [66℄: T = Tthermal + 12MhvT i2 ; (1.7)and so it is possible to know separately Tthermal and hvT i, and the e�e
tive temperatureis observed to vary linearly with the parti
le's mass.In the relativisti
 regime, when the parti
le's transverse momentum is very high (pT �M), the mass 
an be negle
ted and the observed e�e
tive temperature is the same for allthe parti
les. In this 
ase, it is impossible to distinguish T and hvT i [66℄:T = Tthermal vuut1 + hvT i1� hvT i : (1.8)1.4.5 Experimental results of � yieldThe � meson yield is measured through K+K� [67℄ and �+�� [59℄ de
ays. It was foundthat the � multipli
ity extra
ted from the K+K� data is signi�
antly smaller than thatobtained from the dimuon results [68℄. A similar e�e
t has been observed re
ently byPHENIX results [69℄ in Au{Au 
ollisions at RHIC. A possible interpretation of this puz-zle is the s
attering of at least one of the daughter kaons in the nu
lear medium [70℄a

ompanied by the in-medium modi�
ations of kaons and � masses (see 
hapter 6).24



1.5 Future sear
hes 251.5 Future sear
hesThe situation of exploring the QGP will 
hange at RHIC and LHC. Future sear
hes forQGP are aiming at a

essing higher temperature and higher densities.The RHIC 
ollider experiments in USA, in
luding PHENIX, STAR, BRAHMS andPHOBOS ([71, 72℄ et
.), are taking data with gold 
ollisions at ps = 130 GeV and 200GeV. The temperature rea
hed in the early stage of the 
ollision system is 
learly higherthan the 
riti
al temperature needed for the phase transition. Some new signatures areproposed and studied for QGP formation in heavy ion 
ollisions, like jets physi
s and highpT distribution, Jet quen
hing has probably been observed.The LHC 
ollider at CERN is surpposed to run in a few years. The ALICE, ATLASand CMS experiments are planning to run atps = 5:5 TeV. With so big and long life-timesystem, and mu
h larger temperature, the multipli
ity of produ
ed parti
les will be verylarge. With high statisti
s, it is possible to study the abundant produ
tion of thermalphotons and dileptons, jets, in parti
ular study the bottomnia states parti
les.

25



26 Introdu
tionFinally, another 
ondition of the phase transition is suÆ
iently high baryoni
 density.The furture experiments at SIS syn
hrotron from GSI are following this way, to rea
hvery high densities similar to the 
ore of the neutron stars, several times higher than thenormal nu
lear matter density (see Figure 1.20).

0

0.05

0.1

0.15

0.2

0.25

0 0.2 0.4 0.6 0.8 1 1.2 1.4

Hadrons

Quarks and gluons

SIS

AGS

SPS

RHIC (130)

Baryon Chemical Potential µB [GeV]

T
em

pe
ra

tu
re

 T
   

[G
eV

]

Figure 1.20: Phase diagram of strongly intera
ting matter in thetemperature T and baryoni
 
hemi
al potential �B . The points in-di
ate T��B values extra
ted from analysis of hadron multipli
itiesin 
entral nu
leus{nu
leus 
ollisions.
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Chapter 2Experimental apparatusThe NA50 experiment is a �xed target experiment using a lead 208Pb ion beam a

eleratedat an ultra-relativisti
 energy of 158 GeV/nu
leon, obtained from the proton syn
hrotronSPS at CERN. The a

elerator has a 20 s 
y
le, with a 4.5 s spill. The beam Lorentz
ontra
tion e�e
t is 
 = 10.The NA50 experimental apparatus 
onsists of a muon spe
trometer, 
omplemented byan ele
tromagneti
 
alorimeter, an hadroni
 
alorimeter, a multipli
ity dete
tor, an ab-sorber and several dete
tors for beam 
ontrol [8℄. The 
orrelated muon pairs are dete
tedat rather small angles in the laboratory referen
e frame, but 
orrespond to an emissionfrom 90o in the 
ollision's 
enter-of-mass referen
e frame). Figure 2.1 gives a s
hemati
view of the apparatus.
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Figure 2.1: The NA50 experimental apparatus in the 
on�gurationused for the study of Pb{Pb 
ollisions.
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28 Experimental apparatus2.1 Beam dete
torsThe Beam Hodos
ope (BH) and its asso
iated dete
tors are lo
ated 22 m upstream fromthe target, where the beam transverse dispersion allows for the 
ounting of the in
omingbeam ions.2.1.1 BH dete
torThe Beam Hodos
ope is made of two planes of quartz blades, transversal to the beamdire
tion. Only the �rst one is a
tually used during the data taking. The 16 
onstituentblades of the �rst plane are 0.7 mm thi
k, 
orresponding to 2.2% intera
tion length(�int(quartz)=3.2 
m for Pb ions) [61℄. Quartz blades are resisting to the high radiationdose due to the huge beam intensity, up to the order 7� 107.The Pb ions, when 
rossing the quartz blades, produ
e �Cerenkov radiation, 
apturedby the opti
al �bers 
onne
ted to the blades up to the photomultipliers (one photomulti-plier per blade).The dete
tor is used for several purposes. It 
ounts the in
oming ions on the Pb beam,a very important measurement for the luminosity 
al
ulation. It also allows to identifypile-up in the beam � a situation where every time there are two or more ions seen bythe dete
tor in the same window of 20 ns. The BH also used to stabilize the trigger of theexperiment, giving a time referen
e for the arrival of the in
oming ions, with less than 1ns jitter1.2.1.2 Intera
tion dete
torsThe intera
tion dete
tors BHI and BHI-New are lo
ated next to the beam hodos
ope, inorder to identify any possible intera
tions in the BH itself, whose fragments may intera
ton the target, thus produ
ing \parasite" events. There are two BHI dete
tors and fourBHI-New, ea
h one having a s
intillator blade plus a Pb blade.The BHI are pla
ed 17 
m downstream from the se
ond BH plane, on both sides ofthe beam, and have a re
tangular geometry. The BHI-New shape is as quarters of ring
entered on the beam line, lo
ated 1 m after the BHI dete
tors and 
over 
omplementaryrapidity regions.Pb ion intera
tions on the BH produ
e mainly pions. These de
ay into photon pairswhen 
rossing the lead blades, produ
ing a signal that allows for the dete
tion of parasite1The term jitter refers to the small 
u
tuation on the time measurement28



2.2 The target region 29events. The eÆ
ien
y study of these event will show that the fragments produ
ed havequite 100% probability to intera
t in the preabsorber, produ
ing about 5% of the measuredmuon pairs.2.1.3 Anti-halo dete
torsThe two anti-halo dete
tors (BAH and BAH-New) are lo
ated 51 
m and 19
m upstreamfrom the target. Ea
h of them 
onsists of a quartz blade with 
entral hole 3 mm indiameter, 
rossed by the 
ollimated ion beam. These dete
tors identify events whoseoriginating ion was not 
ollimated, or originating on 
harged fragments from previousparasti
 intera
tions o

ured upstream from the target. They are then very sensitive tothe previous fragments.2.2 The target regionThe data analysed here was obtained with a single lead target 4 mm thi
k put in theva

um and 1 
m2 transverse dimension. The target frame 
an a

ommodate up to 7sub-targets aligned with the beam. In the year-2000 data taking only position 4 waso

upied. Next to ea
h sub-target position, there are two quartz blades (on the left andon the right sides of ea
h sub-target and immediately downstream from it). The bladesemit �Cerenkov radiation when 
rossed by 
harged parti
les (mostly � and K) originatingfrom in-target intera
tions. In addition to this signal, Æ ele
trons are produ
ed simplywhen the beam 
rosses the target, independently of nu
lear 
ollisions, and this 
reates anoise whi
h is also seen by the quartz blades. There is then a minimal threshold belowwhi
h the dete
tor 
annot be used. (see Figure 2.2).The two quartz blades are lo
ated before the �rst sub-target position, to dete
t lead-air intera
tions upstream from the target. Figure 2.3 shows the target region, togetherwith the 
entrality dete
tors.2.3 Dete
tors for the 
entrality measurementsIn order to determine the 
entrality of the Pb-Pb 
ollisions, two 
alorimeters and a multi-pli
ity dete
tor are invited. The ele
tromagneti
 
alorimeter (EMC) and the zero degree
alorimeter (ZDC) are 
onstru
ted to measure the neutral transverse energy of the pro-du
ed parti
les and the energy of the spe
tator nu
leons and the fragments of the 
ollision,29



30 Experimental apparatus

Figure 2.2: The layout of the a
tive target (in 2000 data runs, only1 sub-target lo
ated at position 4) region.respe
tively. The multipli
ity dete
tor measures the multipli
ity of 
harged parti
les pro-du
ed.2.3.1 The multipli
ity dete
torThe multipli
ity dete
tor (see Figure 2.4) is pla
ed downstream from the target and beforethe preabsorber. It is made of two planes (MD1 and MD2) with about 7000 sili
on mi
ro-strips for ea
h, in a ring shape [73℄. Sin
e sili
on is a hard radiation material, the dete
tor
an be put right next to the intera
tion region. The two planes allow for the muon tra
kingand identi�
ation of the sub-target, where the 
ollision o

ured. The multipli
ity of the
harged parti
les produ
ed is measured from the strip o

upan
y. The superposition ofthe two planes 
overs the pseudo-rapidity region � 2 (1:9 ; 4:2) [74℄.2.3.2 The ele
tromagneti
 
alorimeterThe ele
tromagneti
 
alorimeter is lo
ated after the multipli
ity dete
tor. Its inner regionis �lled by the preabsorber. The EMC is made of four 
on
entri
 hexagonal \rings" withsix sextants for ea
h, and dete
ts the neutral parti
les in the pseudo-rapidity interval1:1 � � � 2:3 , out of the spe
trometer a

eptan
e.The 
alorimeter is made of lead and s
intillating �bers. There are many �0s produ
edin Pb-Pb 
ollisions, they have a short lifetime, de
aying into the photon pairs. TheEle
tromagneti
 
as
ades begin in the lead, and en
ounter the s
intillating �bers. The�bers are a
tive and sensitive elements of the 
alorimeter, and transport the signal up30



2.3 Dete
tors for the 
entrality measurements 31
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Figure 2.3: A s
hemati
 view of the NA50 apparatus in targetregion.to the photomultipliers. The neutral transverse energy produ
ed is 
al
ulated from theexpression : ET = CN 4Xi=1 Ei sin �i ; (2.1)where CN is the normalization 
onstant, depending on the sub-target position where theintera
tion o

ured, and the variable i is for the four 
alorimeter rings. The angle �i isthe angle de�ned by the ith ring and the beam line from the sub-target position N .The neutral transverse energy resolution [75℄ for the NA50 experiment is ,�(ET )ET = 0:62qET (GeV) ; (2.2)i.e., about 14% at ET=20 GeV, and about 6.2% at ET=100 GeV.2.3.3 The Zero Degree CalorimeterThe zero degree 
alorimeter is pla
ed inside of the absorber, along the beam line. It ismade of tantalum 
onversion plates, with sili
on opti
al �bers inserted. Measurements31



32 Experimental apparatus

Figure 2.4: The multipli
ity dete
tor planes MD1 and MD2.are based on the �Cerenkov e�e
t. The dete
tor is pre
eded by a 
opper 
ollimator 60
m long, with 
entral 
oni
al shaped hole whose diameter is only slightly larger than thebeam transversal dispersion, in order to prevent the ZDC from 
ounting deposited energyby the produ
ed parti
les (see Figure 2.5) .

Figure 2.5: The zero degree 
alorimeterIn the dete
tor's a
tive region the quartz �bers are oriented parallel to the beam,along 65 
m (� 20�I). They are then 
urved at 90 o , working as light-guides up to32



2.4 The Muon spe
trometer 33the photomultipliers. The ZDC measures the parti
les' deposited energy in the pseudo-rapidity region � � 6:3.The energy resolution of this dete
tor when using lead beam at 158 GeV/
 per nu
leonis [75, 76, 77℄: �(EZDC)EZDC = 3:39pEZDC(GeV) + 0:062 + 1227EZDC(GeV) ; (2.3)i.e. , 12% for ET � 20 GeV (EZDC � 28 TeV) and 25% for ET � 100 GeV (EZDC � 8TeV) .Besides the measurement of the non-parti
ipant parti
les energy, the ZDC also allowsfor pile-up beam identi�
ation, 
ompletely independent from the beam hodos
ope BH.The two dete
tors together a

omplish an eÆ
ien
y for the beam pile-up reje
tion higherthan 99% .2.4 The Muon spe
trometerThe NA50 muon spe
trometer, made of absorbers, multiwire 
hambers, s
intillating ho-dos
ope and a de
e
tor magnet, was 
on
eived and previously used by the past experimentNA10 and NA38. It sele
ts 
orrelated muons, allowing to re
onstru
t muon tra
ks andidentify the produ
tion vertexes.The spe
trometer 
onsists of two teles
opes (sets of multiwire 
hambers and ho-dos
opes) [8℄, with a magnet in between, 
overing the pseudo-a

eptan
e region 2:8 �� � 4:0 (see Figure 2.6).2.4.1 AbsorbersLead ion 
ollisions produ
e a huge amount of parti
les, mainly pions and kaons thathave a large probability to de
ay into muons, thus leading to a large ba
kground to thedimuon signal dete
tion. The absorbers minimize this ba
kground, otherwise this largeba
kground would saturate the multiwire 
hambers and hodos
ope.In NA50 there is a beryllium oxide (BeO) pre-absorber �lling the inner region ofthe ele
tromagneti
 
alorimeter and extending as a 
one up to the main absorber of theexperiment. It is basi
ally a blo
k of material 60 
m long, with a 
ertain hole for thenon-intera
ting beam to pass through.The main absorber of the experiment, shown in Figure 2.7, is 4.8 m in length and madeof uranium blo
ks for the most 
entral part, iron and 
arbon blo
ks next, and 
on
rete33
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Figure 2.6: The muon spe
trometerin the more exterior layer, 
overing an angular a

eptan
e for in-target events from 32 to116 mrad.

Figure 2.7: The absorber34



2.4 The Muon spe
trometer 35The absorbers stop the produ
ed hadrons, but on the other hand, they are a sour
e ofmulti-s
attering for the muons. So the 
hoi
e of materials when building an absorber isdone by maximizing the intera
tion length �I (�I / A1=3), so that the produ
ed hadronsare absorbed, while minimizing the radiation length X0 (X0 / A=Z2), so that the energyloss of muons is as less as possible (�dEdx / ZA), as well as the multi-s
attering (thes
attering angle being �0 / ql=X0 ).The last absorber, an iron wall 1.2 m thi
k, is pla
ed before the fourth s
intillatinghodos
ope. From all the in-target produ
ed parti
les, only the muons 
an survive 
rossingthis last absorber.2.4.2 S
intillating hodos
opesThe four s
intillating hodos
opes, two per teles
ope, give the time 
oin
iden
es that pro-du
e the dimuon trigger of the experiment. They have an hexagonal symmetry, ea
hsextant being made of s
intillators (30 for R1 and R2, 24 for R3 and 32 for R4), pla
edparallel to the exterior border of sextant. S
intillators R1 and R2 are homotheti
 withrespe
t to the target, so that the 
oin
iden
e V i = R1 i�R2 i (or �R2 i�1) between two iS
intillators of R1 and R2 is de�ned when a parti
le 
oming from the target region 
rossesthem (see Figure 2.8).

Figure 2.8: A s
hemati
 view of the s
intillating hodos
opesThe trigger hodos
ope eÆ
ien
y is 
ontrolled by two other hodos
opes, P1 and P2,pla
ed before and after the magnet (see in Figure 2.1), during dedi
ated spe
ial runs.2.4.3 Multiwire proportional 
hambersThe eight multiwire proportional 
hambers from PC1 to PC8, four per teles
ope, are usedfor tra
king of the muon traje
tory, from the physi
al address of tou
hed wires. They have35



36 Experimental apparatushexagonal symmetry, ea
h 
hamber having three independent wire planes, spa
ed 2.2 
mapart and rotated by 60o with respe
t to ea
h other (in Figure 2.9).

Figure 2.9: The Multiwire proportional 
hambers PC1 to PC8.Spa
ing between wires is 0.3 
m, thus having a spa
ial resolution of 0:3=p12 
m. Theinside volume of the 
hambers, in between 
athodes and in the wires (anodes) is �lledwith a gas mixture at atmospheri
 pressure. When a muon 
rosses the 
hamber, ele
tronsare emitted due to the gas ionization, and these are attra
ted to the wires be
ause of theapplied magneti
 �eld.2.4.4 The MagnetThe dete
tor magnet ACM (from Air-Core Magnet) between the two teles
opes is an ironand air magnet with hexagonal symmetry, where the iron se
tors represent only 30% ofthe total region. With a length of 4.8 m and a maximum radius of 2 m, it de�nes ana

eptan
e for the spe
trometer that is 
orresponding to the air se
tors in between 
oils.The 
urrent on the 
oils is AC with a value of 7000 A, syn
hronized with the SPS
y
le, 
reating a toroidal magneti
 �eld of B0 = 0:4 Tm :~B(r) = B0r ~u� ; (2.4)where r is the distan
e from the beam axis and ~u� is the azimuthal unitary ve
tor. When
rossing the magnet, the muon's traje
tory is de
e
ted, but keeping the same azimuthalplane. The bending angle is inversely proportional to the muon transverse momentum.36
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Figure 2.10: The magnet and the shape of magneti
 �eld.The 7000 A 
urrent on the 
oils is 
hosen su
h that the mass resolution is optimizedfor the J= � the NA38 experiment used a 4000 A 
urrent, obtaining a resolution of�J= = 145 GeV=
2 , while when using 7000 A the mass resolution is �J= = 96 GeV=
2 .But this strong magneti
 �eld e�e
t 
auses the drawba
k of low MT a

eptan
es for lowmass dimuons.2.5 The trigger system1. Dimuon TriggerFour hodos
opes (R1 to R4) provide the muon pair trigger. The �rst two hodos
opesR1 and R2 are pla
ed between the main absorber and the magnet, the other two R3and R4 are pla
ed after the magnet, one before and the other after the iron wall.The trigger eÆ
ien
y is measured with a new system of two hodos
opes P1 and P2,espe
ially designed and adapted for this purpose (see Figure 2.1).The dimuon trigger sele
t events in whi
h dimuons are produ
ed by intera
tion inthe target, and reje
t muons from intera
tions in the beam absorber. Dimuon trigger�rstly sele
ts events in whi
h the 2 tra
ks of a dimuon 
andidate originated in thetarget have 
rossed the spe
trometer in 2 di�erent sextants. This trigger is based onthe 
oin
iden
e between the s
intillators of R1 and R2 hodos
opes. Thus the muonsthat have been strongly de
e
ted in the absorber be
ause of the multiple s
atteringare eliminated. Then the obtained signal is put in 
oin
iden
e with the R3 and R4hodos
opes. The trigger system also provides a rough value of the de
e
tion angle,the transverse momentum pT of ea
h muon.37



38 Experimental apparatusIn order to get a better pre
ision on the timing of the dimuon trigger, whi
h isopening the ADC, starting the TDC, and then in parti
ular a better stability forthe studies of the shape of the signals from the 
alorimeter, the dimuon trigger isused as a 5ns gate for the BH signals. The output of this 
oin
iden
e is used asdimuon trigger, and has a mu
h better pre
ision (roughly from 6ns FWHM to 0.3).In 2000, this pro
edure has been extended to all trigger, in order to avoid any biasin the 
omparisons (espe
ially 
riti
al after the ET knee)2. Minimum Bias ZDC TriggerThe trigger signal is re
orded ea
h time when the ZDC signal is higher than a �xedthreshold. A very low threshold value has been 
hosen in order to have a signalea
h time whenever something 
omes into the ZDC. Most of the triggers are eventsthat a Pb ion did not intera
t in the target and thus deposited all its energy in the
alorimeter.3. Minimum Bias BH TriggerThe 16 
onstituent quartz blades of the Beam Hodos
ope (BH) are used to 
ountthe in
oming ions on the Pb beam. one of the 16 blades, the 4th, is used for a newminimum bias trigger. In order to 
ope with the asquisition rate, it is pres
aled.The interest of this minimum bias trigger is that it is a priori independent of thetransverse energy, whi
h is important in parti
ular regarding the high ET behaviour.
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2.6 The data a
quisition system and the re
onstru
tion of tra
ks 392.6 The data a
quisition system and the re
onstru
-tion of tra
ksNormal data taking 
onditions mean a lean ion beam with a nominal data a
quisition rateof 1.5 Mby/s [8℄. In order to pro
ess the data as the fastest way as possible, minimizingthe dead time, ea
h sub-dete
tor a
quisition (partition) is pro
essed in parallel.During the 4.5 s spill ea
h sub-dete
tor information is stored in a temporary memory,through a network of 24 transputers, with maximum storage of 5000 events per burst, upto � 20 Mega bytes of the data.The burst information is then transferred to a memory lo
ated in the a
quisition unit.During the inter-burst, for ea
h event a mi
ropro
essor reads all the partitions, and veri�esthe presen
e of the information from all the dete
tors, and its 
oheren
e. After validation,the data 
orresponding to all the events of the burst are re
orded in magneti
 tape.The re
onstru
tion of the muon traje
tories is done o�-line, by the programDIMUREC.The re
onstru
tion of tra
ks is sket
hed in Figure 2.11.

Figure 2.11: The s
hemati
 view of the re
onstru
tion of tra
ks.
2.7 Experimental improvements for 2000 runsIn summary, for 2000 data taking, there are several improvements of experimental 
ondi-tions, in
luding 39



40 Experimental apparatus1. Only 1 sub-target is used and put in the va
uum up to the pre-absorber, in orderto remove the air in the target region ;2. A new method to dete
t double intera
tions is developed, based on the EMC dete
-tor ;3. A new target identi�
ation method is used, based on the better 
orrelation betweenthe number of hits on the two MD planes ;4. Minimum bias trigger is improved in two ways: the timing of all triggers is improvedby using a 
oin
iden
e with BH blades; and a new minimum bias trigger is built,based on beam hodos
ope (BH)These improvements are aiming at dete
ting the peripheral 
ollisions for Pb-Pb. Asa 
onsequen
e, the minimum bias 
an go up to ET = 3 GeV, and rea
h full eÆ
ien
y atET = 15 GeV.

40



Chapter 3Data Sele
tion and AnalysisTreatmentThe raw experimental data re
orded in the magneti
 tapes 
onsists of information of �redwires in the 
hambers, signal amplitudes in the 
alorimeter rings, hodos
ope and sub-dete
tors. After the tra
k re
onstru
tion done o�-line, the 
ompressed information of thekinemati
 variables of the two muons, and of the sub-dete
tors of ea
h event is kept in�DST (Mi
ro Data Storage Tapes). More detailed raw information is available at the�DST stage thanks to several sets of additional �DST.For Pb-Pb 2000 data runs, two su

essive produ
tions of standard and additional�DSTs have been 
ompleted at CERN. In this analysis, it is referred to the 2nd (�nal)version produ
tion of �DSTs, in
luding in parti
ular a new re
onstru
tion method [78℄,leading to 10% more re
onstru
ted muon pairs before 
uts.The RELMIC program reads the �DSTs and provides the physi
al information. Theevent sele
tion is done at this stage. All the tra
ks passing outside the �du
ial regionof the dete
tor are reje
ted, as well as the image 
ut is performed (see below). Theseprimary event sele
tions are done in RELMIC program.The information used for the event sele
tion :1. the beam pileup : NIBHTD, NIBHAD, NIZDC ;2. the intera
tion pileup : NICALO (T0J 1 ) ;3. the upstream intera
tion in the target : NPARAS ;4. the target identi�
ation : NOCIBI, NOCIMD ;1It is the trigger timing with respe
t to the in
oming ions with a time instability about 1ns.41



42 Data Sele
tion and Analysis Treatment5. the beam quality : NOHALO 2 ;6. the re
onstru
tion quality of the tra
ks : P*Dtarg, Global 
uts ;7. the 
entrality 
orrelation: ET � EZDC Diagonal (Banana) 
ut ;The meaning of these variables will be pre
ised in the following.The data produ
tion of �DST tapes are separated into four parts: runs 9199-9558,runs 9559-9827, runs 9115-9197 and runs 9718-9757. These runs 
orrespond respe
tivelyto the tapes NV0400-NV0407 and NV0408-NV0415 (the last part is 
orresponding to LowIntensity runs).3.1 The image 
utIn a given magneti
 �eld, the spe
trometer a

eptan
e is not the same for positive andnegative 
harged muons. This 
ould be a problem for the 
ombinatorial ba
kgrounddetermination [80℄. The image 
ut is aiming at symmetrizing these a

eptan
es.The image tra
k is a simulated tra
k obtained by 
onsidering the same momentumthan the original tra
k, but with an opposite muon 
harge. The image 
ut is reje
t-ing the original tra
k whose image is not a

epted by the dete
tor geometry or by there
onstru
tion 
riteria or 
uts.3.2 The Pileup 
utThe Pileup events are referring to either beam pileup in the BH, or intera
tion pileupevents in EMC dete
tors.BH dete
tor's purposes is to identify the beam pileup when two or more in
oming ionsare seen by the dete
tor in a � 20 ns time window. This 
ut is done through NIBHTD byusing the BH TDCs and BH ADC information. The 
ut e�e
t of pileup is seen in Figure3.1.Another beam pileup reje
tion is identi�ed by the ZDC through the variable NIZDC.ZDC is used to measure the non-parti
ipant fragment energy. It also allows for pileupreje
tion, and its ineÆ
ien
y is independent from the BH one. So the BH and ZDCdete
tors together eÆ
iently reje
t the beam pileup events up to higher than 96%.2For 2000 data, the 
ut NOHALO from the anti-halo dete
tor was not used, sin
e it was observed tobias transverse energy (ET ) spe
trum for 
entral Pb-Pb 
ollisions, probably be
ause of the ba
k-s
atteringfrom the target.[79℄. Anyway it was mostly redundant with NPARAS.42



3.3 The target identi�
ation (NOCIBI and NOCIMD) 43
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Figure 3.1: Pile-up (left) and NPARAS (right) 
ut e�e
ts on mini-mum bias ET spe
trum.The intera
tion dete
tors 
an identify any possible intera
tions having taken pla
e inthe BH itself. These upstream intera
tions introdu
e in the target region some \para-site" events, as des
ribed in se
tion 2.1.2. S
intillators of BHI and BHI-New 
an dete
tintera
tions in BH (variable NPARAS). The e�e
t of NPARAS 
ut is plotted in Figure3.1.Intera
tion pileup events are identi�ed by the variable NICALO. NICALO informationreje
ts the pileup of intera
ting events. This is seen by the EMC dete
tor, through ananalysis of the time shape of the signal, and it has been veri�ed to be reliable ex
ept forvery low ET , due to the 
u
tuations of small signals in the 
alorimeter. Other parasiteevents are also reje
ted by this 
ut (see Figure 3.2). So in this study, we 
onsider NICALOand BH PILEUP 
uts in order to have the 
leanest minimum bias sample a
hievable.3.3 The target identi�
ation (NOCIBI and NOCIMD)The target sele
tion is to a

ept only events for whi
h the a
tive target system identi�esan intera
tion in the position where the lead sub-target is lo
ated (for 2000 data, onlyNOCIBI=4).An event sele
tion based on a target identi�
ation using the multipli
ity dete
torhas also been studied in [63℄. The tra
ks from se
ondary parti
les dete
ted by the twomultipli
ity dete
tor planes are extrapolated to the target region, pointing to the sub-target region where the intera
tion o

urred (the variable NOCIMD). With respe
t to43
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ut; after 
ut. Dimuon: before 
ut; after 
ut.
ET

EZDCFigure 3.2: NICALO 
ut in
uen
e on minimum bias (BH) andDimuon trigger events in ET � EZDC plane.1996 and 1998 data, a better 
orrelation between the number of hits on the two MDplanes (MD1 and MD2) is obtained in 2000 as a 
onsequen
e of the va
uum up to thepre-absorber, removing the air in the region of the only target used. NOCIMD has abetter eÆ
ien
y than NOCIBI in peripheral intera
tions, it is even sensitive enough toreje
t the low ET ba
kground (see in [74℄). In �gure 3.3, the minimum bias (BH Trigger)ET spe
trum 
ut with NOCIMD=4 displays that a low ET dip is strongly redu
ed withrespe
t to the one obtained with NOCIBI=4. For dimuon trigger, the e�e
t is very similar.In the following analysis the 
ut NOCIMD=4 is used.3.4 P*Dtarg 
ut on tra
ksThe geometri
al parameters for the re
onstru
tion are studied so as to eliminate the tra
kswhose produ
tion is out of the intera
tion region or whose tra
ks have been 
onsideredto be damaged.The event sele
tion is improved with the P*Dtarg 
ut variable, where the distan
eDtarg is the distan
e, in the transverse plane for the axis z, between the position N(0; 0; z Target)and the re
onstru
ted tra
k position M(dx; dy; z Target), seen in Figure 3.4. The distan
eDtarg is 
al
ulated as : Dtarg = q(dx)2 + (dy)2 : (3.1)On the target plane, the tra
ks whose extrapolation is too far from the vertex in thebeam line are reje
ted. P*Dtarg are tuned to take into a

ount the fa
t that there is adi�erent behavior for 
onvergent or divergent tra
ks. Being due to multiple s
attering in44
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omparison of the ET spe
tra with NOCIBI andNOCIMD 
uts. Top plots show the spe
tra obtained using BHtrigger, whereas the bottom plots are the spe
tra obtained usingdimuon trigger.
the absorber, the distan
e Dtarg varies inversely with the tra
k's momentum, so that thequantity P*Dtarg is approximately independent of the momentum, and has a gaussiandistribution shape. Therefore, (P�Dtarg)2 shows a �2 probability distribution. �2 prob-ability is used as the 
ut variable instead but equivallently to P*Dtarg, at 2% level for2000 data. 45
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Figure 3.4: De�nitions of P*Dtarg, DMAG and DPHI variables.3.5 The Minimum bias spe
tra analysisSele
ted variables from �DST are re
orded into NTuples, 
orresponding to 4 periods:(Low Intensity runs) part 1 9718� 9757 ;(Other runs) part 2 other runs ;(Beginning runs) part 3 9115� 9197 ;(End runs) part 4 9760� 9827 ;Figure 3.5 shows the Minimum Bias (BH Trigger) ET spe
tra for the four periods. One
an see in the �gure 3.5 the di�eren
e at low ET region for the runs part3, due to the la
kof EMC NICALO information for these runs. This period is not kept in the analysis.In order to 
ompare the ET spe
tra behaviors with respe
t to di�erent periods, theratios of part1, part3 and part4 to part2 are plotted in �gure 3.7.The same work is done for ZDC Trigger and Dimuon Trigger, as shown in �gure 3.6for the ET spe
tra (part2). The ratios of ZDC Trigger ET spe
tra during di�erent periodsare plotted in �gure 3.8. Through 
omparing the plots between �gure 3.7 and �gure 3.8,one 
an 
on
lude that, for this data-taking, the BH Trigger is more stable than the ZDCTrigger. So in the following analysis, we 
onsider only the BH trigger minimum bias.3.6 Study of ET as a fun
tion of EZDCAfter the pileup 
uts, the intera
tion 
uts, and the geometri
al 
uts for tra
ks, there arestill some ba
kground events left, as seen from the �gure 3.9 for Dimuon trigger and BH46
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Figure 3.5: Minimum bias BH Trigger ET spe
tra for four datataking periods.
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Figure 3.6: Minimum bias ZDC Trigger (left) and Dimuon Trigger(right) ET spe
tra (any dimuons) for the data part 2trigger. A diagonal 
ut (simplest \Banana" 
ut) is the sele
tion of the events within aET �EZDC band (
orresponding to the approximate linear shape 
orrelation between theNA50 ele
tromagneti
 and zero degree 
alorimeters).This diagonal 
ut should not introdu
e any bias in the results, in parti
ular:� no e�e
t on the ratio of dimuons to minimum bias, in parti
ular at high ET ;47
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tra (BH trigger) obtained from di�er-ent data taking periods: Ratios of Part1(left), Part3(middle) andPart4(right) to Part2 .
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Figure 3.8: Ratios of ET spe
tra (ZDC trigger) obtained from dif-ferent data taking periods: Ratios of Part1(left), Part3(middle) andPart4(right) to Part2 .� no e�e
t on the shape of the minimum bias spe
trum;The �rst 
ondition is a more 
riti
al question that will be adressed in the followingse
tion, where it will be veri�ed that the banana 
ut does not introdu
e visible e�e
t. Forthe se
ond one we study the 
orrelation beween ET and EZDC .For this we perform a rotation in the ET�EZDC plane toward new variables E 0T -E 0ZDC(�gure 3.10). In ea
h E 0T sli
e, the E 0ZDC spe
trum 
an be approximated by a gaussianfun
tion. The mean and width values are extra
ted by �ts and are plotted in Figure 3.11.48
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orrelation for Dimuon trigger (left) and forBH trigger (right) with minimal event level � 1.
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Figure 3.10: The illustration of the transformation pre
edure fromET -EZDC plane (left) to E 0T -E 0ZDC plane (right).From Figure 3.11, one 
an see that the E 0T -E 0ZDC 
orrelation is wider at high intensitythan at low intensity, furthermore the mean value is 
hanging. This implies that a diagonal
ut 
ould 
reate a bias in the minimum bias spe
trum, if too stri
t.49
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EZDC1Figure 3.11: Left: The dependen
es on E 0T of the mean and thesigma of E 0ZDC spe
trum for BH and Dimuon trigger of Low andHigh intensity runs separately. Right: A typi
al distribution ofE 0ZDC .After rotation E 0T is a mixture of ET and EZDC , and this has the drawba
k of mixingdi�erent dete
tor resolutions, so we go ba
k to usual ET . hET i and �ET values extra
tedfrom �t to ET spe
tra for various EZDC sli
es are presented in �gure 3.12. Also inthis view, ex
ept for most peripheral and 
entral 
ollisions where the edge e�e
ts o

ur,the apparent �ET whi
h is again a 
ombined e�e
t with EZDC , appears 
onstant. Adiagonal 
ut with parallel lines seems to be 
on�rmed here to 
orrespond to the ET -EZDC
orrelation observed, with the 
ondition of a loose 
ut in order not to signi�
antly biasthe minimum bias spe
trum, sin
e the ET -EZDC 
orrelation is not perfe
tly linear.Finally, to determine the line of maximum 
orrelation between the two variables ETand EZDC , it is done with this rotation method. The varian
e of the values around theline of the maximum 
orrelation is �tted with a gaussian fun
tion, the rotation angle istuned by minimizing the gaussian width of the �t in the proje
tion of the transverse axis.50
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Figure 3.12: A dependen
e of hET i and �ET on EZDC (minimumbias BH trigger) for low and high intensity runs.Figure 3.13 shows the 
ut sele
ted in the transverse axis of the ET -EZDC 
orrelation. Thetwo lines are 
al
ulated to 
ut the gaussian tails with a 3� in the ET -EZDC plane, in orderto determine the 
ut band. In this way, the relationship between the transverse neutralenergy released ET and the beam spe
tators energy EZDC in the a

eptan
e window isexpressed as [81℄:(102:2170� 0:003693� EZDC) < ET < (158:3892� 0:003693� EZDC) : (3.2)3.7 Consisten
y of minimum bias analyses for dimuons1996 and 1998 data have shown interesting suppression of the J/ produ
tion for veryhigh ET domain, above the knee. Reintera
tions have been suspe
ted of being the originof the observation of an apparent rise of the ratio J= =MB. This region is deli
ate sin
ethere is a strong exponential de
rease, and that minimum bias trigger and muon pairstrigger 
ould su�er di�erent systemati
al e�e
ts (this is also true for other ET regions). Forthe last data taken, in order to get a redundan
y and to minimize potential di�eren
esbetween dimuon and minimum bias trigger, a se
ond minimum bias trigger has been51
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Figure 3.13: ET{EZDC 
orrelation after Banana 
ut, left DimuonTrigger, right BH Trigger.realized with the BH (beam hodos
ope), and all the trigger have been re-timed thanks tothe BH blades.In order to tra
k possible systemati
al e�e
ts between dimuons and minimum bias, wewill perform an extensive 
omparison between the various muon pair produ
tions dividedby the minimum bias, as a fun
tion of ET .Su
h a 
onsisten
y pi
ture is a basi
 requirement for studying any multipli
ity withrespe
t to ET . Every trend 
ommon to all muon pairs, independent of the muon sign orthe pair mass, should indi
ate a potential bias in the minimum bias spe
trum.First we will look at this 
omparison, then to its sensitivity to 
uts, then to runsele
tion.The ratios are studied for di�erent events sele
tion :� Banana 
uts presented in �gure 3.14;� P*Dtarg� 1:5 � P�Dtarg 
ut;� Zvertex� 50 
m 
ut;For 
onvenien
e, the ratios 
onsidered here are Np=(MB � E2T ), where Np is the numberof muon pairs (Like-Sign, Opposite-Sign and signal muon pairs of various masses), MBis the number of minimum bias events and ET the average transverse energy.The Figure 3.15 and Figure 3.16 show that after the knee 3, all the muon pairs in
luding3The edge of the resolution of E.M.C. and the same physi
al e�e
ts from the 
u
tuations of ET at agiven impa
t parameter b in NN 
ollisions. 52



3.7 Consisten
y of minimum bias analyses for dimuons 53signal display similar behavior. It is independent of the low ET behavior, sin
e theOpposite-sign and Like-sign muon pairs have very di�erent low ET behaviors. Thus it isnot linked to the re-intera
tions, whi
h should otherwise introdu
e opposite e�e
ts in thehigh ET behaviour.So the only a

eptable behavior here is the 
atness. This is also 
onsistent with apredominan
e of the ET experimental resolution in the shape of the spe
trum after theknee (see the se
tion 3.11.1).The observed in
rease for high ET is not asso
iated with banana 
ut: the same trendis visible for all 
onsidered 
uts.
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EZDC GeVFigure 3.14: ET -EZDC 
orrelation for 4 di�erent Banana 
uts.By using ONLY high intensity data of part2 and part4 (see �gure 3.17 and 3.18), theLike-Sign dimuons, Opposite-Sign dimuons and Signal dimuons display a 
at behaviorafter the knee. This shows that it is possible to sele
t a subset of the runs in whi
h thedimuon spe
tra display a regular 
at tenden
y, and all the \multipli
ities" � dimuonpairs from di�erent sour
es divided by minimum bias have a reasonable regular shapes(see �gure 3.17 and 3.18). 53
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ET (GeV)Figure 3.15: The yields of like-sign, opposite-sign and signal dimuonpairs as a fun
tion of ET for four di�erent Banana 
uts (part 1,2,4data).From the analysis above, one 
an 
on
lude that by using the data of part2 and part4,the ratio of dimuon to minimum bias display a regular 
at tenden
y at high ET . This isnot sensitive to the di�erent 
uts. Finally, the data from part2 and part4 (high intensity)are 
hosen for the analysis.Only dimuons without mass sele
tion have been presented in the previous study, but54
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uts (part1,2,4 data).typi
al mass domains have also been 
onsidered, showing the same trend. Figure 3.19shows the raw data results of ratios of J/ , � and ! mass domains to minimum bias asa fun
tion of ET for the 
hosen run sele
tion. ! appears 
at; � shows a in
rease, and forJ/ , an anomalous drop is seen for ET around 50 GeV.
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ET (GeV)Figure 3.17: The yields of like-sign, opposite-sign and signal dimuonpairs as a fun
tion of ET for four di�erent Banana 
uts (ONLY part2,4 data).3.8 Determination of eÆ
ien
y 
orre
tionsThe 
uts on the data are performed in the order PILEUP, NPARAS, NOCIMD, NICALO,T0J, NIZDC, P*Dtarg (for Dimuon trigger) and Banana, as explained before. The dif-ferent eÆ
ien
y values 
al
ulated from the data are listed in the Table 3.1 for BH trigger56
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58 Data Sele
tion and Analysis TreatmentCUT BH s
aler dimuons minimum bias�DAQ 0.96 � 0.01� PILEUP 0.65 � 0.02� NPARAS 0.964 � 0.005� NOCIMD 0.97 � 0.004 0.97 � 0.004� NICALO 0.864 � 0.02 0.84 � 0.02� T0J 0.89 � 0.02 0.97 � 0.02� NIZDC 0.998 � 0.005 1.00 � 0.005� Banana 0.96 � 0.005 0.96 � 0.005� P�Dtarg 0.95 � 0.005� ��TRIG 0.92 � 0.02� Re
ons 0.953 � 0.013Table 3.1: Corre
tions applied to luminosity, dimuons or minimumbias, in order to take into a

ount the signal reje
tion by ba
k-ground 
uts.and Dimuon trigger.The various 
uts used are aiming at removing ba
kgrounds, like NICALO, NOCIMD,or removing biased events, like PILEUP or NPARAS 
uts. But these 
uts also reje
t partof the signal that we want to study, or modify the amount of in
oming beam. Figure3.20 displays the e�e
t of these 
uts on J/ events. For minimum bias triggers, the samequantity (fra
tion of remaining events after 
ut with respe
t to the number of eventsbefore the 
ut) is also displayed with PILEUP and NPARAS 
uts. J/ mass domain is
onsidered here as an attempt to estimate the e�e
t of the 
ut on the signal, sin
e somespurious sour
es as 
ollisions in the entran
e of the absorber does not lead to a dimuonsignal with a 
orre
t mass, and inversely the J/ peak 
ould be expe
ted to 
ontainmostly dimuons originating from the target.The e�e
t of PILEUP 
ut is very di�erent for J/ and for minimum bias triggers.Minimum bias triggers display a 35% de
rease in the lowest ET bin, then a rather 
onstant53% de
rease, for higher ET . This pe
uliar trend is due to the fa
t that pile up events
ontains two in
oming ions, and ea
h of them has about 10% probability to intera
t inthe target, produ
ing a non \zero" transverse energy. So the e�e
t on non intera
ting(zero) events is 35% whereas the e�e
t on the intera
ting event is twi
e as important, i.e.,58
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ET GeV ET GeVFigure 3.20: Left: the fra
tion of the raw J/ signal remaining aftervarious 
uts as a fun
tion of ET ; Right: the fra
tion of minimumbias remaining after various 
uts as a fun
tion of ET .0:35�2=(0:35�2+0:65) = 0:51 . This e�e
t does not hold for J/ be
ause it is a trigger.Most of the 
uts are weakly depending on the transverse energy, ex
ept for theNPARAS 
ut. These events, where only a fragment of Pb ion rea
hes the target re-gion, must lead to lower average ET , but what is seen here is not intera
tion in thetarget. The NPARAS events are asso
iated to a bump in J/ ET spe
trum, visible in�gure 3.21. What is the origin of this bump? One 
ould imagine two possible origins:the ET asso
iated to parti
les produ
ed in the BH, or asso
iated to an intera
tion of theremaining fragment before the ele
tromagneti
 
alorimeter. It is interesting to remarkalso that these events are asso
iated with a ET bump also for minimum bias events (see�gure 3.1), so the \target" produ
ing this transverse energy is not the normal target,whi
h has only an intera
tion probability of 1/10. Looking at the �gure 3.22 one observesthat the J/ is depla
ed toward lower masses for the events 
uts by NPARAS. This isthe sign of an origin downstream from the target4. The fra
tion of events reje
ted by theNPARAS 
ut is 6.5% for the minimum bias, this shows that the threshold on the BHI4In this 
ase the dimuon is re
onstru
ted with a vertex 
orresponding to the target, the opening angleof the muon pair is lowered with respe
t to the true value.59



60 Data Sele
tion and Analysis Treatmentand BHI new used for this sele
tion are very low, sin
e only 2% intera
tion is expe
tedin the 0.7 mm of quartz of the BH. The fra
tion of J/ reje
ted is mu
h higher, 28%.This shows that the 2% intera
tion in the BH leads to a fragment that has quite 100%probability to intera
t, 10 times more than the non BH-intera
ted beam, leading to 20%of the J/ produ
ed. Finally, there is no reason to take into a

ount in the eÆ
ien
y forthe spurious J/ produ
ed in the absorber, and we 
an 
he
k that at high ET , reje
tionof J/ and minimum bias events are the same (see Figure 3.23), be
ause they resultfrom the random e�e
t of this 
ut. The fra
tion of in
oming ions reje
ted is then theonly 
orre
tion to apply, 6.5% on the total number of in
oming ions (given by the s
alersasso
iated to ea
h of the BH blades). The lifetime of the DAQ (4%) 
an also be takeninto a

ount as an e�e
tive de
rease of the available beam.NOCIMD 
ut is a
ting mostly at low ET , for high ET a 3% e�e
t is observed, identi
alfor J/ and minimum bias. NICALO, whi
h is aiming at pile up of intera
tion in target,is in prin
iple not useful here sin
e full pile up reje
tion is performed. Nevertheless it 
animprove the BH eÆ
ien
y for dete
ting pile up, and also reje
t additional ba
kground. Inparti
ular a ba
kground in the ET -EZDC region similar to the NPARAS spurious events,is reje
ted by NICALO (see Figure 3.2). The 
atness of the NICALO reje
tion rate withET is indi
ating that this NPARAS 
ontribution is not the dominant one, and the highET reje
tion rate is most probably a signal reje
tion, at the level of 12%.Re
onstru
tion eÆ
ien
y, muon pair trigger eÆ
ien
y and P*Dtarg 
ut on muon tra
kare only a
ting on dimuon trigger. The T0J 
ut, reje
ting events whose trigger signalhas not been 
orre
ted by BH, has a more important e�e
t for dimuon trigger than forminimum bias trigger. Figure 3.23 
on�rms that at high ET , only the PILEUP and T0J
uts lead to di�erent results for J/ and for minimum bias.Finally it is noteworthy that only these last four eÆ
ien
ies will intervene in the multi-pli
ities determinations, the others 
an
elling in the ratio between dimuon and minimumbias.
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Figure 3.21: J/ transverse energyspe
trum, before and after PILEUPand NPARAS 
uts.
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Figure 3.22: The dimuon mass spe
-trum reje
ted by the NPARAS 
utand the remaining dimuons.3.9 The pres
aling of the minimum biasIn order to 
ope with the a
quisition rate, the number of minimum bias events must belimited, to about 2�300 triggers per burst (�5s). These triggers must then be pres
aledby an important fa
tor sin
e the in
oming Pb ion rate is about 8�106 in
oming ions. Forthe BH triggers this is obtained in two 
omplementary ways (see Figure 3.24):� Only one BH blade is used in the BH trigger, this 
orresponds to typi
ally 1/16 ofthe total intensity, with variations due to the beam pro�le at the BH level ;� The BH blade logi
al signal is pres
aled by an ele
troni
 module, typi
ally 214(16384) .Finally the pres
aling is nothing but the ratio between the sum of BH s
alers, takinginto a

ount the lifetime of the a
quisition, and the minimum bias triggers at the level ofthe mi
ro-DST.The eÆ
ien
y of the pres
aling ele
troni
 modules depends on the in
oming intensity.The pres
aling then has to take this into a

ount, by an e�e
tive pres
aling whi
h ishigher than the one 
hosen by the 
ommand. This is automati
ally taken into a

ountby the ratio BH luminosity to BH minimum bias triggers when entering into RELMIC.61
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Figure 3.23: Ratio of J/ to Minimum bias eÆ
ien
y as a fun
tionof ET for di�erent 
uts.3.10 Ba
kground subtra
tionDuring the data a
quisition, both the muon pairs with opposite 
harge and the muon pairswith the same 
harge are re
orded. These later muon pairs originate from un
orrelatedde
ays of pions and kaons, whi
h are also produ
ing a 
ombinatorial ba
kground in themuon pairs with opposite 
harges. Like sign pairs are used to estimate these 
ombinatorialmuon pairs of opposite 
harge.After the image 
ut, a

eptan
es are similar for positive and negative 
harged muons,and one 
an 
onsider, under some hypothesis [80℄N�+��
omb = 2pN�+�+N���� : (3.3)As des
ribed in se
tion 2.4.4, the regular 
hanging of the polarity of the magnet�eld 
ontribute to minimize eventual systemati
 e�e
ts a

ording to the muon's 
hargein a given �eld and then improves the image 
ut eÆ
ien
y regarding the ba
kground62



3.11 The 
entrality variables of the 
ollision system 63

Figure 3.24: BH s
alers of Only oneBH blade and the BH blade logi
al sig-nal pres
aling versus run number. Figure 3.25: The ratio of Luminos-ity/BH and Luminosity/ZDC versusrun number.determination.N�+��Signal = N�+�� � 2pN�+�+N���� ���� � 2pN�+�+N���� ���	 ; (3.4)is the signal of the 
orrelated muon pairs �+�� of the opposite 
harge, where N�+�� isthe total number of measured �+�� pairs, the subs
ript � and 	 indi
ate the sign of thespe
trometer magneti
 �eld.For low multipli
ities, systemati
 deviation o

urs from the previous formula, and a
orre
tion fa
tor R (R � 1) is introdu
ed,N�+��Signal = N�+�� � 2 R pN�+�+N���� ���� � 2 R pN�+�+N���� ���	 : (3.5)In this analysis, we use: R = 1:0 + 0:4=ET : (3.6)The Figure 3.26 shows the dimuon mass spe
tra of the opposite-
harge in low mass andhigh mass domains, and the 
ombinatorial ba
kground events are superimposed in thesame �gure.3.11 The 
entrality variables of the 
ollision systemExperimentally, the 
entrality of the 
ollisions is de�ned through the transverse energy.But physi
ally speaking, a more e�e
tive 
entrality sele
tion variable is the impa
t pa-63
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2)Figure 3.26: The invariant mass spe
tra of dimuons from the sameevents and the 
ombinatorial ba
kground spe
tra (Eq.3.3) in lowmass (left) and high mass (right) domains.rameter b. Other related 
entrality variables are number of parti
ipants in the 
ollisionNpart and the number of nu
leon-nu
leon 
ollisions N
oll. Being not dire
tly a

essibleby the experiment, so they need a model to determine a

ording to the measured ET orEZDC .3.11.1 Determination of Npart and N
ollThe measurable variables of the 
entrality of the 
ollision in NA50 experiment are thetransverse energy ET , the energy deposited in the Zero Degree Calorimeter EZDC , andthe multipli
ity of the 
harged parti
les dete
ted in the Multipli
ity Dete
tor. So theGlauber Model and \Wounded Nu
leon Model" are used to determine the variables Npart,N
oll and b.Glauber ModelThe Glauber Model is a geometri
al model des
ribing the the nu
leus-nu
leus 
ollisionpro
ess [1℄. This model 
onsiders 
ollisions at impa
t parameter b, where b de�ned as theminimal distan
e between the 
enter of the proje
tile and target nu
lei. Figure 3.2764



3.11 The 
entrality variables of the 
ollision system 65gives a s
hemati
 diagram of a nu
leus-nu
leus 
ollision. Nu
leons of nu
leus A travelsalong a straight line in the nu
leus B and undergo one or multiple independent 
ollisionswith nu
leons of B, if the distan
es between their traje
tories is smaller than the distan
e
orresponding to the nu
leon-nu
leon inelasti
 
ross se
tion �0 (30 mb). (see Figure 3.27).

Figure 3.27: A s
hemati
 diagram of geometry of nu
leus-nu
leus
ollision.The nu
lear densities are des
ribed by Wood-Saxon parameterizations with 2 or 3parameters (2pF or 3pF, depending on the nu
lei [82℄ )�(r) = �01 + exp(r � r0)=C (3.7)where r is the distan
e to the 
enter of the nu
leus, r0, C, �0 are obtained from theele
tron-nu
lei s
attering experiments. Wood-Saxon distribution is plotted in Figure 3.28.We determine the number of 
ollisions thanks to a Monte Carlo 
al
ulation.They 
an also be determined analyti
ally. The probability that a nu
leon inside of thenu
leus A 
ollides with a nu
leon inside of the nu
leus B, separated by the distan
e ~s inthe transverse plane to the 
ollision axis AB, and with an impa
t parameter ~b, is:TAB(~b)�0 = Z d2s Z �A(~s; zA) dzA Z �B(~b� ~s; zB) dzB�0 (3.8)65
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Figure 3.28: Wood-Saxon distribution with �0=0.169 fm�3, r0=6.62fm, C=0.549 fm, normalized .where TAB(~b) is the nu
leon density per normalized surfa
e units, for an given impa
tparameter ~b, i.e. TAB(~b) is a thi
kness fun
tion of the nu
lei A and B in the transverseplane, with R TAB(~b)d2b = 1.The probability Pn(~b) that n nu
leon-nu
leon 
ollisions o

ur is des
ribed by a binomialfun
tion. For a given impa
t parameter ~b,Pn(~b) = (AB)!n!(AB � n)! [TAB(~b)�0℄n [1� TAB(~b)�0℄AB�n: (3.9)The inelasti
 
ross se
tion for the event produ
tion is the summation of the probabilitythat there is at least one nu
leon-nu
leon 
ollision, given by,d�ABd2b = ABXn=1Pn(~b) = 1� [1� TAB(~b)�0℄AB � 1: (3.10)The mean number of 
ollisions hn(~b)i is given by,hn(~b)i = ABXn=1n Pn(~b) = �0AB TAB(~b): (3.11)Thus, demanding at least one 
ollision, gives a mean number of nu
leon-nu
leon 
ol-lisions, N
oll(~b), N
oll(~b) = PABn=1 n Pn(~b)PABn=1 Pn(~b) � hn(~b)i = �0AB TAB(~b); (3.12)where PABn=1 Pn(~b) = 1. 66



3.11 The 
entrality variables of the 
ollision system 67Wounded Nu
leon ModelThe number of nu
leons that have parti
ipated into the AB 
ollision, Npart, 
an be
al
ulated through the \Wounded Nu
leon Model" [83℄, whi
h is also used in the GlauberModel formalism. Within this model, Npart 
an be obtained as a fun
tion of the impa
tparameter, but it 
an also be related to the dire
tly measured quantities, for instan
e,the transverse energy ET released in the 
ollision.The average number of the parti
ipant nu
leons in a AB 
ollision is,Npart = NApart +NBpart: (3.13)Thus, at a given impa
t parameter b, Npart is given by,Npart = A Z d2s Z �A(~s; zA)dzA �1� (1� �0 Z �B(~b� ~s; zB)dzB)B�+B Z d2s Z �B(~s; zB)dzB �1� (1� �0 Z �A(~b� ~s; zA)dzA)A�: (3.14)Pra
ti
ally in the MC 
al
ulation, any nu
leon su�ering a 
ollision is 
ounted as aparti
ipant nu
leon.The \Wounded Nu
leon Model" 
onsiders that the average multipli
ity of the parti
lesprodu
ed in the 
ollisions is proportional to the number of nu
leon parti
ipants. Thetransverse energy E0T measured in the experiment is proportional to the number of �0sprodu
ed. If ea
h of the parti
ipant nu
leon produ
es se
ondary hadrons with the averagenumber Nh, and ea
h of these hadrons 
arries a mean transverse energy qh, then ea
hparti
ipant 
ontributes q � qn Nh to the total transverse energy produ
ed in the 
ollision.The mean ET at a given impa
t parameter ~b ishET i(~b) = q Npart(~b); (3.15)where q is the average transverse energy per parti
ipant.Both the number of parti
ipant nu
leon at a given impa
t parameter ~b and the trans-verse energy produ
ed by ea
h parti
ipant in the 
ollision 
an 
u
tuate. These are 
on-sidered as gaussian 
u
tuations with �ET (see Equation 3.19), su
h that the dispersion[75℄ is: �2ET = a q2 Npart(~b) ; (3.16)where a is a dimensionless parameter and will be given hereafter. This ET 
u
tuations
ome from both the physi
al 
u
tuations of the transverse neutral energy at a given impa
tparameter and the ele
tromagneti
 
alorimeter dete
tor's resolution. One 
an also writethe relationship �ETET = pa qpET : (3.17)67



68 Data Sele
tion and Analysis TreatmentThe ET resolution is about 14% at ET = 20 GeV, 6.2% at ET = 100 GeV.Fit to the Min. Bias spe
trumExperimentally, the a and q parameters 
an be obtained from a �t to the minimumbias transverse energy spe
trum5 resulting from all AB 
ollisions d�MB=dET ,d�MBdET / Z d2b P (ET ;~b) �AB (3.18)where P (ET ;~b) is the probability of measuring a transverse energy ET in a 
ollision at agiven impa
t parameter ~b, des
ribed by a gaussian fun
tion,P (ET ;~b) = 1q2� aq2Npart(~b) exp�� (ET � qNpart(~b))22(aq2Npart(~b)) �: (3.19)Figure 3.29 (a) shows the �t to the Minimum Bias ET spe
trum, one 
an obtain theaverage transverse energy q = 0:2858 GeV and a = 1:342, while the Glauber MC �ndsaverage transverse energy q = 0:284 GeV, and the 
omparison between the experimentaland Glauber MC minimum bias is also plotted in Figure 3.29 (b) .Another advantage of the Glauber MC is to determine the total inelasti
 
ross se
tionof Pb+Pb 
ollisions6, whi
h obtains �Pb+Pb = 7106:97 mb. Figure 3.30 shows the 
rossse
tion spe
trum as a fun
tion of the impa
t parameter extra
ted from the Glauber MC.This is obtained by using the p-p 
ross se
tion of 30 mbarn. A higher 
ross se
tion forp-p should have led to a higher total 
ross se
tion through an in
rease of the peripheralPb-Pb intera
tions.The formula [62℄ : �Pb+Pb = 68:8(A1=3 +B1=3 � 1:32)2 ; (3.20)gives �Pb+Pb = 7606 mb, whi
h is 
omparable with the value from the Glauber MC.3.11.2 Equivalent variables of 
entrality measurementThe equivalent 
entrality variable values ET , b, Npart, and N
oll are 
omputed and listedin the Table 3.2, 
orresponding to the 9 transverse energy intervals, with 1:5 � MT �3:2 GeV=
2 for Pb+Pb 
ollisions. The �rst and se
ond ET bins are determined by GlauberModel.5program adapted from Bernard Chaurand6An inelasti
 Pb+Pb 
ollision is de�ned as the 
ollisions with at least one inelasti
 nu
leon-nu
leon
ollision. 68
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Figure 3.29: (a) Fit to the Minimum Bias ET spe
trum; (b) Com-parison with the ET spe
trum obtained within Wounded Nu
leonModel.3.11.3 Centrality sele
tion: ET or EZDC ?Experimentally, the 
entrality of AB 
ollisions is measured either by the transverse neutralenergy released (ET ), or by the beam spe
tators' energy (EZDC ) due to the fa
t thatthe impa
t parameter is not dire
tly a

essible. Is one of these observables more sensitive69
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Figure 3.30: The 
ross se
tion d�=db as a fun
tion of the impa
tparameter b 
al
ulated within the Glauber MC (unnormalized) .ET Interval (GeV) hET i (GeV) Npart N
oll b (fm) 
entrality (%)0 - 10 3.43 12 11 13.0 100.010 - 20 14.72 52 66 10.7 62.0820 - 35 27.57 97 149 9.2 48.8135 - 50 42.70 149 263 7.8 34.3850 - 65 57.73 202 389 6.4 24.0765 - 78 71.80 251 516 5.2 16.1378 - 90 84.36 295 637 4.1 10.6490 - 102 96.33 337 752 3.0 6.48> 102 109.96 385 894 0.9 3.02Table 3.2: The values of equivalent relationship for ET , Npart, N
olland b and 
entrality sele
tion (%) in 9 ET intervals.to the 
entrality ?In order to answer it, we use this Glauber Model Monte-Carlo to simultaneouslyreprodu
e the 
orrelations between ET , EZDC and b. As explained in se
tion 3.11.1,the ET spe
trum is presented in Figure 3.29. For EZDC , it is the energy released by70



3.11 The 
entrality variables of the 
ollision system 71the proje
tile spe
tator fragment. In a peripheral 
ollision, only few nu
leons undergo anintera
tion, the number of spe
tator nu
leons is large, and a large amount of energy isreleased in ZDC dete
tor. In a 
entral 
ollision, it goes to the 
ontrary, EZDC is mu
hsmaller. In a real experiment, one should take into a

ount also some parti
ipant nu
leonsplus part of se
ondary parti
les emitted in a 
ollision. So with a 
ertain impa
t parameterb, the average EZDC energy is the sum of two 
ontributions, a dominate one E spe
tZDC(b),who is proportional to the number of spe
tator nu
leons Nspe
t, plus another 
ontributionE partZDC(b), proportional to the number of parti
ipant nu
leons [75℄:hEZDC(b)i = E spe
tZDC(b) + E partZDC(b) (3.21)= 158�Nspe
t(b) + ��Npart(b)= 158� �208� Npart(b)2 �+ ��Npart(b)where 158 GeV is the energy per spe
tator nu
leon and the se
ond term ��Npart(b) is theenergy released in ZDC dete
tor by the parti
ipant nu
leons and the se
ondary parti
les(� = 5:67). The relationship between Nspe
t(b) and Npart(b) is given by Glauber Model.For a given impa
t parameter b, the EZDC values are 
u
tuating with a gaussian distribu-tion, be
ause of the experimental resolution of the ZDC dete
tor and the 
u
tuations ofNpart(b). The width �EZDC is given by Equation 2.3 (in se
tion 2.3.3). (In this equation,the �rst two terms are related to the resolutions of the dete
tor and the third term takesinto a

ount the smearing of the signals).Thus we obtain the 
orrelations of ET -b and EZDC-b as shown in Figure 3.31, also inthis �gure, the 
orrelations of ET -EZDC are shown. The top-bottom evolutions in Figure3.31 are obtained by improving the ET and EZDC \resolutions" by 50%. One 
an seefrom this �gure that when the experimental resolutions are high enough, the 
orrelationsbetween ET , EZDC and b be
ome more tightly. For ET -EZDC , the 
orrelation be
omesa line, due to the strong relationship between them in the model. In 
ontrast ET -b andEZDC-b 
orrelations, are still presenting a broad 
orrelated zone, this is not related todete
tors resolutions, but from the 
u
tuations of Npart(b) and Nspe
t(b), at a given �xedimpa
t parameter b.Figure 3.32 shows the 
orrelations of hET i � hbi and hEZDCi � hbi before and afterimproving the \resolutions" in the Monte-Carlo. This �gure is aiming at 
he
king thesensitivity of impa
t parameter b in given ET or EZDC domains, when 
hanging theresolutions. From this �gure, ET is more sele
tive to the 
entrality b than EZDC forperipheral 
ollisions, sin
e it is not biased. For 
entral 
ollisions, the both are biasedwhen 
hanging the resolutions. So if the dete
tor's resolutions are idealy high, the ET71
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olumn 3)Figure 3.31: ET -b (
olumn 1), EZDC-b (
olumn 2) and ET -EZDC (
olumn 3)
orrelations for �ET and �EZDC resolutions in
reasing from top to bottom.and EZDC are both e�e
tive 
entrality sele
tion variables for 
entral 
ollisions, we 
an notdi�er that ET is better than EZDC to estimate the 
entrality sele
tion, or on the 
ontrary.In this analysis, ET is used to sele
t the 
entrality of Pb-Pb 
ollisions.
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Figure 3.32: The dependen
e of hET i on b (left) and hEZDCi on b(right) for normal and improved resolutions.
3.12 Appli
ation to J/ analysisJ/ study is not the subje
t of this thesis but it is interesting to look at the global ET be-haviour obtained, with more ET points and using the results of the glauber 
al
ulationmade in se
tion 3.11.1.J/ study relies on Drell-Yan produ
tion as a referen
e, the later being a well studiedpro
ess of the annihilation of one quark from the target-nu
leon with another quark fromthe proje
tile-nu
leon. Drell-Yan yield is observed to be proportional to the number ofnu
leon-nu
leon 
ollisions, but with a very low statisti
s. It is then diÆ
ult to studyJ= /Drell-Yan ratio be
ause of the 
u
tuations from Drell-Yan yield. As re
alled inse
tion 3.7, the ratio J= =MB has been 
onsidered in previous studies, allowing moreET bins in the analyses. The number of nu
leon-nu
leon 
ollisions N
oll should also makean alternative to Drell-Yan .For J/ we will as previously 
onsider the number of dimuons in a mass region, butalso for the sake of 
ompleteness we perform a �t using usual ingredients.73



74 Data Sele
tion and Analysis Treatment3.12.1 The �t to the mass spe
traFor the invariant masses above 2 GeV=
2 in NA50, opposite-sign muon pairs originatefrom the produ
tion of J/ ,  0 , Drell-Yan pro
ess, D �D pairs and the \ba
kground"from the � and K de
ays (see se
tion 3.10). The number of signal events is dedu
edfrom the raw number of N+� of the opposite-sign muon pairs after subtra
tion of theba
kground: N+�Signal = N+� � 2 pN++N�� ; (3.22)where N++ (resp. N��) is the number of pairs with two positive (resp. negative) 
hargedmuons. The mass distribution fun
tions of di�erent 
omponents are used the same shapesas des
ribed in [8℄, 
alled standard parametrization.In order to determine the number of events from J/ de
ay, the analysis is done asbrie
y des
ribed hereafter. The dimuon mass spe
trum above 2.9 GeV=
2 is �tted to asum of all the 
ontributions a

ounting for the 
ontinuum. The �t pro
edure of four stepsis performed with the fun
tiondN+�dM = NJ= dNJ= dM +N 0 dN 0dM +NDY dNDYdM +ND �D dND �DdM + dNBCKdM ; (3.23)by using the parametrizations given in [8℄.1. We �t the like-sign muon pairs to determine the ba
kground, in order to avoid theempty bin 
ontent than dire
tly subtra
t the ba
kground by using equation 3.22.Then the ba
kground is subtra
ted a

ording to the like-sign fun
tions [84℄ in themass range 2:1 �M � 3:6 GeV=
2 .2. Fit the mass spe
tra by the sum of the ba
kground, J/ ,  0 and Drell-Yan 
on-tributions in the mass range M > 3:05 GeV=
2 . The ba
kground is �xed from thestep 1. The free parameters are normalization of NJ= , N 0 , NDY , the mass MJ= and width �J= . For  0 , its mass is related to the mass of J/ , and the width is
onsidered to be same as J/ resonan
e. This �t step is aiming at �nd the meanvalues of the mass and width of J/ and  0 shape.3. Fit with the sum of ba
kground, J/ , D �D pairs, Drell-Yan 
ontributions in themass range 2:2 � M � 2:6 GeV=
2 . Also the ba
kground is �xed from the step1, the J/ and Drell-Yan are �xed from step 2. The only free parameter is thenormalization ND �D. This �t is to determine the D �D normalization.4. Fit with the sum of ba
kground, J/ ,  0 , Drell-Yan and D �D pairs in the massrange M > 2:9 GeV=
2 . In this �nal step �t, the ba
kground is �xed from the step74



3.12 Appli
ation to J/ analysis 751, D �D is �xed from step 3. There are 3 free parameters of the normalization NJ= ,N 0 , NDY . The mass and width of the J/ and  0 shape are �xed from step 2.This 4-step �t pro
edure is done for all the ET bins. As an example, the �tted massspe
trum is plotted in Figure 3.33.
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Figure 3.33: Fitted dimuon invariant mass spe
trum for Pb{Pb
ollisions at 158 A GeV (2000 data).
3.12.2 J/ minimum bias behaviorThe preliminary results of J/ ET spe
trum and J= =MB=N
oll as a fun
tion of ET areplotted in Figure 3.34, where MB is the number of minimum bias events. Results pre-sented here are unnormalized. From this �gure, J= =MB=N
oll result shows J/ yield is
ontinuously de
reasing per nu
leon-nu
leon 
ollision at high ET region.
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tion and Analysis Treatment

(a) (b)ET GeV ET GeVFigure 3.34: Left: ET spe
trum of J/ events; Right: unnormal-ized J/ multipli
ity per number of 
ollisions versus ET for Pb{Pb
ollisions at 158 A GeV (2000 data).
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Chapter 4
Monte-Carlo Simulation
4.1 The physi
al generation of DIMUJETThe Monte-Carlo simulation of the physi
al pro
esses who 
ontribute to the dimuon massspe
trum is done by using the 
ode DIMUJET. The �, ! and � resonan
es were 
onsidered,as well as a phenomenologi
al 
ontinuum resulting from a set of pro
esses su
h as Dalitzde
ays of the pseudo-s
alars � and �0 and the ve
tor-meson !, the Drell-Yan pro
ess andthe semi-leptoni
 de
ays ofD �D pairs. The generation is based on kinemati
al distributionsof the muon pair: the invariant dimuon massM , the transverse dimuon massMT , de�nedas qM2 + P 2T , (or transverse momentum PT ), the dimuon rapidity y, the azimuthal angle', and the variables of the muons in the Collins-Soper referen
e frame azimuthal angle 'CSand polar angle �CS. The kinemati
 domains 
onsidered, whi
h in
ludes the experimentala

eptan
e domain, are: the mass domain 0:5 < M < 3 GeV=
2 , the transverse massdomain MT > 1:3 GeV=
2 , the rapidity domain �0:25 < y < 1:25 and the polar angle�0:8 < 
os �CS < 0:8 .The generated muons are then propagated through the experimental apparatus, takinginto a

ount the energy loss and multiple s
attering (o

uring mainly in the absorber),and the geometry of the dete
tor. The a

epted events are subsequently re
onstru
tedby using the same re
onstru
tion program as for the experimental data, the DIMUREC
ode. They are submitted to the same 
uts as the experimental data. The obtainedmass distributions are used to extra
t the di�erent 
omponents in the experimental massspe
tra, and also to 
al
ulate the 
orresponding a

eptan
es.77



78 Monte-Carlo Simulation4.2 The generation fun
tion4.2.1 Generation on mass distributionThe dimuon mass spe
trum is the sum of the resonan
es �, ! and � that de
ay intodimuons, �; !; �! �+��and of a physi
al 
ontinuum whi
h is the joint 
ontribution of Dalitz de
ays (also 
alledinternal 
onversion pro
esses): �; �0 ! 

� ! 
 �+��;! ! �0
� ! �0�+��;of semi-leptoni
 de
ays of D �D pairs (i:e:, open 
harm pro
esses mainly):D+ ! �K0�+�� ;D� ! K0����� ;D0 ! K��+�� ;�D0 ! K+����� ;and of the Drell-Yan pro
ess (who is the annihilation of one quark from the target-nu
leon with another quark from the proje
tile-nu
leon, and has been better de�ned forhigh masses M > 3 GeV=
2 ): q�q ! 
� ! �+��:The �, ! and � resonan
es are simulated by using the 
lassi
al Breit-Wigner fun
tions,with the mass peaks and widths presented in the table 4.1, given by the Parti
le Physi
sData Booklet 2002 [85℄: BWr = � 2r=4(M �mr)2 + � 2r=4 ; (4.1)where r = �; !; �. This simulation uses the 
lassi
al Breit-Wigner shapes for ve
tormesons ! and �. The � resonan
e being very broad, its des
ription of the mass spe
trumas a 
lassi
al Breit-Wigner shape is not suÆ
ient [64℄ (see se
tion 1.4.3). So a phase spa
efa
tor 1=M4 is 
onsidered in the � mass region.For the 
ontinuum, a

ounting for the sum of all the pro
esses that 
ontribute toit, an e�e
tive empiri
 parametrization, namely a de
reasing exponential shape, is used,following the phenomenologi
 Drell-Yan s
aling distribution:1M3 exp (��=ps ) ;78



4.2 The generation fun
tion 79
omponent MR MeV �R MeV Generation interval of mass GeV=
2� 771.1 � 0.9 149.2� 0.7 0.311 �M �1.229! 782.57 � 0.12 8.44� 0.09 0.757 �M �0.808� 1019.456� 0.020 4.26� 0.05 0.887 �M �1.150
ontinuum 0.25 �M �3.0Table 4.1: Chara
teristi
 variable domains for 
omponents.whi
h is extended to: dNdM /M�� exp (�M=�) ; (4.2)where � and � are the adjusting parameters.The parameters and the 
hara
teristi
 variable domains used for the 
omponent sim-ulation are listed in Table 4.1 .4.2.2 Generation on rapidity distributionThe distribution of rapidity y in the 
ollision system is simulated by using a gaussianfun
tion : d�dy / exp�� y22�20� : (4.3)The distribution is 
entered at y = 0, be
ause the 
olliding system is symmetri
al. Thevalue �0 = 1:4 is used in the simulation, the used generation window is �0:25 < y < 1:25.4.2.3 Generation on transverse mass distributionThe generation on transverse mass distribution is done a

ording to a Bessel fun
tion:dNdMT /M2T K1�MT=T� ; (4.4)where MT = qM2 + P 2T , is the dimuon's transverse mass, K1 is a Bessel fun
tion, theparameter T is the inverse slope of the distribution versus MT , also 
alled \e�e
tivetemperature". In this simulation, T = 230 MeV is used, the 
hosen window is 0 �PT � 5:0 GeV=
, and MT � 1:3 GeV=
2 . When MT >> T , the formula 4.4 
an beapproximated by : dNdMT /M3=2T exp(�MT =T ) ;79



80 Monte-Carlo Simulationand another formula is often used to determine the temperature T :dNdMT /MT exp(�MT =T ) ;leading to about 10 MeV lower T value.4.2.4 Generation on 
os�CS and 'CS distributionFigure 4.1 shows a s
hemati
 diagram of Collins-Soper referen
e frame, with �CS and'CS.
ϕ

θ

nucleon nucleon

µ−

µ+

xCSCS
Figure 4.1: The de�nitions of Collins-Soper angles in the Collins-Soper referen
e frame.The distribution on 
os�CS is simulated with the shape:d�d 
os�CS / 
onstant for resonan
es ; (4.5)/ 1 + 
os2�CS for 
ontinuum ;the 
hosen generation window is �0:8 � 
os�CS � 0:8, a little bit wider than the windowof the angular a

eptan
e of NA50 (�0:5 � 
os�CS � 0:5). The distribution as a fun
tionof the azimuthal angle 'CS is generated as :dNd'CS = 
onstant : (4.6)

80



4.3 A

epted dimuon distributions 814.3 A

epted dimuon distributionsIn Figure 4.2, one 
an see the plots of the generated distributions as a fun
tion of themass, the transverse mass, the rapidity and the 
os�CS of the produ
ed dimuons basedon the generation fun
tions des
ribed before. Also in this �gure, the a

epted dimuondistributions are presented. Figure 4.3 shows the simulated mass spe
tra for �, !, � and
ontinuum.
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Figure 4.2: Dimuon invariant mass, rapidity, transverse mass and
os �CS distributions for Generated (top plots) and re
onstru
ted(bottom plots) events. The verti
al s
ale are in arbitrary units.
4.4 The a

eptan
es in MT sli
es4.4.1 The a

eptan
e as a fun
tion of MTThe di�erent a

eptan
es AR for the resonan
e R in a given transverse mass interval �M iT ,as the ratio of the re
onstru
ted events to the generated events in the same kinemati
aldomains (thus they partially 
ontain di�erent events), are 
al
ulated as,AR = �N Re
onstru
ted EventsRN Generated EventsR � ; (4.7)81
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onstru
ted mass spe
tra for �, �, ! and 
ontinuum(all MT ).where the kinemati
al domains are: �0:5 � 
os�CS � 0:5, 0 � y � 1 and 
onsidered MTdomains .The a

eptan
es as a fun
tion of transverse mass for ! and � are presented in the�gure 4.4 (a), and in the Table 4.2.A

eptan
es in the low mass region, for dimuon with MT < 1:8 GeV=
2 is less than1%, and one 
an worry about eventual unknown systemati
al un
ertainty, the simulationbeing potentially more sensitive to �ne details.Another basi
 requirement is that with a similar experimental setup, the a

eptan
esof ! and � should be 
onsistent with the ones determined in previous years. Table 4.2lists also the a

eptan
e values (at bottom region) from 96 simulation for Pb-Pb. Thea

eptan
es of ! and � for 2000 simulation are several per
ent (3%) higher than 96simulation in the �rst MT bin. (The �rst MT bin is very important for the integratedmultipli
ity measurement.) The improved re
onstru
tion method, leading to an in
reaseof the re
onstru
ted dimuons, 
ould be linked to this in
rease of the ! and � a

eptan
es.82



4.4 The a

eptan
es in MT sli
es 83�M iT 1.5-1.8 1.8-2.2 2.2-2.5 2.5-2.8 2.8-3.2GeV=
2 (%) (%) (%) (%) (%)2000 simulation� 0.268 � 0.005 1.93 � 0.02 4.47 � 0.08 5.88 � 0.16 6.16 � 0.28! 0.367 � 0.007 1.61 � 0.02 2.90 � 0.07 3.31 � 0.12 3.46 � 0.2096 simulation� 0.26 � 0.005 1.88 � 0.02 4.42 � 0.07 5.76 � 0.15 6.32 � 0.27! 0.36 � 0.005 1.57 � 0.01 2.76 � 0.05 3.37 � 0.10 3.17 � 0.17Table 4.2: A

eptan
e fa
tors for � and ! in di�erent MT intervalsand statisti
al errors.
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Acceptance(ω/φ)(a) MT (b) MTFigure 4.4: Left: the a

eptan
e fa
tor for ! and � as a fun
tionof MT (GeV/
2); Right: A 
omparison of the ratio of a

eptan
efa
tors for ! and � simulated for di�erent data taking periods.A

eptan
e ratios A!/A� in �gure 4.4 (b) are 
onsistent with previous 96 results.Finally 1, the a

eptan
es of ! and � obtained for Pb-Pb 2000 are 
onsistent with theones from 96 simulation, within several per
ent.1it is noteworthy that this was not the 
ase �rst, and that a 20% di�eren
e at low ET was �nallyexplained by a side e�e
t of an improvement in the global 
ut program83



84 Monte-Carlo Simulation4.4.2 The a

eptan
e 
omparison to NA38 setupIn order to study the e�e
ts on the 
hanges of the experimental setup between S-U andPb-Pb, and also to 
he
k the pre
ision of the simulation for the low a

eptan
e in Pb-Pb,some test simulations are performed. For NA50, several 
hanges have been performed onthe dete
tor from S-U to Pb-Pb setup, mainly:� The in
rease of the �eld in the magnet, by a fa
tor 7/4;� The repla
ement of 80 
m 
arbon by 80 
m iron at the end of the absorber and thematters of the pre-absorber Al2O3 by BeO;� The modi�
ation of the spe
trometer pseudorapity domain to 
ope with the beamenergy, in
luding the 
hanges of the position of the magnet, the position of PC1-PC8, et
.Beside, some 
hanges have o

urred on the analysis side, in parti
ular the \global"
ut on the tra
k quality (whi
h were often taken into a

ount in the a

eptan
e).The �gure 4.5 displays the values obtained for the a

eptan
e when 
hanging theabsorber, or the magnet, or both, from the NA50 setup. Figure 4.7 shows the a

eptan
eratios of A!/A� 
orresponding to those 
hanges, it follows that the 
hanges of the setupdo not indu
e a signi�
ant 
hange in the A!/A� ratio, within several per
ent.It is noteworthy that the magnet is the leading e�e
t on the de
rease of the a

eptan
eobserved at low MT , as it is emphasized by �gure 4.6. The iron absorber e�e
t on thea

eptan
e is 
hanging by a fa
tor about 4 in the whole MT range, whereas the magnet�eld e�e
t is 
hanging by an order of 8. This �eld e�e
t has been 
he
ked by NA50[62℄, and it has been observed that the instrumental e�e
t is perfe
tly reprodu
ed by thesimulation. So �nally only a rather \modest" e�e
t, the absorber one, has not been veri�edby an experimental 
ross 
he
k. This e�e
t being only a fa
tor 4, and evolving smoothlywith MT , it does not seem very likely that a major un
ertainty 
ould be atta
hed tothe sole low MT value. In 
on
lusion, despite of the a

eptan
e's value lower than 1%, itfollows that the a

eptan
e determined in Pb-Pb for the 1.5-1.8 GeV=
2 MT bin is notlikely to su�er a very di�erent un
ertainty than the other MT bins.4.5 De
omposition of the mass spe
traTo extra
t the number of resonan
es dete
ted in the dimuon mass spe
tra as seen bythe dete
tor, one uses the simulated fun
tions 
orresponding to ea
h 
omponent. After84
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eptan
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ulatedin
luding various set-up modi�
ations in Figure 4.5.
subtra
tion of the 
ombinatorial ba
kground, we then �t the dimuon mass spe
tra with85



86 Monte-Carlo Simulationthe sum of all the 
ontributions:dN��dM = A�+!�F�(M) +RF!(M)�+ A�F�(M) + ACNTFCNT (M) ; (4.8)where F�;!;� and FCNT are the fun
tions used in the �t for ea
h of the 
omponents. Theseshapes are determined by the Monte-Carlo simulation of generation, followed by the samere
onstru
tion treatment as applied on the real data. These distributions also take intoa

ount a

eptan
e and smearing e�e
ts on the shapes. AR, the yield of ea
h 
omponent,is taken as free parameter in the �t to the mass spe
tra. In order to avoid statisti
al
u
tuations in the simulation, and allow a 
ertain freedom in the mean value with respe
tto the experimental re
onstru
tion2, the fun
tion F! and F� are gaussian (with an R.M.S.�tted to the simulated mass spe
tra).Contrary to �, the ! and � resonan
es' experimental shapes are dominated by theexperimental resolutions. They are also the main 
ontributions to the peaks in the ! and� mass regions. Using gaussian fun
tions (in fa
t using integrals of gaussian is mandatorygiven the broad mass bins) also shapes 
u
tuations in the simulation, whi
h otherwisewould add systemati
al e�e
t between the various kinemati
al domains. The mass widthsof ! and �, obtained by the �t to the simulated mass spe
tra, are plotted in Figure 4.8.No systemati
al evolution appears with MT , so 
onstant mass widths are 
onsidered:�� = 70 MeV, �! = 65 MeV.The � and ! are assumed to have the same 
ross se
tion3 �� = �! [86℄. Sin
e dimuonbran
hing ratios are poorly known, their relative de
ay rates into �+�� are taken equal tothe ones measured through e+e� de
ay 
hannel. So R, taking into a

ount the di�eren
ebetween the � and ! bran
hing ratios through �+�� de
ay 
hannel, is �xed in the �tprogram by R = BR !!e+e�=BR �!e+e� � 1:6 :In summary there are 5 free parameters in the �t, 3 parameters for the amplitudesand 2 parameters for the mean values of ! and �.Fitted mass spe
tra are shown in Figure 4.9 for the 5 MT intervals and total MTinterval in all ET domain (ET � 10 GeV), in Figure 4.10 for the 8 ET sli
es and totalET region in all MT interval (1:5 � MT � 3:2 GeV/
2). Mass spe
tra from the ET sli
e2,4,6,8 and 5 transverse mass intervals are presented in Figure 4.11.
2in parti
ular un
ertainties in the energy loss 
orre
tion3and we estimate this before applying the 1=M4 fa
tor86
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Chapter 5Experimental ResultsThe dimuon signal mass distributions per transverse mass domain in ea
h transverseenergy region are treated as previously des
ribed: the smeared physi
al 
ontributions areextra
ted, then 
orre
ted for a

eptan
e. The ratios of ���� =���! are dedu
ed, as a fun
tionof the transverse mass (MT ) and the transverse energy (ET ).5.1 The results (�=!)��As des
ribed previously, the two resonan
es � and !, 
an not be distinguished, be
ausethe NA50 spe
trometer's mass resolution is about 70 MeV=
2 whereas their masses di�erfrom ea
h other by only 13 MeV/
2. Due to bran
hing ratios and widths, the peak of themass spe
tra in the ! peak region (0:5 � M � 0:95 GeV=
2 ) is mainly dominated bythe ! resonan
e 
ontribution. As explained in se
tion 1.4 this lead us to express resultsthrough the ratio of the two resonan
es, �=! . Of 
ourse, if the ratio �/!, in the ! region,would signi�
antly 
hange, then the whole extra
tion would have to be re
onsidered, sin
ea
tually this extra
tion results rely on the �+! dimuon produ
tion in the ! mass region1.The ratio (�=!)�� of the number of resonan
es � to the number of resonan
es !,produ
ed in the experimental kinemati
al domain through �+�� 
hannel, after 
orre
tingfor the a

eptan
es, is obtained by:��=!��� = N dete
ted� =A�N dete
ted! =A! ; (5.1)where N dete
tedR is the number of muon pairs for 
omponent R extra
ted from the dimuonmass spe
trum , and AR is the 
orresponding a

eptan
e value given in the Table 4.2.1whi
h nevertheless does not depend on the low mass part of the �, 
ontrarily to the � + ! aftera

eptan
e 
orre
tion (see se
tion 1.4.3) 91



92 Experimental ResultsThe quantity �=! has the advantage of being less sensitive than the absolute values tosystemati
 errors, some of them 
an
eling in the ratio.5.1.1 The un
ertainties of the results (�=!)��The un
ertainties for the results (�=!)��(MT ) per ET domain are 
al
ulated as:r���(stat+ fit)�2 + ��!(stat+ fit)�2 + ���(method)�2 + ��!(method)�2 ; (5.2)where �R(stat+ fit) is a relative error, in
luding the statisti
al errors on the number ofresonan
es as it is produ
ed in the �t. This is then also in
luding the error asso
iated tothe �t pro
esses, but not in
luding the systemati
 errors asso
iated to the 
hoi
e of the in-gredients of the �t, whi
h are �xed in the �t pro
esses. These last errors have been studiedin detail in [61℄. They are in
luded in the errors asso
iated to method �R(method). Theseerrors in
lude 
hoi
e of ingredients of the �t, and error on the a

eptan
e determination.They are here added independently for � and ! (listed in Table 5.1).MT (MeV/
2) 1.5-1.8 1.8-2.2 2.2-2.5 2.5-2.8 2.8-3.2a

eptan
e errors! 4.3 3.3 2.8 3.7 5.2� 4.3 3.1 2.4 2.8 3.1method errors! 3 5 7 7 7� 7 3 4 5 6Table 5.1: Relative errors (%) for a

eptan
e and �t method
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5.1 The results (�=!)�� 935.1.2 Evolution of (�=!)�� as a fun
tion of MTIn Figure 5.1 and 5.2, we present the results (�=!)�� as a fun
tion of MT , per transverseenergy domain. No dependen
y on MT of the ratio (�=!)�� is seen from the plots, but(�=!)�� is in
reasing from the peripheral to 
entral 
ollisions.

0

0.5

1

1.5

2

2.5

3

1 1.5 2 2.5 3 3.5

  6.024    /     4

10 < ET < 20 GeV/c2

0

0.5

1

1.5

2

2.5

3

1 1.5 2 2.5 3 3.5

  6.057    /     4

20 < ET < 35 GeV/c2

0

0.5

1

1.5

2

2.5

3

1 1.5 2 2.5 3 3.5

  1.433    /     4

35 < ET < 50 GeV/c2

0

0.5

1

1.5

2

2.5

3

1 1.5 2 2.5 3 3.5

  10.13    /     4

50 < ET < 65 GeV/c2

(�=!)��(MT )

MT GeV/
2Figure 5.1: The ratio (�=!)�� as a fun
tion of MT in di�erent ETbins.
93



94 Experimental Results

0

0.5

1

1.5

2

2.5

3

1 1.5 2 2.5 3 3.5

  4.317    /     4

65 < ET < 78 GeV/c2

0

0.5

1

1.5

2

2.5

3

1 1.5 2 2.5 3 3.5

  3.640    /     4

78 < ET < 90 GeV/c2

0

0.5

1

1.5

2

2.5

3

1 1.5 2 2.5 3 3.5

  4.465    /     4

90 < ET < 102 GeV/c2

0

0.5

1

1.5

2

2.5

3

1 1.5 2 2.5 3 3.5

  3.162    /     4

102 < ET < 140 GeV/c2

(�=!)��(MT )

MT GeV/
2Figure 5.2: The ratio (�=!)�� as a fun
tion of MT in di�erent ETbins.5.1.3 Evolution of (�=!)�� as a fun
tion of ETThe evolution of the the results (�=!)�� as a fun
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tor of 2 from peripheral 
ollisions to the 
entral ones. The values for the (�=!)��results are listed in Table 5.2 .
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5.2 Cross se
tion of �� and �! 95
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ross se
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ouple target-proje
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onsidered pro
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ross se
tion for produ
tion of resonan
e R is then:�R = NRNin
(0) Leff n Target ; (5.3)95



96 Experimental Results�MT i 1.5-3.2 1.5-1.8 1.8-2.2 2.2-2.5 2.5-2.8 2.8-3.2GeV=
2 Total MT�ET 1 0.98 � 0.08 0.95 � 0.11 1.05 � 0.08 1.32 � 0.12 1.00 � 0.16 0.97 � 0.27�ET 2 1.27 � 0.08 1.28 � 0.14 1.25 � 0.07 1.24 � 0.09 1.14 � 0.13 0.87 � 0.15�ET 3 1.53 � 0.09 1.54 � 0.15 1.47 � 0.08 1.63 � 0.13 1.64 � 0.20 1.51 � 0.24�ET 4 1.51 � 0.08 1.47 � 0.14 1.57 � 0.09 2.04 � 0.18 1.87 � 0.22 1.35 � 0.19�ET 5 1.58 � 0.11 1.49 � 0.17 1.91 � 0.13 1.76 � 0.17 1.93 � 0.27 1.66 � 0.30�ET 6 1.88 � 0.13 1.89 � 0.25 1.87 � 0.11 1.63 � 0.14 2.34 � 0.41 1.77 � 0.32�ET 7 1.94 � 0.13 1.94 � 0.24 1.88 � 0.17 2.11 � 0.22 2.30 � 0.33 1.50 � 0.27�ET 8 1.95 � 0.16 1.97 � 0.31 1.80 � 0.15 2.27 � 0.24 2.16 � 0.42 1.87 � 0.33Table 5.2: The values for (�=!)�� per MT and ET interval.where NR is the total number of resonan
e produ
ed in the relevant kinemati
al domain,Nin
(0), the number of ions in the beam. Nin
(0) � exp(�x=�Pb�Pb) is the number ofions left after absorption for a given target length x. This e�e
t is taken into a

ountthrough the notion of \e�e
tive target" Leff = �Pb�Pb�1 � exp (�l=�Pb�Pb)� where l isthe target length. �Pb�Pb = (�Pb�Pb n Target)�1 is the intera
tion length, where �Pb�Pbis the e�e
tive 
ross se
tion of the Pb-Pb intera
tion. n Target is the number of atoms ofPb in the target per volume unit, and is 
al
ulated through the mass number per volumeunit � Target, n Target = � TargetA �NA ; (5.4)where NA is the Avogadro 
onstant.The intera
tion 
ross se
tion �A�B for the intera
tion of two ions with the mass numberA and B, is 
al
ulated by the expression�A�B = 68:8 (A1=3 +B1=3 � 1:32)2 mbarns : (5.5)This formula is used for estimating the �Pb�Pb 
ross se
tion in order to obtain Leff . Thevalues of quantities used for 
al
ulating the 
ross se
tion are listed in Table 5.3 .5.2.2 The eÆ
ien
y determinationThe 
uts used are PILEUP, NPARAS, NOCIMD, NICALO, T0J, NIZDC, (P*Dtarg forDimuon trigger), Banana, as explained in se
tion 3.8. The di�erent eÆ
ien
y values
al
ulated from the data are listed in the Table 3.1, for BH trigger, Dimuon trigger andluminosity s
alers. 96



5.2 Cross se
tion of �� and �! 97Quantity ValueAPb 207.2�Pb�Pb 7606 mbarns� Target 11.35 � 0.57 g/
m3n Target 3:30� 1022 /
m3�Pb�Pb 3.98
ml 4 mmLeff 0.38 
mNBHin
 6:56� 1012Table 5.3: Values used for the 
ross se
tion in Pb+Pb 
ollisions.The number of in
ident ions NBHin
 
onsidered for 
al
ulating the e�e
tive 
ross se
tionis given by, Nin
(0) = NBHin
 � �Pileup � �DAQ � �NPARAS ; (5.6)whi
h is the e�e
tive number of in
ident ions, taking into a

ount the DAQ unavailability,beam pile up and reje
tion of ions by the BH intera
tion 
ounters.The number of resonan
es in the experimental a

eptan
e, 
orresponding to this num-ber of in
oming ions, is the one obtained in the analysis, 
orre
ted of the reje
tions ofsignal due to the various 
uts used to reje
t the ba
kgrounds, or 
orre
ted of instrumentalineÆ
ien
ies. NR = N Dete
tedRAR � 1�DIMUREC � 1� Trigger � 1� 
uts ; (5.7)where � 
uts 
ontains all the 
uts su�ered by dimuons as des
ribed in the table 3.1, andAR is a

eptan
e for the resonan
e R.5.2.3 The un
ertainties of �� and �!Cross se
tion are determined per MT interval. As for �=! the un
ertainty 
omes fromthe statisti
al and the �t un
ertainties, and the systemati
al un
ertainty 
omes from theun
ertainties already 
onsidered for the ratio �=! (see se
tion 5.1.1), plus the systemati
alun
ertainties due to normalization of the beam and eÆ
ien
ies a
ting on dimuons (seetable 3.1), whi
h were 
an
elling in the ratio �=!. The un
ertainty on the number ofatoms per 
m2 in the target is also important for the 
ross se
tion pre
ision. From97



98 Experimental Resultsprevious measurements [87℄, it is known that the dominant error for this target thi
knessis the density of Pb, whi
h is about 2.5%. All these un
ertainties are independent andare added quadrati
ally.5.2.4 The �� and �! values in all ET domainThe e�e
tive 
ross se
tion values per MT bins in all ET domain (ET � 10 GeV=
2 ) aregiven in Table 5.4, the statisti
al and systemati
 error are given separately.MT interval (GeV/
2) �� (mbarn) �! (mbarn)1.5-1.8 0.1871 � 0.00599 � 0.01881 0.1184 � 0.00322 � 0.009241.8-2.2 0.0604 � 0.00091 � 0.00472 0.0372 � 0.00070 � 0.003272.2-2.5 0.0115 � 0.00022 � 0.00095 0.0065 � 0.00017 � 0.000662.5-2.8 0.0033 � 0.00009 � 0.00029 0.0018 � 0.00008 � 0.000182.8-3.2 0.0014 � 0.00005 � 0.00013 0.0010 � 0.00005 � 0.00010Table 5.4: The dimuon 
ross se
tion values of �� and �! for Pb-Pbper MT bins (for �0:5 � 
os�CS � 0:5 and 0 � y� � 1) .
5.3 The E�e
tive temperature of ! and �From the expression (4.4), when MT >> T , it 
an be approximated as :d�dMT /M3=2T exp(�MT =T ) : (5.8)Expression 5.8 will be used to �t the MT distribution for ! and � to obtain the inverseslope or \e�e
tive temperature" T .5.3.1 Determine the MT abs
issaThe MT abs
issa values MAbsT in ea
h MT sli
e are a posteriori 
al
ulated, taking intoa

ount the T slope value. For a given interval (M iT ;M i+1T ), the valueMAbsT is determinedby: (M i+1T �M iT )� f(M AbsT ) = Z M i+1TM iT f(MT ) dMT : (5.9)98



5.3 The E�e
tive temperature of ! and � 99In this way, there is no bias between the value from the fun
tion atMAbsT and the integralin ea
h MT bin limits. The 
al
ulated values of the MT abs
issa are listed in the table5.5, with T = 216 MeV for Pb-Pb. In Figure 5.4, the �ts to the MT distributions areshown. Other solutions are possible, like �tting by the integral in the bin [88℄ whi
h issimpler. The solution used here is also 
onvenient for plotting.�MT GeV=
2 1.5-1.8 1.8-2.2 2.2-2.5 2.5-2.8 2.8-3.2T�x = 216 MeV 1.6354 1.9735 2.3346 2.6344 2.9722Table 5.5: The 
al
ulated values of the MT abs
issa.
5.3.2 E�e
tive temperature as a fun
tion of 
entralityThe temperature as a fun
tion of the 
entrality (ET here), is shown in �gure 5.5 andTable 5.6. ET sli
e (GeV) hET i (GeV) T� (MeV) T! (MeV)10 � ET � 20 14.72 210 � 5 204 � 420 � ET � 35 27.57 209 � 4 219 � 435 � ET � 50 42.70 214 � 3 213 � 350 � ET � 65 57.73 219 � 4 208 � 465 � ET � 78 71.80 218 � 4 213 � 478 � ET � 90 84.36 220 � 4 215 � 490 � ET � 102 96.33 221 � 4 216 � 5ET � 102 109.96 225 � 5 219 � 5Table 5.6: E�e
tive temperature values as a fun
tion of ET .

From the values of T plotted as a fun
tion of ET one 
an determine the average valuefor ! and � by a �t to a line, whi
h leads to T ! = 213� 4 MeV and T � = 217� 4 MeV.99
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Figure 5.4: The MT spe
tra of � meson for various ET intervals.The \thermal" �ts to the spe
tra with M3=2T exp(�MT=T ) are indi-
ating by solid lines.5.4 The multipli
ity measurement5.4.1 The multipli
ity de�nitionThe multipli
ity is the average number of parti
les produ
ed per PbPb 
ollision. Thenumber of parti
les produ
ed is determined as previously des
ribed from the mass spe
tra100
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Figure 5.5: The e�e
tive temperature of � and ! versus ET withthe horizontal line �ts (top) and with the linear �ts (bottom).
in a given ET bin, and 
orre
ted for a

eptan
e and eventually of bran
hing ratio. Thenumber of 
ollisions in the same ET bin is obtained thanks to the minimum bias trigger.For the resonan
e R, in the domain (�M iT ;�EjT ), the multipli
ity NmulR is 
al
ulatedthrough the formula,NmulR (�M iT ;�EjT ) = Ndete
tedR (�M iT ;�EjT )=(AR �BRR)NM:B:(�EjT )� f Pres
aling � � ��Trigger � �Dimure
 � � rel:
ut (5.10)where R = !; � , AR is the a

eptan
e, BRR is the bran
hing ratio for ea
h resonan
e,Ndete
tedR (�M iT ;�EjT ) is the number of resonan
es dete
ted in the 
ertain �M iT and �EjTdomain, NM:B:(�EjT ) is the event number of Min. Bias in the �EjT domain, f Pres
aling is101



102 Experimental Resultsthe Min. Bias (BH trigger) pres
aling fa
tor, � ��Trigger and �Dimure
 are the dimuon triggereÆ
ien
y and the re
onstru
tion eÆ
ien
y, and � rel:
ut is the ratio of 
ut eÆ
ien
ies fordimuons and minimum bias triggers (for most of the 
uts this ratio is 1 see �gure 3.23).f Pres
aling is the ratio of the total number of ions in BH seen by the 16 blades s
alers,divided by the total number of Min. Bias BH triggers seen at the RELMIC entran
estage, i.e. before 
uts. As visible in Figures 3.23, pileup e�e
t 
ould be very di�erent(from 30 to 50% typi
ally) depending on the trigger/observable 
onsidered, and this 
ould
reate a bias in the multipli
ity whi
h 
ould depend on the 
ut in a �
titious way. Thise�e
t has been 
he
ked [89℄ not introdu
ing bias in the determination of the multipli
ity.The Un
ertaintyThere are 4 di�erent kinds of un
ertainties introdu
ed by the analysis for the multi-pli
ity 
al
ulation of resonan
e R,1. The statisti
al errors from the number of resonan
es ER(stat + fit) (see se
tion5.1.1) and the statisti
al errors from the Min. Bias ENMB (stat) ;2. The un
ertainty on the assumptions made in the simulation, playing on the a

ep-tan
es determination and on the �t ;r�E�M iTA

R �2 + �E�M iTNR (Method)�23. The systemati
 errors on the eÆ
ien
ies (Most of the systemati
 errors are 
an
eledin the ratio of Dimuon trigger to BH trigger),r�E T0J� �2 + �E P�Dtarg� �2 + �E ��Trig� �2 + �E Re
ons� �2 = 4:0% :4. if needed, un
ertainty on the dimuon bran
hing ratios [85℄:BR�!�� = (2:870 � 0:180)� 10�4 ;BR!!�� = (7:042 � 0:481)� 10�5 :5.4.2 The Multipli
ities of !, � as a fun
tion of NpartThe multipli
ity values of � and ! withMT > 1:5 GeV=
2 in ea
h ET interval are listed inTable 5.7 and plotted in Figure 5.10. One observes an in
rease of the � and ! multipli
itiesas a fun
tion of Npart. 102



5.4 The multipli
ity measurement 103In 
ontrast � and ! multipli
ities per parti
ipant have di�erent behaviors: Figure 5.10presents the ratios of N �mult=Npart and N !mult=Npart. The number of ! per parti
ipantappears 
onstant, whereas the number of � mesons per parti
ipant in
reases , showingthat the � produ
tion is enhan
ed.ET (GeV/
2) hET i (GeV/
2) N �multipli
ity N !multipli
ity10 - 20 14.72 0.047 � 0.004 � 0.004 0.193 � 0.009 � 0.01320 - 35 27.57 0.113 � 0.007 � 0.008 0.364 � 0.016 � 0.02335 - 50 42.70 0.218 � 0.012 � 0.016 0.581 � 0.026 � 0.03750 - 65 57.73 0.340 � 0.018 � 0.026 0.918 � 0.040 � 0.06165 - 78 71.80 0.415 � 0.026 � 0.030 1.063 � 0.057 � 0.06978 - 90 84.36 0.537 � 0.035 � 0.040 1.169 � 0.077 � 0.07490 - 102 96.33 0.690 � 0.044 � 0.053 1.455 � 0.097 � 0.095>102 109.96 0.703 � 0.055 � 0.052 1.478 � 0.120 � 0.093Table 5.7: The multipli
ity values of � and ! (for�0:5 � 
os�CS �0:5 and 0 � y � 1) .The same trend are observed in ea
h MT domain 
onsidered in Figure 5.6 and Figure5.7, and the behaviors of multipli
ities per parti
ipant nu
leon (divided by Npart) as afun
tion of Npart are shown in Figure 5.8 and Figure 5.9.
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Chapter 6Results Dis
ussionIn this 
hapter we intent to see how these results 
ompare with previous ones and with onesfrom other experiments, and �t in the more general questioning of strangeness produ
tionenhan
ement, from AGS to RHIC.6.1 Comparison of other � 
entral multipli
ity deter-minations in NA50 and NA49From 1997 [90, 61℄ when � meson produ
tion in Pb-Pb 
ollisions of NA50 1995 experi-ment has been presented for the se
ond time, the question of the 
omparison to NA49measurements through KK [67℄ 
hannel has been raised. The multipli
ity of � has beenpresented in 1999 [91, 62℄ and a 
omparison between the two results has been made basedon this presentation [68℄ (Figure 6.1). More re
ently 1998 data have been obtained, butnormalized on previous 1996 data sin
e normalization information is absent in this dataset. Finally, this thesis is dealing with the last 2000 data, obtained with a setup aimingat a redundant 
he
k of the minimum bias measurement through the implementing of ase
ond minimum bias trigger based on the beam hodos
ope, and this global 
ross 
he
k
ould possibly lead to the most elaborated multipli
ity measurement in NA50.A preliminary result for these last NA50 2000 data has been obtained for the 2003strangeness in quark matter 
onferen
e [92℄. The main trends of the di�eren
es observedpreviously between the NA49 and NA50 results are still there, in parti
ular the di�eren
einMT slope, but the di�eren
e between multipli
ities is not as dramati
 as before (Figure6.2).The evolution of the � multipli
ities in NA50 has even rea
hed a maximum in 2003,leading to a wide distribution of results (�gure 6.3). The origin was not mainly inside109
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ussion

Figure 6.1: A 
omparison of the MT spe
tra of � meson in 
entralPb{Pb 
ollisions at 158 A GeV measured by NA49 and NA50 (oldresults).the NA50 experiment, but in the value of the � bran
hing ratio into dimuons. Indeedthis value has always been poorly measured (at 20%), being for de
ades at the level of2.5�10�4. In 2000 the PPDB published another value, in
ompatible with the previousone (3� di�eren
e): 3.7�10�4. Both values were very di�erent from the � bran
hingratio into ele
trons, 2.99�10�4. This later value should be very 
lose to the one throughdimuon 
hannel, sin
e one expe
ts the value of the � wave fun
tion at the origin to be themain parameter driving the bran
hing ratios into leptons, and the di�eren
e in massesbetween ele
trons and muons to be negligible for the ! and �. Indeed in 2002 the PPDBpublished a result for BR�� more pre
ise and 
ompatible with BRee, 2.89�10�4. Whenone applies the same bran
hing ratio, BRee, to all NA50 results, one obtains very similarresults (Figure 6.4). 110



6.1 Comparison of other � 
entral multipli
ity determinations in NA50 andNA49 111
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Figure 6.2: A 
omparison of theMT spe
tra of � meson as in �gure6.1 measured by NA49 and by NA50 obtained in this thesis.
Finally when 
omparing the various results, the slope di�eren
e between NA50 andNA49 remains, but the multipli
ity di�eren
es are de
reased. Assuming that the observeddi�eren
e is linked to the di�erent 
hannels 
onsidered, models like [93℄ 
an a

ount forpart of the e�e
t, at the level of 10%, whi
h is suÆ
ient to re
on
ile the two multipli
itymeasurements, but only for the highest MT bins. Only NA60 measurement at lowerMT will be able to 
on�rm the di�erent trend that is observed here in the 1.5{1.8 GeV/
2bin. The low a

eptan
e in our results 
ould be suspe
ted, but the instrumental 
he
kingsthat have been performed [62℄ does not leave mu
h room, a fa
tor 2 assuming 100% 
hangeof the multiple s
attering in the simulation, for the fa
tor 3 observed.111
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Figure 6.3: A 
omparison of theMT spe
tra of � meson as in �gure6.1 measured by NA49 and by NA50 in various analysis (early 1996results, 1996, and 2000).6.2 Comparison with lighter systemsNA38 experiment has measured � meson produ
tion between various systems, in a widerange from proton indu
ed to S-indu
ed rea
tions. As previously explained, in NA38/NA50two analyses have been performed 
on
erning the � and ! produ
tion. The analyses inpT domains have been done on the p-W, S-S, S-Cu, and S-U, and the analyses in MT do-mains have been performed in d-C, d-U, S-U and Pb-Pb (Figure6.5). We will sti
k hereto the latter analyses.In the experimental kinemati
al window, �gure 6.5 displays the evolutions of the !and � 
ross se
tions with respe
t to A� B. It suggests:1. A similar behaviour of ! and � for light proje
tile (d-C to d-U) ;112
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Figure 6.4: A 
omparison of theMT spe
tra of � meson as in �gure6.1 measured by NA49 and various analysis by NA50 
onsideringthe ele
trons bran
hing ratio.2. An in
rease of ! and � 
ross se
tions for ion proje
tiles whi
h is stronger than A�B((AB)� with � = 1) ;3. An additional in
rease of the � 
ross se
tion .Su
h behaviour 
ould be linked to a trivial rapidity shift when going from the in
reaseof target size (p{A) to the in
rease of proje
tile size (A{A), for the !, and an additionalin
rease of � in A-A 
ollisions. 113
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Figure 6.5: The dependen
e of � and ! 
ross se
tionfor MT > 1:5 GeV/
2 as a fun
tion of the produ
tA�B of nu
lear mass numbers of the 
olliding nu
lei.6.3 T slope of � in Pb{PbFrom the �rst extra
tions of T slopes in NA50 Pb{Pb 
ollisions for the �, the results havebeen quite surprising, appearing below the one found for S-U[61℄. For a part, this has beenfound to be linked to some bias in the �rst S-U 1991 data, but this trend is neverthelesspresent sin
e the T slope of Pb{Pb for � is at the level of S-U one, and probably lower(see �gure 6.6).Mu
h more surprising has been the 
omparison with NA49 results, and the systemati
made within this experiment, showing a lower value of the T slope in NA50, both for the! and the �, the di�eren
e being at the level 230 
ompared to 300 MeV (see �gure 6.7).The previous se
tion has shown how the bran
hing ratio 
an a

ount for a part ofthe di�eren
es between the NA50 and NA49 � multipli
ities measured in their 
ommonMT domain. Con
erning the slopes, several e�e
ts 
an be 
onsidered, due to the di�eren
ein de
ay 
hannels, but in parti
ular the e�e
t of the 
ow, whi
h should lead to a 
atteningof the apparent slope in the low MT region where the NA49 results stand. Figure 6.8114
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Figure 6.6: The T slopes of � and �+ ! versus A�B for di�erentsystems.

Figure 6.7: The T slopes versus parti
le masses measured by severalexperiments in Pb{Pb 
ollisions at 158 GeV/
 at SPS.display some example of MT spe
tra obtained in su
h a blast wave model [94℄.It is also noteworthy that last results from NA49 at 80 and 40 GeV/nu
leon lead to115
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Figure 6.8: Blast wave �ts to the transverse spe
tra measured byNA49. Pions and deuterons were ex
luded from the �ts. (for 158AGeV)T slopes 
loser to the one we �nd at 158 GeV/nu
leon [94℄ (�gure 6.9). The T slope of �from NA49 displays an in
rease with in
ident energy, in 
ontrast to what is observed forK produ
tion (see Figure 1.16) but similarly to what is observed for � in NA49.It is also noteworthy that for many trends, � and K� produ
tions appears similar,
ontrarily with what is observed here for T slope at 158 GeV [94℄ (see �gure 6.10). Ex-tended systemati
 of the apparent T slope to lighter systems should be interesting here(as shown for NA50 in previous pi
ture).6.4 In
omplete saturation of strangenessThe 
S as determined from the dire
t �=! measurement appears 
lose to 0.7, when 
on-sidering last � bran
hing ratio into dimuons, 
lose to the one into ele
trons. What isthe meaning of this value ? The answer is not 
ompletely 
lear, sin
e various interpre-tations are 
onsidered in the literature, and there is no 
onsensus on the 
S value that
an be inferred from experimental results, and sometimes not even on the fa
t that 
S isneeded[95℄. 116
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Figure 6.9: T slopes of � versus ps [94℄

Figure 6.10: The ratio of �=K� versus ps [94℄Taking into a

ount se
ondary e�e
ts like reintera
tions in the hadroni
 gas phase orweak de
ays, this value 
ould be modi�ed. Indeed � meson 
ould have small intera
tion
ross se
tion, 
ontrarily to ! and �, and this 
ould lead to a de
rease of the �=! ratio inthe hadroni
 phase, by an in
rease of the �+! produ
tion. An original value of 0.9 
ouldbe possible in this framework [96℄. But it is interesting and ne
essary to note that on thereverse side the weaker intera
tion 
ross se
tion asso
iated to the � is not that solidlyestablished neither [97℄. 117



118 Results Dis
ussionOther authors [98℄ also 
onsider that a 
S value of 0.7 is a
tually asso
iated to the
entral Pb{Pb 
ollisions at SPS, but not for produ
tions extrapolated from full rapidity(see �gure 6.11).
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Figure 6.11: Left panel: Comparison of 
S extra
ted from mid-rapidity NA49 data with the results of earlier analysis of NA49 4�-yields; Right panel: 
S observed in Au+Au 
ollisions as extra
tedfrom PHENIX data.So if a partial saturation of strangeness seems to be in
reasingly probable, the value of
S is still a matter of debate, and appears to be dependent on the parti
les and rapiditydomain 
onsidered, and to be sensitive to se
ondary e�e
ts. Lo
al y{MT �=! measure-ments should bring relevant information in this questioning. Already y{MT integratedresults seems to be able to separate between NA50 and NA49 � produ
tion results [95℄,despite of the fa
t that they assume total strangeness phase spa
e o

upan
y.
118



Chapter 7Con
lusionsThe last NA50 measurement, aiming at extending the results toward more peripheral
ollisions and se
ure the last study made with minimum bias spe
trum thanks to a re-dundant minimum bias trigger { in parti
ular for high ET domain, has 
on�rmed most ofthe trends observed by the previous measurements.� New results from 2000 data 
on�rm that �=! ratio in
reases with the 
entrality ofPb{Pb 
ollisions, suggesting a saturation tendan
y for the most 
entral 
ollisions(when observed with respe
t to ET or to Npart);� The � produ
tion per parti
ipant is in
reasing whereas the ! one is 
at;� The �=! ratio 
ould give a dire
t a

ess to the saturation fa
tor (
S=
q)2;� The 
ross se
tions versus A � B in
rease from d{C to Pb{Pb indi
ate a two steppattern: rather similar behaviors for ! and � in light proje
tile indu
ed rea
tions,then both produ
tions in
rease in ion proje
tile indu
ed rea
tions ((AB)� with� > 1);� In addition, there is an additional in
rease for � 
ross se
tion.Minimum bias extended study shows that:� The �multipli
ity in NA50 is higher than the one observed in NA49. The di�eren
esof � multipli
ity between NA50 and NA49 are found to be smaller than previouslydetermined, mainly due to the evolution of the bran
hing ratio into dimuons, whi
hhas su�ered dramati
 
hanges in the re
ent years;119



120 Con
lusions� The inverse slope T between NA50 and NA49 remains di�erent, for NA50 the tem-perature stands at the order of T� = 220 MeV, whereas for NA49 the temperatureis higher T� = 305 MeV;� The 2000 data result has 
on�rmed in another study that there is an anomalousJ/ suppression at ET = 40 GeV (See QM2002 [74℄). Minimum bias study shownin this work displays no eviden
e of a se
ond drop for J/ produ
tion at high ETregion (
entral 
ollisions), but a 
ontinuous de
rease is observed.In thermal models, the ratio �=! in a MT bin is dire
tly related to (
S=
q)2, thestrangeness saturation fa
tor. The value 2 observed for �=! should indi
ate a value of
S lower than 1, 0.7, when taking into a

ount the bran
hing ratios. It 
ould indi
ate, asobserved in several but not all analyses and predi
ted by some models, that the strangenesshas not rea
hed the full equilibrium, even in the hottest periods of the evolution of thesystem. But as we measure 
S=
q, the observed value 
ould also be due to a high 
qvalue, leading to a value 
S greater than 1, as underlined in the referen
e [99℄, whi
h
ould signalize the boost of strangeness due to QGP formation.Furthermore, Strangeness produ
tion from AGS to RHIC has displayed striking re-sults, suggestive of sharp transitions whi
h 
an be reprodu
ed under assumptions of QGPformation.Despite of the impressive re
ent su

esses of the thermal models, a 
omprehensivedes
ription of strangeness produ
tion seems to remain to a
hieve, from AGS to RHICand in
luding the detail of all strange parti
les, i.e. not only mainly based on � and K+whi
h are the bulk of the produ
tion at SPS but also extended to all strange parti
les.It is 
lear that other strange produ
tion like �, K� and �� have di�erent behaviour, butwith strong similarities between them [94℄.Like in
omplete strangeness equilibration whi
h is observed through many thermal�ts of parti
les abundan
ies and suggested by our results, a lo
al equilibrium in rapiditydomains 
ould perhaps be also 
onsidered more systemati
ally in order to progress on thesele
tivity of the des
ription. This 
ould also allow to a

ount for baryoni
 lo
al e�e
ts.It is interesting to point out here that if the evolution with beam energy displays twodi�erent families, K+{� and �{K�{��, su
h 
lassi�
ation does not show up as a fun
tionof 
entrality, for instan
e for the ratio �=K+, whi
h 
ould also indu
e some 
onsisten
yproblem for models using 
S [98℄. This stronger sensitivity to beam energy or 
ollisionsystem than to 
entrality is also suggested by a 
ertain 
attening of T slopes displayedby our � and ! results for S-U and Pb-Pb.120



121In this interesting but involved situation, the � 
ould have spe
ial interest, sin
e as ahidden strangeness parti
le it probably has no sensitivity to a

ompany parti
le produ
-tion, 
ontrarily for instan
e to K+ with respe
t to �. The ! is the 
losest non strangeve
tor meson, with identi
al other quantum numbers, and the 
loseness in mass is redu
ingany bias that 
ould be asso
iated to mass di�eren
e, like 
ow e�e
t or when 
onsider-ing MT integrated produ
tion. The �=! ratio 
ould then have parti
ular potential to
hara
terize strangeness relative produ
tion irrespe
tive of other lo
al e�e
ts, for instan
ebaryoni
 density. It is not obvious that this later 
hara
teristi
 of the medium is welldes
ribed by an average on all rapidity domains, as the integrated thermal approa
h isassuming, and a 
orrelated des
ription in kinemati
al variables y and MT at least shouldturn out to be more relevant. That is perhaps what is visible in [98℄ for �=K+ and 
S valueand its relationship to � produ
tion. �=! ratios 
ould bring additional information here.The � produ
tion, in parti
ular with regards to ! one, follows the strangeness enhan
e-ment, but also 
ould be a sensitive probe of the evolution of the system. Its reprodu
tionby 
as
ade models 
ould still be a 
hallenge, and the interpretation of the lo
al determi-nation of 
S with the ratio �=! needs to be 
lari�ed in the models. It is then parti
ularlyimportant to get a 
lear pi
ture of the experimental 
hara
teristi
s of this produ
tion,as we tried to do here. Additional 
omparison with NA49 for lighter systems should beprobably interesting too in this respe
t. This will help to prepare meaningfull studies ofthe produ
tion at RHIC, whi
h will be obtained in the following years, following the �rstmeasurement of deuteron-gold, this year.
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