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Prefae

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.

ii



Abstrat iii
Aknowledgments

This thesis would not have been possible without the help from my advisor,Mr. Denis Jouan. I wish to give my deepest gratitude to him for his patientguidane and warm-hearted are. I also wish to express my sinerest respetfor his hardworking spirits and serious atitude to the siene, whih has alwaysbeen inspiring to me and enouraging me.I would like to thank Professor Daiui Zhou for his assistane during mygraduate life, who leads me into the �eld of High-Energy Heavy-Ion CollisionPhysis. His devoted working spirits and the ooperative spirits are alwaysa�eting me and stimulating me.I also would like to thank Professor Xu Cai, for his pilot and developmentalhelp. His attrative personality, his unique eye-sight into the nature, and hisharateristi outlook and philosophy of the life have been impressing andimpating me.Working with olleagues and folks in the NA50 ollaboration group, theyhave been very harmonious and friendly. Last but not least, I thank all myfellow graduate friends, who have made my three years at Orsay and Wuhanvery enjoyable.Any words ouldn't express myself to my parents!

iii



iv
AbstratThe 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, statistial lattie QCD predits a phasetransition from hadroni matter to a new state of matter: a deon�ned quarksand gluons plasma. Among the proposed signatures of the plasma, the en-hanement of strangeness prodution is studied in the NA50 experiment.A strong enhanement of strange partile prodution, as ompared to theyield expeted from hadroni gas, has been predited if QGP formed. In NA50experiment Pb{Pb ollisions at 158 GeV/ per nuleon inident momentumat CERN/SPS, � meson prodution is measured through dimuon hannelsand ompare it to the ! meson yields.In this thesis � meson study is based on the data olleted in 2000 runs.Compared to previous measurements from 1996 and 1998, this one beni�tsfrom improvements in the experimental setup, in partiular onerning themeasurement of minimum bias spetrum used to determine J= , �, ! and� multipliities. The results of �=! ratios are presented, as a funtion oftransverse mass and transverse energy. The present study on�rms that �=!ratio does not depend on MT , but inreases with the ollision entrality, bya fator about 2. The e�etive temperature analysis shows that T� � T!at the order of 220 MeV. The multipliity of ! per partiipant nuleon doesnot exhibit any Npart dependene, while � multipliity per partiipant nuleoninreases with Npart.Finally, the omparison of the � entral multipliity in Pb-Pb system be-tween NA50 and NA49 is made with updated BR�� onstant, also the om-parison of the ross setion measurement between Pb-Pb system and lightersystems is done. The evolution of prodution in J= mass dominated regionfor the most entral ollisions is also onsidered by omparing to the minimumbias spetrum. iv
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Chapter 1Introdution
1.1 The prodution of the Quark-Gluon PlasmaStatistial lattie Quantum Chromo-Dynamis (QCD) alulations predit that a phasetransition from ordinary hadroni matter to a new state of matter should our whenthe nulear matter is ompressed and heated to a suÆiently high energy density andtemperature [1, 2℄. The quarks and gluons on�ned in hadrons are liberated due to thesreening e�et on their potentials, and they are able to move freely in this deon�ned stateof matter. This deon�ned state of matter is named Quark-Gluon Plasma (QGP). QCDlattie alulation predits suh a phase transition with ritial 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 ourred later, asthe onsequene 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 ritial density for the phase transition. In order toexperimentally study the phase transition of the quark-gluon plasma, we need to ahievevery high energy density and/or temperature in the lab. It is also important to have alarge interation volume in order to approah 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 Introdutionexperiments have been performed for many years, by using high energy heavy ion beams,in order to attempt to reah the ritial 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 transpareny regionAt very high energy the olliding ultra-relativisti ions look like squeezed in the longitu-dinal diretion due to the Lorentz ontration, when they are seen in their enter-of-massreferene frame, with their thikness about 1 fm (1 fm = 10�15 m) (see �gure 1.2).The nulear stopping power indiates that the olliding nulear matter loses a sub-stantial fration of its energy in the ollision proess. Sine the energy lost by the ollidingnulear matter is deposited in the viinity of the enter of mass with the prodution ofhadrons, high-energy nuleus-nuleus ollisions provide an exellent tool to produe a veryhigh energy density region. As estimated by Bjorken [6℄, the energy density an be so highthat these reations might be utilized to explore the existene of QGP. Qualitatively twodi�erent energy regions are de�ned as the \baryon-free quark-gluon plasma" region (orthe transparent region) and the \baryon-rih quark-gluon plasma" region (or the stoppingregion). For a ollision at an energy of a few GeV per nuleon in the enter of mass sys-tem, like AGS, the nulear 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, whih is in the stopping region. While in the transparent region or\baryon-free quark-gluon plasma" region, the nulear stopping power determines whether2



1.1 The prodution of the Quark-Gluon Plasma 3the projetile baryons and the target baryons will reede away from the enter of masswithout being ompletely stopped, leaving behind QGP with very little even no baryonontents. 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 desribe the kinematis of a ollision, a kinematial variable of RapidityVariable y for a partile is de�ned as :y = 12 ln E + pzE � pz ; (1.1)where E is the energy of the partile, pz is the partile's longitudinal momentum alongthe beam axis. This variable is a dimensionless quantity. The advantage of this rapidityvariable is that the dependeny on the frame of referenes is very simple, i.e., the rapidityof the partile in one Lorentz frame of referene is related to the rapidity in another Lorentzframe of referene just by a additional onstant. For instane, the relation between apartile in the laboratory frame of referene and in the enter of mass frame of refereneis 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 deteted partilesrelative to the beam axis. In that ase, it is onvenient to utilize this information by thepseudo-rapidity variable �, to haraterize the deteted partiles. The pseudo-rapidity isde�ned as � = � ln � tan(�=2)� ; (1.2)where � is the angle between the partile'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 variableoinides with the rapidity variable when the momentum is large, i.e. jpj � E. Forpartiles with � � 1, � � y, while for massless partiles, � = y.In the stopping region, the rapidity of all partiles 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 inident ions of the target and the projetile, the rapidity distributions of the target3



4 Introdutionand the projetile fragmentation is large and moving fast, the number of baryons is almostintat and redistributed in the region for eah. The remained is the rapidity region aroundy� = 0, where it is exited and emitting partiles during ollisions, whih is baryon-free.1.1.3 Evolution of the systemAording to the hydrodynamial Bjorken model [6℄, a spae-time senario, the two ollid-ing ions are almost transparent to eah other. After they rossing and departing with eahother, they leave in-between a hot interation region, where the system is thermally andhemially equilibrated. The target and projetile fragmentation regions are produed,onneted by a region of entral rapidity. These aquire the transverse momentum fromthe multiple ollisions in between them. After the interation the two disks of the target
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Figure 1.2: Diagram of the heavy ion ollision.and the projetile will ontinue to move in opposite diretions with the speed � , theregion y = 0 in between them will expand ylindrially (see �gure 1.2).The spae-time evolution of a ollision at high energy is shown in �gure 1.3. Sinethe energy deposited in the ollision region around z � 0 is very high, sooner after theollision of the two nulei at point (z; t) = (0; 0), the energy density is suÆiently high toform QGP. In the �rst stage, nuleon-nuleon ollisions introdue a redistribution of theoriginal energy into other degrees of freedom, materializing into quarks and gluons aftera short time. In a seond stage, the dense system of quarks and gluons is formed, withthermal and hemial equilibration. Due to olor deon�nement, quarks and gluons arefree from eah other. Then QGP will rapidly ool down via the expansion and the evap-oration, undergoing a \mixed phase" in whih the hadrons and the \blobs" of plasmawould oexist. Finally it will ompletely ondensate into a state of ordinary hadrons,4



1.1 The prodution of the Quark-Gluon Plasma 5
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Figure 1.3: Spae-time diagram of the heavy ion ollision aordingto Bjorken model.�rstly interating with eah other and then freeze out. The �nal state reets the om-plex evolution of the system, and the di�erent observables arry informations of di�erentaspets 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 harateristi shape of Tversus � dependene: 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 deayedat the early stage, they arry with the original information of the system temperature.The spae-time evolution of the system, partiular in the freeze-out phase spae, anbe measured via idential partile interferometry (HBT). Furthermore, the multipliityutuations ould feedbak the ritial phenomena linked to a phase transition.Chiral symmetry restoration In QGP, the quarks lose their e�etive mass whihthey arried when on�ned in a hadron, and reover bak to their \bare mass". In otherwords, with the quark masses very small or almost equal to zero, the QGP would behiral symmetri. This would manifest itself in a hange in the strangeness prodution(strangeness enhanement), and in hanges of the hadron masses. The Mass, width anddeays of the partiles suh as � and � should experiene sharp modi�ations.Deon�nement As a suÆiently dense ordinary plasma an prevent the formationof the atoms by eletromagneti sreening of nulei from the eletrons (the \Mott tran-sition"), the olor fore between quarks would be sreened in QGP. The heavy � pairs,5



6 Introdutionlike J/ or  0 mesons, are produed only rarely, the proesses an happen only in theinitial instants of a nulei ollision. The  and � quarks are prevented to form the boundstates due to the olor sreening e�et. Thus a suppression of J/ and  0 in the entralnulear ollisions is expeted in a deon�nement phase.1.2 The signatures of the Quark-Gluon PlasmaEvidenes of the formation of the quark-gluon plasma are studied experimentally bylooking at the modi�ation of the fration of produed partiles :1. The omparison between the results of the fration of the partiles measured innuleus-nuleus, proton-proton and proton-nuleus ollisions.2. The omparison between the results obtained from the nuleus-nuleus ollisions atthe di�erent energies.3. Study the variation of the fration of the partile yields in the nuleus-nuleusollisions as a funtion of the entrality.Experimentally, one or several of these proedures are used for physial analysis.1.2.1 The J= suppressionThe prodution and suppression of heavy quarkonia bound states, suh as J= , wasproposed by Matsui and Satz in 1986 as an ideal signal of quark deon�nement [7℄.In a very dense medium, the  and � quarks do not feel the presene of eah other,either due to the plasma preventing the � from beoming a bound state (the olor hargesof quarks are sreened beause of the Debye sreening e�ets), or alternatively due to theinterations between the dense hadroni matter and � quarks, inluding 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℄, whih was one of the most promisingand attrative experimental results, and triggered many theoretial alulation to explainthe J= suppression in a dense hadron gas, within a non-QGP senario, as due to theabsorption and the re-sattering proesses.This anomalous J= suppression pattern in the entral Pb+Pb ollisions at 158AGeV/ [9, 10, 11℄ is one of the strongest evidenes 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 senario of the normal nulear 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 nulear absorption.
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Figure 1.4: Ratio J= =DY as a funtion 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 diret photonsDiret photons have been proposed as a promising signature for the QGP formation inrelativisti heavy-ion ollisions [12, 13℄. WA98 and WA80 experiments have presenteddiret photons results in Pb+Pb and S+Au ollisions [14℄.The photons from high-energy hadroni and nuleus-nuleus ollisions provide im-portant information about fundamental aspets of the partiles involved and their inter-ations. In partiular, they probe the parton distributions in hadrons and nulei. Inrelativisti heavy-ion ollisions, they serve as a diret probe for all stages of the �reballsine they leave the system without further interations due to their large mean free path.Most important, the thermal radiation from the �reball might allow to extrat informationon the EOS of the matter produed in the ollision. Hene, the diret photon produtionprovides one of the most promising signatures for the QGP.The extrated diret photon spetrum from WA98 shows a lear exess over thebakground for photon transverse momenta between 1.5 and 3.5 GeV/ (Figure 1.6)7



8 Introdution
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1.2 The signatures of the Quark-Gluon Plasma 9other ontributions (Dalitz deays, Drell-Yan and DD proesses), and eventual proesseslike �� annihilation.The CERES experiment has observed the yields of low mass dieletron pairs e+e�measured in p-A ollisions [18℄, the results an be explained in a proper way by a ex-petable \oktail" of hadroni deays. In Pb-Au ollisions, the measured results havea exess yields [19℄, by a fator of 2.5, in the mass domain 0.2-0.7 GeV/2 (Figure 1.7[20℄). The dependene with the dieletron transverse momentum [19℄ shows that the ex-ess dileptons are onentrated at low pT . This result an also be interpreted based onthe hanges of the properties of the vetor mesons when they are produed in the densematter, inluding hanges of masses and deay widths. In partiular, 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�ets1.
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Figure 1.9: Dimuons mass spetrafor low and high ET bins in Pb-Pbollision, displaying the various on-tributions onsidered in the �t andshowing the inrease of the DD likeomponent (blue lines).
Figure 1.10: Evolution of mea-sured/expeted DD like omponentas a funtion of the number of parti-ipant nuleons, from protons to ionsindued 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 bakgroundomponent is mostly �xed by the muon pair of the same signs. J/ and  0 resonanesontribute signi�antly only in their restrited 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 proesses, their ross setion sales as the number ofnuleon-nuleon ollisions. Their ratio should be onstant, irrespetive of the systemonsidered. This piture is veri�ed for the Drell{Yan, whereas the DD omponent has tobe inreased relatively to Drell{Yan in order to reprodue the ontinuum prodution in themass range 1.5-2.5 GeV/2, and this exess is inreasing with the entrality (�gure 1.9).Piture 1.10 shows the evolution as a funtion of the number of partiipant nuleons [21℄.The kinematial distribution of the exess is onsistent with DD prodution as ex-peted from the PYTHIA ode, suggesting that this exess is due to an open harmenhanement. This will be heked by the NA60 experiment. Alternative explanations[21, 22℄ ould be resattering of D mesons in nulear matter, or prodution of thermaldileptons. It is neessary to mention that onerning ontinuum determination in theintermediate mass region and an observation of enhanement of dilepton prodution formost entral ollisions, some doubts have been raised[23℄ on the need to improve the10



1.3 Strangeness prodution 11preision on the eventual bias on the bakground determination2.1.3 Strangeness produtionIn pp ollisions, strangeness prodution is suppressed by OZI rule[24℄, this is often referredalso as the \anonial suppression". As proposed by J.Rafelski[25℄ in nuleus-nuleusollisions, the ourrene of QGP should lead (due to the inrease of gluon number,relative lower s quark mass thanks to the hiral symmetry, and disappearane in the QGPof the need for additional quarks, favoring the strangeness prodution and the ourreneof equilibrium between u, d and s quarks) to the enhanement of strangeness prodution,with respet to the anonially suppressed prodution in pp ollisions.In quark-gluon plasma, the threshold for the prodution of s�s pairs is very low, sinethe s quark bare mass is only 75 to 170 MeV [26℄ and so to produe a pair it is onlyneessary a maximum of 2ms � 300 MeV. On the other hand, the gluon fusion gg! s�s,quark fusion q�q ! s�s and gluon deay g ! s�s proesses (see Figure 1.11) in the plasmaare another fator that favors the strangeness prodution. The gluon fusion gg ! s�sproess is responsible for about 90% of the s�s pairs produed. Due to Pauli Exlusion
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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 prodution of s�s pairs would be produed 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 reah the thermal and hemial equilibrium if2This is due to the short life time and expeted low multipliity of D{mesons whih ause the smallexperimental signal originating from D deays to be hidden in the large ombinatorial bakground [23℄.11



12 IntrodutionQGP formed is 20 to 30 times shorter (and omparable to the time needed for the twonulei to transverse eah other at this energy) than that needed for an hadron gas [27℄.All these harateristis would favour the strangeness prodution.

Figure 1.12: Shemati illustration of the energy levels inside amultiquark bag with two or three avours.A. Shor[28℄ has applied this view to the � prodution, prediting a possible enhane-ment of the ratio �=!, up to a fator of about 20. Observed inrease of the strangenessprodution was also interpreted as possible e�et of the resattering [29℄.In the seond half of the nineties, the global desription of the hadroni produtionhas 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 desription of the system, whihhas been used by Bjorken for deriving the energy density[6℄. Even if this ondition is notful�lled, the abundanes of partile speies will follow statistial Boltzman distributions[31℄ if the longitudinal ow an be onsidered as a superposition of �reballs. Following[31℄, in thermal model the density ni of partile 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-degeneray fator for the partile speies.12



1.3 Strangeness prodution 13For small systems with few elements, the thermodynamial anonial desription isneessary, where quantum numbers (like baryoni number, eletri harge, strangenessnumber) are onserved exatly and on an event by event basis. Typially this desriptionhas to be used for pp ollisions. In nuleus-nuleus ollisions, the high number of elementsleads to onsider a onservation on the average, through hemial potentials or hemialfators, in a grand anonial desription. The hange from anonial to grand anonialhas been interpreted as the origin of the strangeness enhanement predited and observedin A{A ollisions [32℄.Another additional question ould even be to onsider a loal equilibrium, a miro-anonial desription. There is a onsensus for onsidering omplete prodution yields inorder to avoid loal (y or MT ) biases. Nevertheless a global equilibration and existeneof an important orrelation between all rapidity domains are not obvious. Importantonditions like the baryoni density, and then the hemial potential, and more generallyall the observable (MT distribution, freeze-out radius) vary with y, raising doubts aboutthe validity of a universal ondition. The inuene of baryon density, in a mehanismfavouring for instane � and then K+ prodution, should be more relevant in a unitrapidity than that in average. For heavy partiles, rapidity distributions are inuenedby energy onservation, and it is not lear how a thermal model ould aount for that.U.Heinz[37℄ indiates arguments against the global thermal state, but �nally onludesthat mainly beause of di�erenes in rapidity distributions and ow e�et, a full phasespae is required.Similarly to questions about the homogeneity of onditions along rapidity axis, onean wonder about the e�ets of time evolution and introdue a ontinuous emission ofpartiles [38℄.For years, sine pioneering work of Hagedorn [39℄, and the observation of a transverseenergy saling [40℄ the fat that a thermal desription an be suessful in pp ollisions hadoften been the soure of wondering, sine the equilibrium is not supposed to be reahed inpp ollisions. Atually the mystery an be solved by onsidering that the population of thevarious �nal states available for the important number of ollisions studied (whih is thehigh number apparently missing) has to be statistially populated, aording to energyand harge onservation. As a onsequene, the mirosopial model lead to statistialpopulation. Beside of this statistial sharing, reinterations in eah A{A ollisions[37℄lead to a loal equilibrium: a hemial one (partile speies) thanks to inelasti ollisions,and a (kineti) thermal one thanks to the total ross setion of ollisions.Flutuations (one the utuations due to N{N ollisions between the wounded nule-ons are removed) are also interesting as a test of thermalization.13



14 Introdution1.3.2 Some appliations and strangeness saturation at 40 GeVper nuleonFigure 1.13 displays a striking onsisteny 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 preditionsand experimental partile ratios for Pb{Pb ollisions at 158GeV/nuleon. The thermal model aulations are obtained withT = 170 MeV and �B = 255 MeV.Suh �ts to the populations lead to thermal parameters, whose evolutions are parti-ularly important for the understanding of the harateristis of the matter reated in theollisions. Figure 1.14 presents the Wroblewski fator[41℄ at the primary partiles level,where �s = 2s�s=(u�u+ d �d). This fator presents a maximum around 40 GeV/nuleon.The eventuality of this peuliar pattern has been the origin of a ion beam energy sanat CERN performed reently to study the transition region [46℄.The data on A{A ollisions show that there is a signi�ant hange in the energydependene of strangeness yields whih is loated between the top AGS and SPS energies.Based on the statistial approah it was speulated that this hange is related to the onsetof deon�nement at the early stage of the A{A ollisions. Following this physial idea, aquantitative model has been developed, the Statistial Model of the Early Stage (SMES)[47℄. It assumes that the early stage matter is reated aording to the priniple of14
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1.3 Strangeness prodution 17

Figure 1.16: The energy dependene of the inverse slope parame-ter T � for K+ mesons produed at mid-rapidity in entral Pb+Pb(Au+Au) ollisions at AGS (triangles), SPS (squares) and RHIC(irles) energies.parameter inreases 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 expeted. Inreasing ollision energy leads to an inrease 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 betweenon�ned and deon�ned matter is expeted to be loated. The resulting modi�ation ofthe equation of state \suppresses" the hydrodynamial transverse expansion and leadsto the observed plateau struture in the energy dependene of the T � parameter. (3)At higher energies (RHIC data), T � again inreases with ollision energy. The equationof state at the early stage beomes again sti�, the early stage temperature and pressureinrease with ollision energy, resulting an inrease of T � with energy.These predited signals of the deon�nement phase transition, inluding anomalies inthe energy dependene of hadron prodution (the strangeness and the step of temperatureof kaons) are observed simultaneously at SPS energies. They indiate that the onset ofdeon�nement is loated at about 30 A�GeV. It seems to have lear evidene for theexistene of the deon�ned state of matter in nature within this SMES.It is noteworthy also that at 40 GeV, 3/4 of theK+ are assoiated with a � prodution.17



18 IntrodutionThe peak observed for K+ should then also reet an e�et of the baryoni density, whihis high in the entral rapidity at 40 GeV/nuleon but very weak at RHIC (as a onsequenepartile/antipartile ratios are lose to 1, whereas at 40 GeV/nuleon ��=� = 2:5%). The�gure 1.15 left illustrates that partiles and antipartiles display very di�erent behaviorin this energy domain.The peuliar role of � is due to that the lowest threshold is through p+n! �+K+nfor strangeness prodution, requiring a minimal energy of 671 MeV. In a medium withnon-zero hemial potential �u;d , beause densities of u and d quarks are greater thanthe ones of �u and �d quarks, it is muh 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 outome is toombine with u and d quarks to form �(uds), �+(uus), �0(uds) or ��(dds), instead ofombining with �u and �d to produe �K0 and K�.Calulations based on thermal models aount for the maximum observed in the Wrob-lewski fator at 40 GeV/nuleon by the ombined e�et of the derease of the baryonipotential and the inrease of temperature with energy. The peak should then mostly beassoiated with baryoni prodution [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 instane 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, exept if a high level of strangeness is kept in the hadronization proessafter omplete saturation in the QGP phase.Introduing a fator S is a phenomenologial way to aount for this inompletestrangeness equilibration, by J. Rafelski [50℄ in the early nineties through a phase spaeoupany fator S , and by the strangeness saturation fator S used by other authors[51℄. In the latter ase at least, this fator, the probability that a strange quark oupy theell of phase spae and whih is multiplying the thermal partition funtion, is estimatedat the primary prodution stage, before e�ets of the hadron gas. Strangeness populationplausibly evolves through the life time of the system, reahing a high relative value duringthe QGP eventual phase, hanging during hadronization in partiular thanks to gluons,and �nally inuened by the reinterations 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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)HG ; (1.5)sine their strangeness quantum numbers are S� = �1, S� = �2 and S
 = �3 .19



20 IntrodutionThe multiple strange baryon prodution bas been studied by NA57/WA97 experimentin Pb-Pb ollisions at 158 A GeV. The results show in agreement with the predition ofthe hierarhy Equation 1.5 [54℄. In �gure 1.18, the results are shown, as a funtion ofmean number of partiipant nuleon [55℄. Figure 1.18 shows that the prodution of 
baryon in Pb-Pb ollisions at 158 A GeV is inreased by a fator of 15, ompared to itsprodution in the proton indued ollisions. Furthermore, these multiple strange baryonprodutions in Pb-Pb ollisions remains onstant, independent of the entrality, for anumber of partiipant higher than 100. These hyperons produtions require about 100fm/ to equilibrate, whereas the life-time of hadroni system is only about 10 fm/. Thishyperon enhanement result an not be explained by interations in hadroni system.
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1.4 The � produtionThe � meson, whih is the mainly subjet of this study, is a bound state of s�s . Itsproperties of mass, width and main deay modes are listed in Table 1.1. The produtionof � has been proposed by A. Shor [28℄ as a probe to detet the strangeness enhanementdue to QGP formation. Firstly, an enhanement of s�s pairs in the QGP phase should20



1.4 The � prodution 21Quantum Number IG(JPC) = 0�(1��)Mass 1019.456 � 0.020 GeV=2Full width � 4.26 � 0.05 GeV=2Deay hannels Branhing 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 (Partile Data Booklet 2002)lead to an enhanement of � mesons. Seondly, the resattering of � meson with nuleonsand other hadrons in the expanding hadroni phase is insigni�ant, so the � would retaininformation on the onditions of the plasma. The � prodution is studied through arelative prodution with respet to the non-strange mesons, i.e. the ratio �=!, relatedto the ratio s�s/u�u. This ratio in NN ollisions ould inrease by a fator of 20 in QGPpredition, as ompared to the one for hadroni prodution, if the s�s and u�u would beprodued at the same level. The ratio �=! should be lose 1 in this QGP ourrenesine � and ! have the same net quantum numbers. A speial interest of this ratio isthat their masses being very lose, the potential e�ets of kinematial biases, for instanelinked to the ow, are redued. Apart from the e�ets linked to the wider mass domainonerned (see for instane below), the � is in a similar situation, exept that it has aisospin 1 instead of 0. Then � should be 3 times more produed, but this is not holdingin the dimuon deay hannel sine we only detet the �0 state. Usually one onsiders thatthe ross setion prodution of �0 is the same as the ! one. This is supported by theexperimental measurements [56℄. However this similarity of the prodution is probablyrestrited to the similar mass domains and exlude eventual low mass tails.1.4.1 Strangeness saturation fator and �=! ratioIn thermal models the prodution is equiprobable for phase spae ells orresponding tothe same energy. In heavy ion ollisions, this orresponds to produtions with the sametransverse mass MT . If the prodution is mainly driven by thermal e�ets, then the ratio�=!(MT ) should be diretly related to s�s=u�u. The prodution of strangeness an also beinreased in A{A ollisions with respet to p{p ollisions but not yet reah the saturationlevel. Some thermal models introdue this harateristi through the strangeness satura-21



22 Introdutiontion fator [52, 51, 57℄, S . In suh models the probability to produe a � is proportionalto the square of S [58℄.The �gure in [59℄ displays the value of (�=!)��. A �=! ratio before deay of about 0.5should lead, onsidering the eletron pairs branhing ratios, to a ��=(� + !)��� of 1.2 .The ratio �=! of 0.5 orresponds to S � 0:7. Of ourse the piture has to be improvedby taking into aount seondary prodution 4, hadronization e�ets, and eventually owe�ets, if one wants a loser estimate of the S at the \primary" stage.1.4.2 Studies as a funtion of p��T or M��T ?In order to have a diret aess to the relative e�ets ating on the MT slope or tothe estimate of the strangeness saturation fator S , one [60, 61, 62℄ has onsideredexperimental mass spetra obtained in MT domains. This is in priniple equivalent to thestudy performed in pT domains. Only the method biases ould be di�erent, allowing aneventual ross hek. Also the e�etive S 5 is obtained diretly from the ratio �=!.Another important di�erene in the two types of analyses is the way of the smearingand aeptane orretions are done in the treatment. In this analysis, the extrationof the omponents �, ! is done by a �t of experimental dimuons mass spetra, usingomponents taking into aount smearing and aeptane orretion. The pT analysis areperformed by another hoie (whih is independent of the use of pT bins): the experimentalspetrum is orreted for aeptane and smearing [63℄, and then �tted by using physialdistributions (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 prodution measured in the NA50 experiment gives aessto the ratio ��=(� + !)��� , unorreted for aeptane. Due to the experimental massresolution of about 70 MeV, the extration of � + ! relies on an hypothesis made on theratio between ! and � . Pratially this ratio ould be hanged by a fator of 3, withouthanging the number of dimuons in the � + ! unorreted for aeptane spetrum by aomparable amount, for instane in this example 30%. This is due to the fat that giventhe negligible aeptane for very low masses and the large mass spreading, the � and !4This is, for instane, lower by 32% the ! yield (F. Beatini, private ommuniation)5In fat it is S=q. 22
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24 Introdutionoutside the NA50 aeptane.1.4.4 E�etive temperatureThe dense system reated in heavy ion ollisions an be desribed hydrodynamially, i.e.,all the produed matter (partiles) ow with the same olletive veloity. The ross setionprodution for eah partile as a funtion of its transverse momentum or transverse mass(MT = qM2 + p2T ) gives information relative to the thermalization of the system and itsolletive expansion.From transverse mass distribution one an extrat the \e�etive temperature" thatharaterizes eah partile, i.e. the inverse slope of the distribution. This saling withMT is desribed by a Bessel funtion K1(MT=T ) [66℄:d�dMT = M2T K1(MT =T ) : (1.6)The e�etive temperature T only depends on two parameters: the temperature ofthermal freeze-out Tthermal at whih the hadronized system stops interating, and themean veloity hvT i of the olletive expansion (the ow) in the transverse plane.In a non-relativisti regime (i.e. if the partile'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�etive temperatureis observed to vary linearly with the partile's mass.In the relativisti regime, when the partile's transverse momentum is very high (pT �M), the mass an be negleted and the observed e�etive temperature is the same for allthe partiles. 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℄ deays. It was foundthat the � multipliity extrated from the K+K� data is signi�antly smaller than thatobtained from the dimuon results [68℄. A similar e�et has been observed reently byPHENIX results [69℄ in Au{Au ollisions at RHIC. A possible interpretation of this puz-zle is the sattering of at least one of the daughter kaons in the nulear medium [70℄aompanied by the in-medium modi�ations of kaons and � masses (see hapter 6).24



1.5 Future searhes 251.5 Future searhesThe situation of exploring the QGP will hange at RHIC and LHC. Future searhes forQGP are aiming at aessing higher temperature and higher densities.The RHIC ollider experiments in USA, inluding PHENIX, STAR, BRAHMS andPHOBOS ([71, 72℄ et.), are taking data with gold ollisions at ps = 130 GeV and 200GeV. The temperature reahed in the early stage of the ollision system is learly higherthan the ritial temperature needed for the phase transition. Some new signatures areproposed and studied for QGP formation in heavy ion ollisions, like jets physis and highpT distribution, Jet quenhing 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 muh larger temperature, the multipliity of produed partiles will be verylarge. With high statistis, it is possible to study the abundant prodution of thermalphotons and dileptons, jets, in partiular study the bottomnia states partiles.
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26 IntrodutionFinally, another ondition of the phase transition is suÆiently high baryoni density.The furture experiments at SIS synhrotron from GSI are following this way, to reahvery high densities similar to the ore of the neutron stars, several times higher than thenormal nulear matter density (see Figure 1.20).
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Chapter 2Experimental apparatusThe NA50 experiment is a �xed target experiment using a lead 208Pb ion beam aeleratedat an ultra-relativisti energy of 158 GeV/nuleon, obtained from the proton synhrotronSPS at CERN. The aelerator has a 20 s yle, with a 4.5 s spill. The beam Lorentzontration e�et is  = 10.The NA50 experimental apparatus onsists of a muon spetrometer, omplemented byan eletromagneti alorimeter, an hadroni alorimeter, a multipliity detetor, an ab-sorber and several detetors for beam ontrol [8℄. The orrelated muon pairs are detetedat rather small angles in the laboratory referene frame, but orrespond to an emissionfrom 90o in the ollision's enter-of-mass referene frame). Figure 2.1 gives a shematiview 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 detetorsThe Beam Hodosope (BH) and its assoiated detetors are loated 22 m upstream fromthe target, where the beam transverse dispersion allows for the ounting of the inomingbeam ions.2.1.1 BH detetorThe Beam Hodosope is made of two planes of quartz blades, transversal to the beamdiretion. Only the �rst one is atually used during the data taking. The 16 onstituentblades of the �rst plane are 0.7 mm thik, orresponding to 2.2% interation 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, produe �Cerenkov radiation, apturedby the optial �bers onneted to the blades up to the photomultipliers (one photomulti-plier per blade).The detetor is used for several purposes. It ounts the inoming ions on the Pb beam,a very important measurement for the luminosity alulation. It also allows to identifypile-up in the beam � a situation where every time there are two or more ions seen bythe detetor in the same window of 20 ns. The BH also used to stabilize the trigger of theexperiment, giving a time referene for the arrival of the inoming ions, with less than 1ns jitter1.2.1.2 Interation detetorsThe interation detetors BHI and BHI-New are loated next to the beam hodosope, inorder to identify any possible interations in the BH itself, whose fragments may interaton the target, thus produing \parasite" events. There are two BHI detetors and fourBHI-New, eah one having a sintillator blade plus a Pb blade.The BHI are plaed 17 m downstream from the seond BH plane, on both sides ofthe beam, and have a retangular geometry. The BHI-New shape is as quarters of ringentered on the beam line, loated 1 m after the BHI detetors and over omplementaryrapidity regions.Pb ion interations on the BH produe mainly pions. These deay into photon pairswhen rossing the lead blades, produing a signal that allows for the detetion of parasite1The term jitter refers to the small utuation on the time measurement28



2.2 The target region 29events. The eÆieny study of these event will show that the fragments produed havequite 100% probability to interat in the preabsorber, produing about 5% of the measuredmuon pairs.2.1.3 Anti-halo detetorsThe two anti-halo detetors (BAH and BAH-New) are loated 51 m and 19m upstreamfrom the target. Eah of them onsists of a quartz blade with entral hole 3 mm indiameter, rossed by the ollimated ion beam. These detetors identify events whoseoriginating ion was not ollimated, or originating on harged fragments from previousparasti interations oured 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 thik put in thevaum and 1 m2 transverse dimension. The target frame an aommodate up to 7sub-targets aligned with the beam. In the year-2000 data taking only position 4 wasoupied. Next to eah sub-target position, there are two quartz blades (on the left andon the right sides of eah sub-target and immediately downstream from it). The bladesemit �Cerenkov radiation when rossed by harged partiles (mostly � and K) originatingfrom in-target interations. In addition to this signal, Æ eletrons are produed simplywhen the beam rosses the target, independently of nulear ollisions, and this reates anoise whih is also seen by the quartz blades. There is then a minimal threshold belowwhih the detetor annot be used. (see Figure 2.2).The two quartz blades are loated before the �rst sub-target position, to detet lead-air interations upstream from the target. Figure 2.3 shows the target region, togetherwith the entrality detetors.2.3 Detetors for the entrality measurementsIn order to determine the entrality of the Pb-Pb ollisions, two alorimeters and a multi-pliity detetor are invited. The eletromagneti alorimeter (EMC) and the zero degreealorimeter (ZDC) are onstruted to measure the neutral transverse energy of the pro-dued partiles and the energy of the spetator nuleons and the fragments of the ollision,29



30 Experimental apparatus

Figure 2.2: The layout of the ative target (in 2000 data runs, only1 sub-target loated at position 4) region.respetively. The multipliity detetor measures the multipliity of harged partiles pro-dued.2.3.1 The multipliity detetorThe multipliity detetor (see Figure 2.4) is plaed downstream from the target and beforethe preabsorber. It is made of two planes (MD1 and MD2) with about 7000 silion miro-strips for eah, in a ring shape [73℄. Sine silion is a hard radiation material, the detetoran be put right next to the interation region. The two planes allow for the muon trakingand identi�ation of the sub-target, where the ollision oured. The multipliity of theharged partiles produed is measured from the strip oupany. The superposition ofthe two planes overs the pseudo-rapidity region � 2 (1:9 ; 4:2) [74℄.2.3.2 The eletromagneti alorimeterThe eletromagneti alorimeter is loated after the multipliity detetor. Its inner regionis �lled by the preabsorber. The EMC is made of four onentri hexagonal \rings" withsix sextants for eah, and detets the neutral partiles in the pseudo-rapidity interval1:1 � � � 2:3 , out of the spetrometer aeptane.The alorimeter is made of lead and sintillating �bers. There are many �0s produedin Pb-Pb ollisions, they have a short lifetime, deaying into the photon pairs. TheEletromagneti asades begin in the lead, and enounter the sintillating �bers. The�bers are ative and sensitive elements of the alorimeter, and transport the signal up30



2.3 Detetors for the entrality measurements 31
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Figure 2.3: A shemati view of the NA50 apparatus in targetregion.to the photomultipliers. The neutral transverse energy produed is alulated from theexpression : ET = CN 4Xi=1 Ei sin �i ; (2.1)where CN is the normalization onstant, depending on the sub-target position where theinteration oured, 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 plaed inside of the absorber, along the beam line. It ismade of tantalum onversion plates, with silion optial �bers inserted. Measurements31



32 Experimental apparatus

Figure 2.4: The multipliity detetor planes MD1 and MD2.are based on the �Cerenkov e�et. The detetor is preeded by a opper ollimator 60m long, with entral onial shaped hole whose diameter is only slightly larger than thebeam transversal dispersion, in order to prevent the ZDC from ounting deposited energyby the produed partiles (see Figure 2.5) .

Figure 2.5: The zero degree alorimeterIn the detetor's ative 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 spetrometer 33the photomultipliers. The ZDC measures the partiles' deposited energy in the pseudo-rapidity region � � 6:3.The energy resolution of this detetor when using lead beam at 158 GeV/ per nuleonis [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-partiipant partiles energy, the ZDC also allowsfor pile-up beam identi�ation, ompletely independent from the beam hodosope BH.The two detetors together aomplish an eÆieny for the beam pile-up rejetion higherthan 99% .2.4 The Muon spetrometerThe NA50 muon spetrometer, made of absorbers, multiwire hambers, sintillating ho-dosope and a deetor magnet, was oneived and previously used by the past experimentNA10 and NA38. It selets orrelated muons, allowing to reonstrut muon traks andidentify the prodution vertexes.The spetrometer onsists of two telesopes (sets of multiwire hambers and ho-dosopes) [8℄, with a magnet in between, overing the pseudo-aeptane region 2:8 �� � 4:0 (see Figure 2.6).2.4.1 AbsorbersLead ion ollisions produe a huge amount of partiles, mainly pions and kaons thathave a large probability to deay into muons, thus leading to a large bakground to thedimuon signal detetion. The absorbers minimize this bakground, otherwise this largebakground would saturate the multiwire hambers and hodosope.In NA50 there is a beryllium oxide (BeO) pre-absorber �lling the inner region ofthe eletromagneti alorimeter and extending as a one up to the main absorber of theexperiment. It is basially a blok of material 60 m long, with a ertain hole for thenon-interating beam to pass through.The main absorber of the experiment, shown in Figure 2.7, is 4.8 m in length and madeof uranium bloks for the most entral part, iron and arbon bloks next, and onrete33



34 Experimental apparatus

Figure 2.6: The muon spetrometerin the more exterior layer, overing an angular aeptane for in-target events from 32 to116 mrad.

Figure 2.7: The absorber34



2.4 The Muon spetrometer 35The absorbers stop the produed hadrons, but on the other hand, they are a soure ofmulti-sattering for the muons. So the hoie of materials when building an absorber isdone by maximizing the interation length �I (�I / A1=3), so that the produed 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-sattering (thesattering angle being �0 / ql=X0 ).The last absorber, an iron wall 1.2 m thik, is plaed before the fourth sintillatinghodosope. From all the in-target produed partiles, only the muons an survive rossingthis last absorber.2.4.2 Sintillating hodosopesThe four sintillating hodosopes, two per telesope, give the time oinidenes that pro-due the dimuon trigger of the experiment. They have an hexagonal symmetry, eahsextant being made of sintillators (30 for R1 and R2, 24 for R3 and 32 for R4), plaedparallel to the exterior border of sextant. Sintillators R1 and R2 are homotheti withrespet to the target, so that the oinidene V i = R1 i�R2 i (or �R2 i�1) between two iSintillators of R1 and R2 is de�ned when a partile oming from the target region rossesthem (see Figure 2.8).

Figure 2.8: A shemati view of the sintillating hodosopesThe trigger hodosope eÆieny is ontrolled by two other hodosopes, P1 and P2,plaed before and after the magnet (see in Figure 2.1), during dediated speial runs.2.4.3 Multiwire proportional hambersThe eight multiwire proportional hambers from PC1 to PC8, four per telesope, are usedfor traking of the muon trajetory, from the physial address of touhed wires. They have35



36 Experimental apparatushexagonal symmetry, eah hamber having three independent wire planes, spaed 2.2 mapart and rotated by 60o with respet to eah other (in Figure 2.9).

Figure 2.9: The Multiwire proportional hambers PC1 to PC8.Spaing between wires is 0.3 m, thus having a spaial 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, eletronsare emitted due to the gas ionization, and these are attrated to the wires beause of theapplied magneti �eld.2.4.4 The MagnetThe detetor magnet ACM (from Air-Core Magnet) between the two telesopes is an ironand air magnet with hexagonal symmetry, where the iron setors represent only 30% ofthe total region. With a length of 4.8 m and a maximum radius of 2 m, it de�nes anaeptane for the spetrometer that is orresponding to the air setors in between oils.The urrent on the oils is AC with a value of 7000 A, synhronized with the SPSyle, reating a toroidal magneti �eld of B0 = 0:4 Tm :~B(r) = B0r ~u� ; (2.4)where r is the distane from the beam axis and ~u� is the azimuthal unitary vetor. Whenrossing the magnet, the muon's trajetory is deeted, but keeping the same azimuthalplane. The bending angle is inversely proportional to the muon transverse momentum.36



2.5 The trigger system 37

Figure 2.10: The magnet and the shape of magneti �eld.The 7000 A urrent on the oils is hosen suh 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�et auses the drawbak of low MT aeptanes for lowmass dimuons.2.5 The trigger system1. Dimuon TriggerFour hodosopes (R1 to R4) provide the muon pair trigger. The �rst two hodosopesR1 and R2 are plaed between the main absorber and the magnet, the other two R3and R4 are plaed after the magnet, one before and the other after the iron wall.The trigger eÆieny is measured with a new system of two hodosopes P1 and P2,espeially designed and adapted for this purpose (see Figure 2.1).The dimuon trigger selet events in whih dimuons are produed by interation inthe target, and rejet muons from interations in the beam absorber. Dimuon trigger�rstly selets events in whih the 2 traks of a dimuon andidate originated in thetarget have rossed the spetrometer in 2 di�erent sextants. This trigger is based onthe oinidene between the sintillators of R1 and R2 hodosopes. Thus the muonsthat have been strongly deeted in the absorber beause of the multiple satteringare eliminated. Then the obtained signal is put in oinidene with the R3 and R4hodosopes. The trigger system also provides a rough value of the deetion angle,the transverse momentum pT of eah muon.37



38 Experimental apparatusIn order to get a better preision on the timing of the dimuon trigger, whih isopening the ADC, starting the TDC, and then in partiular 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 oinidene is used asdimuon trigger, and has a muh better preision (roughly from 6ns FWHM to 0.3).In 2000, this proedure has been extended to all trigger, in order to avoid any biasin the omparisons (espeially ritial after the ET knee)2. Minimum Bias ZDC TriggerThe trigger signal is reorded eah time when the ZDC signal is higher than a �xedthreshold. A very low threshold value has been hosen in order to have a signaleah time whenever something omes into the ZDC. Most of the triggers are eventsthat a Pb ion did not interat in the target and thus deposited all its energy in thealorimeter.3. Minimum Bias BH TriggerThe 16 onstituent quartz blades of the Beam Hodosope (BH) are used to ountthe inoming 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 presaled.The interest of this minimum bias trigger is that it is a priori independent of thetransverse energy, whih is important in partiular regarding the high ET behaviour.

38



2.6 The data aquisition system and the reonstrution of traks 392.6 The data aquisition system and the reonstru-tion of traksNormal data taking onditions mean a lean ion beam with a nominal data aquisition rateof 1.5 Mby/s [8℄. In order to proess the data as the fastest way as possible, minimizingthe dead time, eah sub-detetor aquisition (partition) is proessed in parallel.During the 4.5 s spill eah sub-detetor 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 loated in the aquisition unit.During the inter-burst, for eah event a miroproessor reads all the partitions, and veri�esthe presene of the information from all the detetors, and its oherene. After validation,the data orresponding to all the events of the burst are reorded in magneti tape.The reonstrution of the muon trajetories is done o�-line, by the programDIMUREC.The reonstrution of traks is skethed in Figure 2.11.

Figure 2.11: The shemati view of the reonstrution of traks.
2.7 Experimental improvements for 2000 runsIn summary, for 2000 data taking, there are several improvements of experimental ondi-tions, inluding 39



40 Experimental apparatus1. Only 1 sub-target is used and put in the vauum up to the pre-absorber, in orderto remove the air in the target region ;2. A new method to detet double interations 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 oinidene with BH blades; and a new minimum bias trigger is built,based on beam hodosope (BH)These improvements are aiming at deteting the peripheral ollisions for Pb-Pb. Asa onsequene, the minimum bias an go up to ET = 3 GeV, and reah full eÆieny atET = 15 GeV.

40



Chapter 3Data Seletion and AnalysisTreatmentThe raw experimental data reorded in the magneti tapes onsists of information of �redwires in the hambers, signal amplitudes in the alorimeter rings, hodosope and sub-detetors. After the trak reonstrution done o�-line, the ompressed information of thekinemati variables of the two muons, and of the sub-detetors of eah event is kept in�DST (Miro 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 suessive produtions of standard and additional�DSTs have been ompleted at CERN. In this analysis, it is referred to the 2nd (�nal)version prodution of �DSTs, inluding in partiular a new reonstrution method [78℄,leading to 10% more reonstruted muon pairs before uts.The RELMIC program reads the �DSTs and provides the physial information. Theevent seletion is done at this stage. All the traks passing outside the �duial regionof the detetor are rejeted, as well as the image ut is performed (see below). Theseprimary event seletions are done in RELMIC program.The information used for the event seletion :1. the beam pileup : NIBHTD, NIBHAD, NIZDC ;2. the interation pileup : NICALO (T0J 1 ) ;3. the upstream interation in the target : NPARAS ;4. the target identi�ation : NOCIBI, NOCIMD ;1It is the trigger timing with respet to the inoming ions with a time instability about 1ns.41



42 Data Seletion and Analysis Treatment5. the beam quality : NOHALO 2 ;6. the reonstrution quality of the traks : P*Dtarg, Global uts ;7. the entrality orrelation: ET � EZDC Diagonal (Banana) ut ;The meaning of these variables will be preised in the following.The data prodution of �DST tapes are separated into four parts: runs 9199-9558,runs 9559-9827, runs 9115-9197 and runs 9718-9757. These runs orrespond respetivelyto 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 spetrometer aeptane is not the same for positive andnegative harged muons. This ould be a problem for the ombinatorial bakgrounddetermination [80℄. The image ut is aiming at symmetrizing these aeptanes.The image trak is a simulated trak obtained by onsidering the same momentumthan the original trak, but with an opposite muon harge. The image ut is rejet-ing the original trak whose image is not aepted by the detetor geometry or by thereonstrution riteria or uts.3.2 The Pileup utThe Pileup events are referring to either beam pileup in the BH, or interation pileupevents in EMC detetors.BH detetor's purposes is to identify the beam pileup when two or more inoming ionsare seen by the detetor in a � 20 ns time window. This ut is done through NIBHTD byusing the BH TDCs and BH ADC information. The ut e�et of pileup is seen in Figure3.1.Another beam pileup rejetion is identi�ed by the ZDC through the variable NIZDC.ZDC is used to measure the non-partiipant fragment energy. It also allows for pileuprejetion, and its ineÆieny is independent from the BH one. So the BH and ZDCdetetors together eÆiently rejet the beam pileup events up to higher than 96%.2For 2000 data, the ut NOHALO from the anti-halo detetor was not used, sine it was observed tobias transverse energy (ET ) spetrum for entral Pb-Pb ollisions, probably beause of the bak-satteringfrom 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 3.4: De�nitions of P*Dtarg, DMAG and DPHI variables.3.5 The Minimum bias spetra analysisSeleted variables from �DST are reorded 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 spetra for the four periods. Onean see in the �gure 3.5 the di�erene at low ET region for the runs part3, due to the lakof EMC NICALO information for these runs. This period is not kept in the analysis.In order to ompare the ET spetra behaviors with respet 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 spetra (part2). The ratios of ZDC Trigger ET spetra during di�erent periodsare plotted in �gure 3.8. Through omparing the plots between �gure 3.7 and �gure 3.8,one an onlude 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 funtion of EZDCAfter the pileup uts, the interation uts, and the geometrial uts for traks, there arestill some bakground events left, as seen from the �gure 3.9 for Dimuon trigger and BH46
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3.7 Consisteny of minimum bias analyses for dimuons 53signal display similar behavior. It is independent of the low ET behavior, sine theOpposite-sign and Like-sign muon pairs have very di�erent low ET behaviors. Thus it isnot linked to the re-interations, whih should otherwise introdue opposite e�ets in thehigh ET behaviour.So the only aeptable behavior here is the atness. This is also onsistent with apredominane of the ET experimental resolution in the shape of the spetrum after theknee (see the setion 3.11.1).The observed inrease for high ET is not assoiated with banana ut: the same trendis visible for all onsidered uts.
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58 Data Seletion and Analysis TreatmentCUT BH saler 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� Reons 0.953 � 0.013Table 3.1: Corretions applied to luminosity, dimuons or minimumbias, in order to take into aount the signal rejetion by bak-ground uts.and Dimuon trigger.The various uts used are aiming at removing bakgrounds, like NICALO, NOCIMD,or removing biased events, like PILEUP or NPARAS uts. But these uts also rejet partof the signal that we want to study, or modify the amount of inoming beam. Figure3.20 displays the e�et of these uts on J/ events. For minimum bias triggers, the samequantity (fration of remaining events after ut with respet to the number of eventsbefore the ut) is also displayed with PILEUP and NPARAS uts. J/ mass domain isonsidered here as an attempt to estimate the e�et of the ut on the signal, sine somespurious soures as ollisions in the entrane of the absorber does not lead to a dimuonsignal with a orret mass, and inversely the J/ peak ould be expeted to ontainmostly dimuons originating from the target.The e�et of PILEUP ut is very di�erent for J/ and for minimum bias triggers.Minimum bias triggers display a 35% derease in the lowest ET bin, then a rather onstant53% derease, for higher ET . This peuliar trend is due to the fat that pile up eventsontains two inoming ions, and eah of them has about 10% probability to interat inthe target, produing a non \zero" transverse energy. So the e�et on non interating(zero) events is 35% whereas the e�et on the interating event is twie as important, i.e.,58



3.8 Determination of eÆieny orretions 59

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

0 20 40 60 80 100 120 140

J/ψ cut effects

PILEUP

NPARAS

NOCIMD

NICALO

T0J

NIZDC

PDtarg Banana

0

0.2

0.4

0.6

0.8

1

0 20 40 60 80 100 120 140

MB cut effects

PILEUP

NPARAS

NOCIMD

NICALO

T0J

NIZDC

Banana

ET GeV ET GeVFigure 3.20: Left: the fration of the raw J/ signal remaining aftervarious uts as a funtion of ET ; Right: the fration of minimumbias remaining after various uts as a funtion of ET .0:35�2=(0:35�2+0:65) = 0:51 . This e�et does not hold for J/ beause it is a trigger.Most of the uts are weakly depending on the transverse energy, exept for theNPARAS ut. These events, where only a fragment of Pb ion reahes the target re-gion, must lead to lower average ET , but what is seen here is not interation in thetarget. The NPARAS events are assoiated to a bump in J/ ET spetrum, visible in�gure 3.21. What is the origin of this bump? One ould imagine two possible origins:the ET assoiated to partiles produed in the BH, or assoiated to an interation of theremaining fragment before the eletromagneti alorimeter. It is interesting to remarkalso that these events are assoiated with a ET bump also for minimum bias events (see�gure 3.1), so the \target" produing this transverse energy is not the normal target,whih has only an interation probability of 1/10. Looking at the �gure 3.22 one observesthat the J/ is deplaed toward lower masses for the events uts by NPARAS. This isthe sign of an origin downstream from the target4. The fration of events rejeted by theNPARAS ut is 6.5% for the minimum bias, this shows that the threshold on the BHI4In this ase the dimuon is reonstruted with a vertex orresponding to the target, the opening angleof the muon pair is lowered with respet to the true value.59



60 Data Seletion and Analysis Treatmentand BHI new used for this seletion are very low, sine only 2% interation is expetedin the 0.7 mm of quartz of the BH. The fration of J/ rejeted is muh higher, 28%.This shows that the 2% interation in the BH leads to a fragment that has quite 100%probability to interat, 10 times more than the non BH-interated beam, leading to 20%of the J/ produed. Finally, there is no reason to take into aount in the eÆieny forthe spurious J/ produed in the absorber, and we an hek that at high ET , rejetionof J/ and minimum bias events are the same (see Figure 3.23), beause they resultfrom the random e�et of this ut. The fration of inoming ions rejeted is then theonly orretion to apply, 6.5% on the total number of inoming ions (given by the salersassoiated to eah of the BH blades). The lifetime of the DAQ (4%) an also be takeninto aount as an e�etive derease of the available beam.NOCIMD ut is ating mostly at low ET , for high ET a 3% e�et is observed, identialfor J/ and minimum bias. NICALO, whih is aiming at pile up of interation in target,is in priniple not useful here sine full pile up rejetion is performed. Nevertheless it animprove the BH eÆieny for deteting pile up, and also rejet additional bakground. Inpartiular a bakground in the ET -EZDC region similar to the NPARAS spurious events,is rejeted by NICALO (see Figure 3.2). The atness of the NICALO rejetion rate withET is indiating that this NPARAS ontribution is not the dominant one, and the highET rejetion rate is most probably a signal rejetion, at the level of 12%.Reonstrution eÆieny, muon pair trigger eÆieny and P*Dtarg ut on muon trakare only ating on dimuon trigger. The T0J ut, rejeting events whose trigger signalhas not been orreted by BH, has a more important e�et for dimuon trigger than forminimum bias trigger. Figure 3.23 on�rms that at high ET , only the PILEUP and T0Juts lead to di�erent results for J/ and for minimum bias.Finally it is noteworthy that only these last four eÆienies will intervene in the multi-pliities determinations, the others anelling in the ratio between dimuon and minimumbias.

60



3.9 The presaling of the minimum bias 61

0

500

1000

1500

2000

2500

3000

3500

4000

0 20 40 60 80 100 120 140 160 180 200
ET

J/ψ ET spectra

PILEUP cut

NPARAS cut
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Figure 3.22: The dimuon mass spe-trum rejeted by the NPARAS utand the remaining dimuons.3.9 The presaling of the minimum biasIn order to ope with the aquisition rate, the number of minimum bias events must belimited, to about 2�300 triggers per burst (�5s). These triggers must then be presaledby an important fator sine the inoming Pb ion rate is about 8�106 inoming 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 typially 1/16 ofthe total intensity, with variations due to the beam pro�le at the BH level ;� The BH blade logial signal is presaled by an eletroni module, typially 214(16384) .Finally the presaling is nothing but the ratio between the sum of BH salers, takinginto aount the lifetime of the aquisition, and the minimum bias triggers at the level ofthe miro-DST.The eÆieny of the presaling eletroni modules depends on the inoming intensity.The presaling then has to take this into aount, by an e�etive presaling whih ishigher than the one hosen by the ommand. This is automatially taken into aountby the ratio BH luminosity to BH minimum bias triggers when entering into RELMIC.61
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Figure 3.24: BH salers of Only oneBH blade and the BH blade logial sig-nal presaling 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 subsript � and 	 indiate the sign of thespetrometer magneti �eld.For low multipliities, systemati deviation ours from the previous formula, and aorretion fator R (R � 1) is introdued,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 spetra of the opposite-harge in low mass andhigh mass domains, and the ombinatorial bakground 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 physially speaking, a more e�etive entrality seletion variable is the impat pa-63
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3.11 The entrality variables of the ollision system 65gives a shemati diagram of a nuleus-nuleus ollision. Nuleons of nuleus A travelsalong a straight line in the nuleus B and undergo one or multiple independent ollisionswith nuleons of B, if the distanes between their trajetories is smaller than the distaneorresponding to the nuleon-nuleon inelasti ross setion �0 (30 mb). (see Figure 3.27).

Figure 3.27: A shemati diagram of geometry of nuleus-nuleusollision.The nulear densities are desribed by Wood-Saxon parameterizations with 2 or 3parameters (2pF or 3pF, depending on the nulei [82℄ )�(r) = �01 + exp(r � r0)=C (3.7)where r is the distane to the enter of the nuleus, r0, C, �0 are obtained from theeletron-nulei sattering experiments. Wood-Saxon distribution is plotted in Figure 3.28.We determine the number of ollisions thanks to a Monte Carlo alulation.They an also be determined analytially. The probability that a nuleon inside of thenuleus A ollides with a nuleon inside of the nuleus B, separated by the distane ~s inthe transverse plane to the ollision axis AB, and with an impat 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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3.11 The entrality variables of the ollision system 67Wounded Nuleon ModelThe number of nuleons that have partiipated into the AB ollision, Npart, an bealulated through the \Wounded Nuleon Model" [83℄, whih is also used in the GlauberModel formalism. Within this model, Npart an be obtained as a funtion of the impatparameter, but it an also be related to the diretly measured quantities, for instane,the transverse energy ET released in the ollision.The average number of the partiipant nuleons in a AB ollision is,Npart = NApart +NBpart: (3.13)Thus, at a given impat 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)Pratially in the MC alulation, any nuleon su�ering a ollision is ounted as apartiipant nuleon.The \Wounded Nuleon Model" onsiders that the average multipliity of the partilesprodued in the ollisions is proportional to the number of nuleon partiipants. Thetransverse energy E0T measured in the experiment is proportional to the number of �0sprodued. If eah of the partiipant nuleon produes seondary hadrons with the averagenumber Nh, and eah of these hadrons arries a mean transverse energy qh, then eahpartiipant ontributes q � qn Nh to the total transverse energy produed in the ollision.The mean ET at a given impat parameter ~b ishET i(~b) = q Npart(~b); (3.15)where q is the average transverse energy per partiipant.Both the number of partiipant nuleon at a given impat parameter ~b and the trans-verse energy produed by eah partiipant in the ollision an utuate. These are on-sidered as gaussian utuations with �ET (see Equation 3.19), suh 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 utuationsome from both the physial utuations of the transverse neutral energy at a given impatparameter and the eletromagneti alorimeter detetor's resolution. One an also writethe relationship �ETET = pa qpET : (3.17)67



68 Data Seletion and Analysis TreatmentThe ET resolution is about 14% at ET = 20 GeV, 6.2% at ET = 100 GeV.Fit to the Min. Bias spetrumExperimentally, the a and q parameters an be obtained from a �t to the minimumbias transverse energy spetrum5 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 impat parameter ~b, desribed by a gaussian funtion,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 spetrum, 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 setionof Pb+Pb ollisions6, whih obtains �Pb+Pb = 7106:97 mb. Figure 3.30 shows the rosssetion spetrum as a funtion of the impat parameter extrated from the Glauber MC.This is obtained by using the p-p ross setion of 30 mbarn. A higher ross setion forp-p should have led to a higher total ross setion through an inrease of the peripheralPb-Pb interations.The formula [62℄ : �Pb+Pb = 68:8(A1=3 +B1=3 � 1:32)2 ; (3.20)gives �Pb+Pb = 7606 mb, whih 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 Noll 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 seond 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 nuleon-nuleonollision. 68
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70 Data Seletion and Analysis Treatment

b (fm)
0 2 4 6 8 10 12 14 16 18

/d
b

 (
fm

)
σ

d

0

10

20

30

40

50

60

70

80
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3.11 The entrality variables of the ollision system 71the projetile spetator fragment. In a peripheral ollision, only few nuleons undergo aninteration, the number of spetator nuleons is large, and a large amount of energy isreleased in ZDC detetor. In a entral ollision, it goes to the ontrary, EZDC is muhsmaller. In a real experiment, one should take into aount also some partiipant nuleonsplus part of seondary partiles emitted in a ollision. So with a ertain impat parameterb, the average EZDC energy is the sum of two ontributions, a dominate one E spetZDC(b),who is proportional to the number of spetator nuleons Nspet, plus another ontributionE partZDC(b), proportional to the number of partiipant nuleons [75℄:hEZDC(b)i = E spetZDC(b) + E partZDC(b) (3.21)= 158�Nspet(b) + ��Npart(b)= 158� �208� Npart(b)2 �+ ��Npart(b)where 158 GeV is the energy per spetator nuleon and the seond term ��Npart(b) is theenergy released in ZDC detetor by the partiipant nuleons and the seondary partiles(� = 5:67). The relationship between Nspet(b) and Npart(b) is given by Glauber Model.For a given impat parameter b, the EZDC values are utuating with a gaussian distribu-tion, beause of the experimental resolution of the ZDC detetor and the utuations ofNpart(b). The width �EZDC is given by Equation 2.3 (in setion 2.3.3). (In this equation,the �rst two terms are related to the resolutions of the detetor and the third term takesinto aount 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 beome more tightly. For ET -EZDC , the orrelation beomesa 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 todetetors resolutions, but from the utuations of Npart(b) and Nspet(b), at a given �xedimpat 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 heking thesensitivity of impat parameter b in given ET or EZDC domains, when hanging theresolutions. From this �gure, ET is more seletive to the entrality b than EZDC forperipheral ollisions, sine it is not biased. For entral ollisions, the both are biasedwhen hanging the resolutions. So if the detetor's resolutions are idealy high, the ET71
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3.12 Appliation to J/ analysisJ/ study is not the subjet 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 alulationmade in setion 3.11.1.J/ study relies on Drell-Yan prodution as a referene, the later being a well studiedproess of the annihilation of one quark from the target-nuleon with another quark fromthe projetile-nuleon. Drell-Yan yield is observed to be proportional to the number ofnuleon-nuleon ollisions, but with a very low statistis. It is then diÆult to studyJ= /Drell-Yan ratio beause of the utuations from Drell-Yan yield. As realled insetion 3.7, the ratio J= =MB has been onsidered in previous studies, allowing moreET bins in the analyses. The number of nuleon-nuleon ollisions Noll 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 Seletion and Analysis Treatment3.12.1 The �t to the mass spetraFor the invariant masses above 2 GeV=2 in NA50, opposite-sign muon pairs originatefrom the prodution of J/ ,  0 , Drell-Yan proess, D �D pairs and the \bakground"from the � and K deays (see setion 3.10). The number of signal events is deduedfrom the raw number of N+� of the opposite-sign muon pairs after subtration of thebakground: 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 funtions of di�erent omponents are used the same shapesas desribed in [8℄, alled standard parametrization.In order to determine the number of events from J/ deay, the analysis is done asbriey desribed hereafter. The dimuon mass spetrum above 2.9 GeV=2 is �tted to asum of all the ontributions aounting for the ontinuum. The �t proedure of four stepsis performed with the funtiondN+�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 bakground, in order to avoid theempty bin ontent than diretly subtrat the bakground by using equation 3.22.Then the bakground is subtrated aording to the like-sign funtions [84℄ in themass range 2:1 �M � 3:6 GeV=2 .2. Fit the mass spetra by the sum of the bakground, J/ ,  0 and Drell-Yan on-tributions in the mass range M > 3:05 GeV=2 . The bakground 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 isonsidered to be same as J/ resonane. 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 bakground, J/ , D �D pairs, Drell-Yan ontributions in themass range 2:2 � M � 2:6 GeV=2 . Also the bakground 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 bakground, J/ ,  0 , Drell-Yan and D �D pairs in the massrange M > 2:9 GeV=2 . In this �nal step �t, the bakground is �xed from the step74



3.12 Appliation 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 proedure is done for all the ET bins. As an example, the �tted massspetrum is plotted in Figure 3.33.
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Figure 3.33: Fitted dimuon invariant mass spetrum for Pb{Pbollisions at 158 A GeV (2000 data).
3.12.2 J/ minimum bias behaviorThe preliminary results of J/ ET spetrum and J= =MB=Noll as a funtion 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=Noll result shows J/ yield isontinuously dereasing per nuleon-nuleon ollision at high ET region.
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76 Data Seletion and Analysis Treatment

(a) (b)ET GeV ET GeVFigure 3.34: Left: ET spetrum of J/ events; Right: unnormal-ized J/ multipliity per number of ollisions versus ET for Pb{Pbollisions at 158 A GeV (2000 data).
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Chapter 4
Monte-Carlo Simulation
4.1 The physial generation of DIMUJETThe Monte-Carlo simulation of the physial proesses who ontribute to the dimuon massspetrum is done by using the ode DIMUJET. The �, ! and � resonanes were onsidered,as well as a phenomenologial ontinuum resulting from a set of proesses suh as Dalitzdeays of the pseudo-salars � and �0 and the vetor-meson !, the Drell-Yan proess andthe semi-leptoni deays ofD �D pairs. The generation is based on kinematial 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 referene frame azimuthal angle 'CSand polar angle �CS. The kinemati domains onsidered, whih inludes the experimentalaeptane 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 aount the energy loss and multiple sattering (ouring mainly in the absorber),and the geometry of the detetor. The aepted events are subsequently reonstrutedby using the same reonstrution program as for the experimental data, the DIMURECode. They are submitted to the same uts as the experimental data. The obtainedmass distributions are used to extrat the di�erent omponents in the experimental massspetra, and also to alulate the orresponding aeptanes.77



78 Monte-Carlo Simulation4.2 The generation funtion4.2.1 Generation on mass distributionThe dimuon mass spetrum is the sum of the resonanes �, ! and � that deay intodimuons, �; !; �! �+��and of a physial ontinuum whih is the joint ontribution of Dalitz deays (also alledinternal onversion proesses): �; �0 ! � !  �+��;! ! �0� ! �0�+��;of semi-leptoni deays of D �D pairs (i:e:, open harm proesses mainly):D+ ! �K0�+�� ;D� ! K0����� ;D0 ! K��+�� ;�D0 ! K+����� ;and of the Drell-Yan proess (who is the annihilation of one quark from the target-nuleon with another quark from the projetile-nuleon, and has been better de�ned forhigh masses M > 3 GeV=2 ): q�q ! � ! �+��:The �, ! and � resonanes are simulated by using the lassial Breit-Wigner funtions,with the mass peaks and widths presented in the table 4.1, given by the Partile PhysisData Booklet 2002 [85℄: BWr = � 2r=4(M �mr)2 + � 2r=4 ; (4.1)where r = �; !; �. This simulation uses the lassial Breit-Wigner shapes for vetormesons ! and �. The � resonane being very broad, its desription of the mass spetrumas a lassial Breit-Wigner shape is not suÆient [64℄ (see setion 1.4.3). So a phase spaefator 1=M4 is onsidered in the � mass region.For the ontinuum, aounting for the sum of all the proesses that ontribute toit, an e�etive empiri parametrization, namely a dereasing exponential shape, is used,following the phenomenologi Drell-Yan saling distribution:1M3 exp (��=ps ) ;78



4.2 The generation funtion 79omponent 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 �1.150ontinuum 0.25 �M �3.0Table 4.1: Charateristi variable domains for omponents.whih is extended to: dNdM /M�� exp (�M=�) ; (4.2)where � and � are the adjusting parameters.The parameters and the harateristi 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 gaussianfuntion : d�dy / exp�� y22�20� : (4.3)The distribution is entered at y = 0, beause the olliding system is symmetrial. 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 aording to a Bessel funtion:dNdMT /M2T K1�MT=T� ; (4.4)where MT = qM2 + P 2T , is the dimuon's transverse mass, K1 is a Bessel funtion, theparameter T is the inverse slope of the distribution versus MT , also alled \e�etivetemperature". 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 shemati diagram of Collins-Soper referene frame, with �CS and'CS.
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Figure 4.1: The de�nitions of Collins-Soper angles in the Collins-Soper referene frame.The distribution on os�CS is simulated with the shape:d�d os�CS / onstant for resonanes ; (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 aeptane of NA50 (�0:5 � os�CS � 0:5). The distribution as a funtionof the azimuthal angle 'CS is generated as :dNd'CS = onstant : (4.6)
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4.3 Aepted dimuon distributions 814.3 Aepted dimuon distributionsIn Figure 4.2, one an see the plots of the generated distributions as a funtion of themass, the transverse mass, the rapidity and the os�CS of the produed dimuons basedon the generation funtions desribed before. Also in this �gure, the aepted dimuondistributions are presented. Figure 4.3 shows the simulated mass spetra for �, !, � andontinuum.
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Figure 4.2: Dimuon invariant mass, rapidity, transverse mass andos �CS distributions for Generated (top plots) and reonstruted(bottom plots) events. The vertial sale are in arbitrary units.
4.4 The aeptanes in MT slies4.4.1 The aeptane as a funtion of MTThe di�erent aeptanes AR for the resonane R in a given transverse mass interval �M iT ,as the ratio of the reonstruted events to the generated events in the same kinematialdomains (thus they partially ontain di�erent events), are alulated as,AR = �N Reonstruted EventsRN Generated EventsR � ; (4.7)81



82 Monte-Carlo Simulation
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4.4 The aeptanes in MT slies 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: Aeptane fators for � and ! in di�erent MT intervalsand statistial errors.
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84 Monte-Carlo Simulation4.4.2 The aeptane omparison to NA38 setupIn order to study the e�ets on the hanges of the experimental setup between S-U andPb-Pb, and also to hek the preision of the simulation for the low aeptane in Pb-Pb,some test simulations are performed. For NA50, several hanges have been performed onthe detetor from S-U to Pb-Pb setup, mainly:� The inrease of the �eld in the magnet, by a fator 7/4;� The replaement 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 spetrometer pseudorapity domain to ope with the beamenergy, inluding the hanges of the position of the magnet, the position of PC1-PC8, et.Beside, some hanges have ourred on the analysis side, in partiular the \global"ut on the trak quality (whih were often taken into aount in the aeptane).The �gure 4.5 displays the values obtained for the aeptane when hanging theabsorber, or the magnet, or both, from the NA50 setup. Figure 4.7 shows the aeptaneratios of A!/A� orresponding to those hanges, it follows that the hanges of the setupdo not indue a signi�ant hange in the A!/A� ratio, within several perent.It is noteworthy that the magnet is the leading e�et on the derease of the aeptaneobserved at low MT , as it is emphasized by �gure 4.6. The iron absorber e�et on theaeptane is hanging by a fator about 4 in the whole MT range, whereas the magnet�eld e�et is hanging by an order of 8. This �eld e�et has been heked by NA50[62℄, and it has been observed that the instrumental e�et is perfetly reprodued by thesimulation. So �nally only a rather \modest" e�et, the absorber one, has not been veri�edby an experimental ross hek. This e�et being only a fator 4, and evolving smoothlywith MT , it does not seem very likely that a major unertainty ould be attahed tothe sole low MT value. In onlusion, despite of the aeptane's value lower than 1%, itfollows that the aeptane determined in Pb-Pb for the 1.5-1.8 GeV=2 MT bin is notlikely to su�er a very di�erent unertainty than the other MT bins.4.5 Deomposition of the mass spetraTo extrat the number of resonanes deteted in the dimuon mass spetra as seen bythe detetor, one uses the simulated funtions orresponding to eah omponent. After84



4.5 Deomposition of the mass spetra 85
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subtration of the ombinatorial bakground, we then �t the dimuon mass spetra 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 funtions used in the �t for eah of the omponents. Theseshapes are determined by the Monte-Carlo simulation of generation, followed by the samereonstrution treatment as applied on the real data. These distributions also take intoaount aeptane and smearing e�ets on the shapes. AR, the yield of eah omponent,is taken as free parameter in the �t to the mass spetra. In order to avoid statistialutuations in the simulation, and allow a ertain freedom in the mean value with respetto the experimental reonstrution2, the funtion F! and F� are gaussian (with an R.M.S.�tted to the simulated mass spetra).Contrary to �, the ! and � resonanes' experimental shapes are dominated by theexperimental resolutions. They are also the main ontributions to the peaks in the ! and� mass regions. Using gaussian funtions (in fat using integrals of gaussian is mandatorygiven the broad mass bins) also shapes utuations in the simulation, whih otherwisewould add systematial e�et between the various kinematial domains. The mass widthsof ! and �, obtained by the �t to the simulated mass spetra, are plotted in Figure 4.8.No systematial evolution appears with MT , so onstant mass widths are onsidered:�� = 70 MeV, �! = 65 MeV.The � and ! are assumed to have the same ross setion3 �� = �! [86℄. Sine dimuonbranhing ratios are poorly known, their relative deay rates into �+�� are taken equal tothe ones measured through e+e� deay hannel. So R, taking into aount the di�erenebetween the � and ! branhing ratios through �+�� deay 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 spetra 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 slies and totalET region in all MT interval (1:5 � MT � 3:2 GeV/2). Mass spetra from the ET slie2,4,6,8 and 5 transverse mass intervals are presented in Figure 4.11.
2in partiular unertainties in the energy loss orretion3and we estimate this before applying the 1=M4 fator86
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Chapter 5Experimental ResultsThe dimuon signal mass distributions per transverse mass domain in eah transverseenergy region are treated as previously desribed: the smeared physial ontributions areextrated, then orreted for aeptane. The ratios of ���� =���! are dedued, as a funtionof the transverse mass (MT ) and the transverse energy (ET ).5.1 The results (�=!)��As desribed previously, the two resonanes � and !, an not be distinguished, beausethe NA50 spetrometer's mass resolution is about 70 MeV=2 whereas their masses di�erfrom eah other by only 13 MeV/2. Due to branhing ratios and widths, the peak of themass spetra in the ! peak region (0:5 � M � 0:95 GeV=2 ) is mainly dominated bythe ! resonane ontribution. As explained in setion 1.4 this lead us to express resultsthrough the ratio of the two resonanes, �=! . Of ourse, if the ratio �/!, in the ! region,would signi�antly hange, then the whole extration would have to be reonsidered, sineatually this extration results rely on the �+! dimuon prodution in the ! mass region1.The ratio (�=!)�� of the number of resonanes � to the number of resonanes !,produed in the experimental kinematial domain through �+�� hannel, after orretingfor the aeptanes, is obtained by:��=!��� = N deteted� =A�N deteted! =A! ; (5.1)where N detetedR is the number of muon pairs for omponent R extrated from the dimuonmass spetrum , and AR is the orresponding aeptane value given in the Table 4.2.1whih nevertheless does not depend on the low mass part of the �, ontrarily to the � + ! afteraeptane orretion (see setion 1.4.3) 91



92 Experimental ResultsThe quantity �=! has the advantage of being less sensitive than the absolute values tosystemati errors, some of them aneling in the ratio.5.1.1 The unertainties of the results (�=!)��The unertainties for the results (�=!)��(MT ) per ET domain are alulated as:r���(stat+ fit)�2 + ��!(stat+ fit)�2 + ���(method)�2 + ��!(method)�2 ; (5.2)where �R(stat+ fit) is a relative error, inluding the statistial errors on the number ofresonanes as it is produed in the �t. This is then also inluding the error assoiated tothe �t proesses, but not inluding the systemati errors assoiated to the hoie of the in-gredients of the �t, whih are �xed in the �t proesses. These last errors have been studiedin detail in [61℄. They are inluded in the errors assoiated to method �R(method). Theseerrors inlude hoie of ingredients of the �t, and error on the aeptane 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 2.8-3.2aeptane 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 aeptane and �t method

92



5.1 The results (�=!)�� 935.1.2 Evolution of (�=!)�� as a funtion of MTIn Figure 5.1 and 5.2, we present the results (�=!)�� as a funtion of MT , per transverseenergy domain. No dependeny on MT of the ratio (�=!)�� is seen from the plots, but(�=!)�� is inreasing from the peripheral to entral ollisions.
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5.2 Cross setion of �� and �! 95
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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 resonane produed in the relevant kinematial 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�et is taken into aountthrough the notion of \e�etive target" Leff = �Pb�Pb�1 � exp (�l=�Pb�Pb)� where l isthe target length. �Pb�Pb = (�Pb�Pb n Target)�1 is the interation length, where �Pb�Pbis the e�etive ross setion of the Pb-Pb interation. n Target is the number of atoms ofPb in the target per volume unit, and is alulated through the mass number per volumeunit � Target, n Target = � TargetA �NA ; (5.4)where NA is the Avogadro onstant.The interation ross setion �A�B for the interation of two ions with the mass numberA and B, is alulated 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 setion in order to obtain Leff . Thevalues of quantities used for alulating the ross setion are listed in Table 5.3 .5.2.2 The eÆieny determinationThe uts used are PILEUP, NPARAS, NOCIMD, NICALO, T0J, NIZDC, (P*Dtarg forDimuon trigger), Banana, as explained in setion 3.8. The di�erent eÆieny valuesalulated from the data are listed in the Table 3.1, for BH trigger, Dimuon trigger andluminosity salers. 96



5.2 Cross setion of �� and �! 97Quantity ValueAPb 207.2�Pb�Pb 7606 mbarns� Target 11.35 � 0.57 g/m3n Target 3:30� 1022 /m3�Pb�Pb 3.98ml 4 mmLeff 0.38 mNBHin 6:56� 1012Table 5.3: Values used for the ross setion in Pb+Pb ollisions.The number of inident ions NBHin onsidered for alulating the e�etive ross setionis given by, Nin(0) = NBHin � �Pileup � �DAQ � �NPARAS ; (5.6)whih is the e�etive number of inident ions, taking into aount the DAQ unavailability,beam pile up and rejetion of ions by the BH interation ounters.The number of resonanes in the experimental aeptane, orresponding to this num-ber of inoming ions, is the one obtained in the analysis, orreted of the rejetions ofsignal due to the various uts used to rejet the bakgrounds, or orreted of instrumentalineÆienies. NR = N DetetedRAR � 1�DIMUREC � 1� Trigger � 1� uts ; (5.7)where � uts ontains all the uts su�ered by dimuons as desribed in the table 3.1, andAR is aeptane for the resonane R.5.2.3 The unertainties of �� and �!Cross setion are determined per MT interval. As for �=! the unertainty omes fromthe statistial and the �t unertainties, and the systematial unertainty omes from theunertainties already onsidered for the ratio �=! (see setion 5.1.1), plus the systematialunertainties due to normalization of the beam and eÆienies ating on dimuons (seetable 3.1), whih were anelling in the ratio �=!. The unertainty on the number ofatoms per m2 in the target is also important for the ross setion preision. From97



98 Experimental Resultsprevious measurements [87℄, it is known that the dominant error for this target thiknessis the density of Pb, whih is about 2.5%. All these unertainties are independent andare added quadratially.5.2.4 The �� and �! values in all ET domainThe e�etive ross setion values per MT bins in all ET domain (ET � 10 GeV=2 ) aregiven in Table 5.4, the statistial 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 setion values of �� and �! for Pb-Pbper MT bins (for �0:5 � os�CS � 0:5 and 0 � y� � 1) .
5.3 The E�etive 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�etive temperature" T .5.3.1 Determine the MT absissaThe MT absissa values MAbsT in eah MT slie are a posteriori alulated, taking intoaount 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�etive temperature of ! and � 99In this way, there is no bias between the value from the funtion atMAbsT and the integralin eah MT bin limits. The alulated values of the MT absissa 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℄ whih 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 alulated values of the MT absissa.
5.3.2 E�etive temperature as a funtion of entralityThe temperature as a funtion of the entrality (ET here), is shown in �gure 5.5 andTable 5.6. ET slie (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�etive temperature values as a funtion of ET .

From the values of T plotted as a funtion of ET one an determine the average valuefor ! and � by a �t to a line, whih leads to T ! = 213� 4 MeV and T � = 217� 4 MeV.99
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5.4 The multipliity measurement 101
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Figure 5.5: The e�etive temperature of � and ! versus ET withthe horizontal line �ts (top) and with the linear �ts (bottom).
in a given ET bin, and orreted for aeptane and eventually of branhing ratio. Thenumber of ollisions in the same ET bin is obtained thanks to the minimum bias trigger.For the resonane R, in the domain (�M iT ;�EjT ), the multipliity NmulR is alulatedthrough the formula,NmulR (�M iT ;�EjT ) = NdetetedR (�M iT ;�EjT )=(AR �BRR)NM:B:(�EjT )� f Presaling � � ��Trigger � �Dimure � � rel:ut (5.10)where R = !; � , AR is the aeptane, BRR is the branhing ratio for eah resonane,NdetetedR (�M iT ;�EjT ) is the number of resonanes deteted in the ertain �M iT and �EjTdomain, NM:B:(�EjT ) is the event number of Min. Bias in the �EjT domain, f Presaling is101



102 Experimental Resultsthe Min. Bias (BH trigger) presaling fator, � ��Trigger and �Dimure are the dimuon triggereÆieny and the reonstrution eÆieny, and � rel:ut is the ratio of ut eÆienies fordimuons and minimum bias triggers (for most of the uts this ratio is 1 see �gure 3.23).f Presaling is the ratio of the total number of ions in BH seen by the 16 blades salers,divided by the total number of Min. Bias BH triggers seen at the RELMIC entranestage, i.e. before uts. As visible in Figures 3.23, pileup e�et ould be very di�erent(from 30 to 50% typially) depending on the trigger/observable onsidered, and this ouldreate a bias in the multipliity whih ould depend on the ut in a �titious way. Thise�et has been heked [89℄ not introduing bias in the determination of the multipliity.The UnertaintyThere are 4 di�erent kinds of unertainties introdued by the analysis for the multi-pliity alulation of resonane R,1. The statistial errors from the number of resonanes ER(stat + fit) (see setion5.1.1) and the statistial errors from the Min. Bias ENMB (stat) ;2. The unertainty on the assumptions made in the simulation, playing on the aep-tanes determination and on the �t ;r�E�M iTAR �2 + �E�M iTNR (Method)�23. The systemati errors on the eÆienies (Most of the systemati errors are aneledin the ratio of Dimuon trigger to BH trigger),r�E T0J� �2 + �E P�Dtarg� �2 + �E ��Trig� �2 + �E Reons� �2 = 4:0% :4. if needed, unertainty on the dimuon branhing ratios [85℄:BR�!�� = (2:870 � 0:180)� 10�4 ;BR!!�� = (7:042 � 0:481)� 10�5 :5.4.2 The Multipliities of !, � as a funtion of NpartThe multipliity values of � and ! withMT > 1:5 GeV=2 in eah ET interval are listed inTable 5.7 and plotted in Figure 5.10. One observes an inrease of the � and ! multipliitiesas a funtion of Npart. 102



5.4 The multipliity measurement 103In ontrast � and ! multipliities per partiipant have di�erent behaviors: Figure 5.10presents the ratios of N �mult=Npart and N !mult=Npart. The number of ! per partiipantappears onstant, whereas the number of � mesons per partiipant inreases , showingthat the � prodution is enhaned.ET (GeV/2) hET i (GeV/2) N �multipliity N !multipliity10 - 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 multipliity values of � and ! (for�0:5 � os�CS �0:5 and 0 � y � 1) .The same trend are observed in eah MT domain onsidered in Figure 5.6 and Figure5.7, and the behaviors of multipliities per partiipant nuleon (divided by Npart) as afuntion of Npart are shown in Figure 5.8 and Figure 5.9.
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Chapter 6Results DisussionIn 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 produtionenhanement, from AGS to RHIC.6.1 Comparison of other � entral multipliity deter-minations in NA50 and NA49From 1997 [90, 61℄ when � meson prodution in Pb-Pb ollisions of NA50 1995 experi-ment has been presented for the seond time, the question of the omparison to NA49measurements through KK [67℄ hannel has been raised. The multipliity 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 reently 1998 data have been obtained, butnormalized on previous 1996 data sine normalization information is absent in this dataset. Finally, this thesis is dealing with the last 2000 data, obtained with a setup aimingat a redundant hek of the minimum bias measurement through the implementing of aseond minimum bias trigger based on the beam hodosope, and this global ross hekould possibly lead to the most elaborated multipliity measurement in NA50.A preliminary result for these last NA50 2000 data has been obtained for the 2003strangeness in quark matter onferene [92℄. The main trends of the di�erenes observedpreviously between the NA49 and NA50 results are still there, in partiular the di�ereneinMT slope, but the di�erene between multipliities is not as dramati as before (Figure6.2).The evolution of the � multipliities in NA50 has even reahed a maximum in 2003,leading to a wide distribution of results (�gure 6.3). The origin was not mainly inside109
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Figure 6.1: A omparison of the MT spetra 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 � branhing ratio into dimuons. Indeedthis value has always been poorly measured (at 20%), being for deades at the level of2.5�10�4. In 2000 the PPDB published another value, inompatible with the previousone (3� di�erene): 3.7�10�4. Both values were very di�erent from the � branhingratio into eletrons, 2.99�10�4. This later value should be very lose to the one throughdimuon hannel, sine one expets the value of the � wave funtion at the origin to be themain parameter driving the branhing ratios into leptons, and the di�erene in massesbetween eletrons and muons to be negligible for the ! and �. Indeed in 2002 the PPDBpublished a result for BR�� more preise and ompatible with BRee, 2.89�10�4. Whenone applies the same branhing ratio, BRee, to all NA50 results, one obtains very similarresults (Figure 6.4). 110
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Figure 6.2: A omparison of theMT spetra 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�erene between NA50 andNA49 remains, but the multipliity di�erenes are dereased. Assuming that the observeddi�erene is linked to the di�erent hannels onsidered, models like [93℄ an aount forpart of the e�et, at the level of 10%, whih is suÆient to reonile the two multipliitymeasurements, 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 aeptane in our results ould be suspeted, but the instrumental hekingsthat have been performed [62℄ does not leave muh room, a fator 2 assuming 100% hangeof the multiple sattering in the simulation, for the fator 3 observed.111
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Figure 6.3: A omparison of theMT spetra 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 prodution between various systems, in a widerange from proton indued to S-indued reations. As previously explained, in NA38/NA50two analyses have been performed onerning the � and ! prodution. 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 stik hereto the latter analyses.In the experimental kinematial window, �gure 6.5 displays the evolutions of the !and � ross setions with respet to A� B. It suggests:1. A similar behaviour of ! and � for light projetile (d-C to d-U) ;112
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Figure 6.4: A omparison of theMT spetra of � meson as in �gure6.1 measured by NA49 and various analysis by NA50 onsideringthe eletrons branhing ratio.2. An inrease of ! and � ross setions for ion projetiles whih is stronger than A�B((AB)� with � = 1) ;3. An additional inrease of the � ross setion .Suh behaviour ould be linked to a trivial rapidity shift when going from the inreaseof target size (p{A) to the inrease of projetile size (A{A), for the !, and an additionalinrease of � in A-A ollisions. 113
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Figure 6.5: The dependene of � and ! ross setionfor MT > 1:5 GeV/2 as a funtion of the produtA�B of nulear mass numbers of the olliding nulei.6.3 T slope of � in Pb{PbFrom the �rst extrations 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 sine the T slope of Pb{Pb for � is at the level of S-U one, and probably lower(see �gure 6.6).Muh more surprising has been the omparison with NA49 results, and the systematimade within this experiment, showing a lower value of the T slope in NA50, both for the! and the �, the di�erene being at the level 230 ompared to 300 MeV (see �gure 6.7).The previous setion has shown how the branhing ratio an aount for a part ofthe di�erenes between the NA50 and NA49 � multipliities measured in their ommonMT domain. Conerning the slopes, several e�ets an be onsidered, due to the di�erenein deay hannels, but in partiular the e�et of the ow, whih 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 partile masses measured by severalexperiments in Pb{Pb ollisions at 158 GeV/ at SPS.display some example of MT spetra obtained in suh a blast wave model [94℄.It is also noteworthy that last results from NA49 at 80 and 40 GeV/nuleon lead to115
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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 aount seondary e�ets like reinterations in the hadroni gas phase orweak deays, this value ould be modi�ed. Indeed � meson ould have small interationross setion, ontrarily to ! and �, and this ould lead to a derease of the �=! ratio inthe hadroni phase, by an inrease of the �+! prodution. An original value of 0.9 ouldbe possible in this framework [96℄. But it is interesting and neessary to note that on thereverse side the weaker interation ross setion assoiated to the � is not that solidlyestablished neither [97℄. 117



118 Results DisussionOther authors [98℄ also onsider that a S value of 0.7 is atually assoiated to theentral Pb{Pb ollisions at SPS, but not for produtions extrapolated from full rapidity(see �gure 6.11).
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Chapter 7ConlusionsThe last NA50 measurement, aiming at extending the results toward more peripheralollisions and seure the last study made with minimum bias spetrum thanks to a re-dundant minimum bias trigger { in partiular for high ET domain, has on�rmed most ofthe trends observed by the previous measurements.� New results from 2000 data on�rm that �=! ratio inreases with the entrality ofPb{Pb ollisions, suggesting a saturation tendany for the most entral ollisions(when observed with respet to ET or to Npart);� The � prodution per partiipant is inreasing whereas the ! one is at;� The �=! ratio ould give a diret aess to the saturation fator (S=q)2;� The ross setions versus A � B inrease from d{C to Pb{Pb indiate a two steppattern: rather similar behaviors for ! and � in light projetile indued reations,then both produtions inrease in ion projetile indued reations ((AB)� with� > 1);� In addition, there is an additional inrease for � ross setion.Minimum bias extended study shows that:� The �multipliity in NA50 is higher than the one observed in NA49. The di�erenesof � multipliity between NA50 and NA49 are found to be smaller than previouslydetermined, mainly due to the evolution of the branhing ratio into dimuons, whihhas su�ered dramati hanges in the reent years;119



120 Conlusions� 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 evidene of a seond drop for J/ prodution at high ETregion (entral ollisions), but a ontinuous derease is observed.In thermal models, the ratio �=! in a MT bin is diretly related to (S=q)2, thestrangeness saturation fator. The value 2 observed for �=! should indiate a value ofS lower than 1, 0.7, when taking into aount the branhing ratios. It ould indiate, asobserved in several but not all analyses and predited by some models, that the strangenesshas not reahed 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 referene [99℄, whihould signalize the boost of strangeness due to QGP formation.Furthermore, Strangeness prodution from AGS to RHIC has displayed striking re-sults, suggestive of sharp transitions whih an be reprodued under assumptions of QGPformation.Despite of the impressive reent suesses of the thermal models, a omprehensivedesription of strangeness prodution seems to remain to ahieve, from AGS to RHICand inluding the detail of all strange partiles, i.e. not only mainly based on � and K+whih are the bulk of the prodution at SPS but also extended to all strange partiles.It is lear that other strange prodution like �, K� and �� have di�erent behaviour, butwith strong similarities between them [94℄.Like inomplete strangeness equilibration whih is observed through many thermal�ts of partiles abundanies and suggested by our results, a loal equilibrium in rapiditydomains ould perhaps be also onsidered more systematially in order to progress on theseletivity of the desription. This ould also allow to aount for baryoni loal e�ets.It is interesting to point out here that if the evolution with beam energy displays twodi�erent families, K+{� and �{K�{��, suh lassi�ation does not show up as a funtionof entrality, for instane for the ratio �=K+, whih ould also indue some onsistenyproblem 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 speial interest, sine as ahidden strangeness partile it probably has no sensitivity to aompany partile produ-tion, ontrarily for instane to K+ with respet to �. The ! is the losest non strangevetor meson, with idential other quantum numbers, and the loseness in mass is reduingany bias that ould be assoiated to mass di�erene, like ow e�et or when onsider-ing MT integrated prodution. The �=! ratio ould then have partiular potential toharaterize strangeness relative prodution irrespetive of other loal e�ets, for instanebaryoni density. It is not obvious that this later harateristi of the medium is welldesribed by an average on all rapidity domains, as the integrated thermal approah isassuming, and a orrelated desription in kinematial 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 � prodution. �=! ratios ould bring additional information here.The � prodution, in partiular with regards to ! one, follows the strangeness enhane-ment, but also ould be a sensitive probe of the evolution of the system. Its reprodutionby asade models ould still be a hallenge, and the interpretation of the loal determi-nation of S with the ratio �=! needs to be lari�ed in the models. It is then partiularlyimportant to get a lear piture of the experimental harateristis of this prodution,as we tried to do here. Additional omparison with NA49 for lighter systems should beprobably interesting too in this respet. This will help to prepare meaningfull studies ofthe prodution at RHIC, whih will be obtained in the following years, following the �rstmeasurement of deuteron-gold, this year.
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