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ON THE WAY TO QGP VIAJ= SUPPRESSION�Claudie GershelInstitut de Physique Nuléaire, 91406 Orsay Cedex, Frane(Reeived Otober 13, 1999)The suppression of J= prodution, proposed as a possible signature ofthe formation of a Quark�Gluon Plasma in heavy ion ollisions, is reviewedin these letures both experimentally and theoretially. A speial emphasisis put on the reent results obtained by the NA50 ollaboration at CERNin Pb�Pb ollisions where new features seem to appear.PACS numbers: 12.38.Mh, 25.75.�q, 25.75.Dw1. IntrodutionIn 1986, Matsui and Satz proposed that the suppression of harmoniumstate prodution in heavy ion ollisions ould be a signature of the forma-tion of deon�ned matter, the so-alled Quark�Gluon Plasma (QGP) [1℄.Sine that time, the subjet has been widely investigated both experimen-tally at CERN and theoretially. In these letures, the most reent resultsobtained by the NA50 ollaboration with the Pb beams of 158 GeV/nuleonare presented and disussed with the knowledge of the new theoretial devel-opments in the �eld. The letures are organized as follows. The �rst hapteris devoted to the NA50 measurements in Pb�Pb ollisions as performed atCERN in 1995, 1996 and 1998. It fouses mainly on J/ suppression. Inorder to understand the physis issues, it is important to have a refereneprovided by hadron-indued ollisions. They are disussed in a seond se-tion. Finally, in the third hapter the heavy ion results are ompared tothe empirial systematis dedued from p�A ollisions and disussed with apartiular emphasis on the most reent ideas. For more details, the readeran refer to reent overviews in Refs. [2�4℄.� Presented at the XXXIX Craow Shool of Theoretial Physis, Zakopane, Poland,May 29�June 8, 1999. (3585)



3586 C. Gershel2. Charmonium prodution in Pb�Pb ollisionsfrom the NA50 experiment2.1. Why harmonium suppression?Charmonium states are bound states of a harm�antiharm � pair withquantum numbers n2S+1LJ , where n is the radial quantum number, andS; L and J denote spin, orbital and total angular momentum, respetively:J= (13S1); �J(13PJ ) with J = 0; 1; 2 and  0(23S1). The J/ and  0 an bedeteted through their deay hannel into a muon pair. In Referene [1℄, ithas been suggested that, if a QGP is formed in a heavy ion ollision, beauseof the high density of olor harges in this deon�ned matter, the bindingpotential of the � pair is sreened (Debye sreening) and the bound statesis no longer formed. The sreening is even easier for the � and  0 mesonswhih have larger radii than J= .Two strategies are possible to searh for an anomalous behaviour of themeson prodution rates: i) study di�erent systems of target and projetilesand ompare the meson ross setions in ion- and p- indued ollisions or ii)study the meson suppression in a given heavy ion system as a funtion ofthe energy density of the ollision, i.e. as a funtion of its entrality. In thelatter ase, a referene is needed. For the NA50 experiment whih detetsdimuons, this referene is provided by the well-known Drell�Yan mehanismwhih has the advantage of being insensitive to strong interations and isnot perturbed by the evolution of the system after hadronisation. Anotherreferene has also been used by NA50 as explained in Setion 2.3.2.2.2. The NA50 experiment2.2.1. ApparatusThe experimental setup is made of a muon spetrometer, detetors mea-suring the entrality of the ollision and of an ative target whih allows apreise determination of the vertex of the ollision and, to some extent, arejetion of the reinteration of spetator fragments.The spetrometer has been desribed in many papers (see for instane[5℄). It measures dimuons in the rapidity range 0 < yms < 1. The J/ massresolution is 3.1% (r.m.s) and the aeptane for muon pairs with an invari-ant mass above 3 GeV=2 is of the order of 15%.The vertex of the interation is reognized with the help of an �ative�target [7℄. The Pb target is segmented into 7 subtargets eah followed by twoquartz blades loated o� the beam axis. While these blades allow a preisedetermination of the vertex, the e�ieny for deteting the reinteration ofa spetator fragment is not very high. In order to evaluate the in�uene ofthe remaining reinterations, in the 1998 experiment, only one subtarget,



On the Way to QGP via J= Suppression 35873 mm thik, has been used [8℄ as opposed to the 7 subtargets, with a totalthikness of 7 mm for 1995 [5℄ and 12 mm for the 1996 experiment [6℄.There are 3 di�erent entrality detetors: i) A Pb-�ber eletromagnetialorimeter measures the neutral transverse energy ET of the partiles pro-dued in the pseudo-rapidity domain [1.1-2.3℄. It is loated outside theaeptane of the spetrometer in order to improve the mass resolution ofthe muon pairs. ii) A �zero-degree� alorimeter (ZDC) measures the energyEZDC arried out by the beam spetators [9℄. It is based on the quartz �bertehnique with a W radiator. Its angular aeptane is de�ned by a 60 mlong opper ollimator whih minimizes the ontamination arising from par-tiles produed in the ollision. Its energy resolution is 7% for inident Pbnulei. iii) A multipliity detetor onsisting of two idential planes, withabout 7000 silion mirostrips eah, measures the partiles in the pseudorapidity range [1.5�3.9℄. It is not used in the results presented here.Finally, it is possible to make an o�-line rejetion of �unlean� eventsthanks to di�erent detetors whih are preinteration and halo detetorsand a segmented beam hodosope whih reognizes pile-up events.The lay-out of the various elements of the NA50 detetor in the targetarea is shown in Fig. 1. It an be noted in the �gure that, inside the aep-tane of the spetrometer, there is also a BeO preabsorber whih redues theombinatorial bakground due to pion and kaon deays into muon pairs toa reasonable level without spoiling the mass resolution of the spetrometer.
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Fig. 1. Lay-out of the di�erent elements in the target area of the NA50 detetor.



3588 C. Gershel2.2.2. Target identi�ationThe ative target algorithm makes use of the signal given by the twoquartz blades whih measure a fration of the partiles produed in the ol-lision. When the ollision is peripheral, this number dereases strongly andindues a loss of e�ieny in the target identi�ation. In order to reover apart of the peripheral events, another seletion method has been developed.It is based on the orrelation ET �EZDC on an event by event basis. Afterhaving applied the normal seletion riteria, an additional rejetion is ap-plied to events whih are outside a 2� distane from the average orrelation.This method requires a preise subtration of events produed outside of thetarget, mainly on air, whih are determined from �empty� target measure-ments. These events are non negligible only below ET ' 30 GeV. Figure 2shows the number of events reovered for peripheral ollisions [6℄.
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Fig. 2. Ratio of the number of events seleted by the ontour-ut method and bythe target algorithm.2.2.3. TriggerBesides the usual dimuon trigger used by NA50 and previously by NA38,in eah burst of the beam, there is a presaled fration of �minimum bias�(MB) triggers, de�ned by an inident ion whih has interated in the Pbtarget. The MB trigger �res when both the ZDC and the eletromagneti



On the Way to QGP via J= Suppression 3589alorimeter have deteted a minimum energy. This trigger provides a newreferene for the study of J/ suppression and will be disussed further on.2.3. ResultsA typial mass spetrum is shown in Fig. 3 [6℄. It is a superposition of�ve ontributions, i.e. J/ ,  0 , Drell�Yan, open harm and the ombina-torial bakground. The spetrum is �tted following a proedure desribedin Ref. [6℄.
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Fig. 3. Invariant mass spetrum of the opposite sign muon pairs for Pb�Pb olli-sions.2.3.1. J/ suppression using Drell�Yan as a refereneJ/ prodution is ompared to that of Drell�Yan pairs in the mass range[2.9�4.5℄ GeV=2. In the following, the results labelled �1995 data� wereobtained with the 7 mm segmented target. The �1996 data� provide a highstatisti sample with the 12 mm segmented target and the �1998 data� givepreliminary results obtained with the 3 mm single target1. The 1996 data1 For the moment, the 1998 data have been analyzed only at high ET in order to studythe e�et of reinterations. The low ET part requires further work, in partiulara areful subtration of interations of Pb ions with air whih are relatively moreimportant for this thinner target.



3590 C. Gershelare shown in Fig. 4 for 15 entrality bins de�ned by ET. There is a stronginrease of J/ suppression between peripheral and entral ollisions, i.e. afator of the order of 2.5.Torino May 10-15, 1999 C. Cial�o, for the NA50 Collaboration
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J= /DY vs ET 96 data

The urve aounts for an ordinary nulear absorptionwith �abs = 6:4 mb, as obtained from p-A and S-U data.Fig. 4. J/ suppression using Drell�Yan as a referene. The urve represents the�normal� nulear absorption dedued from the data obtained for lighter systems(see Setion 3.2).In order to searh for the possible in�uene of remaining reinterations,results obtained with the three di�erent targets are ompared in Fig. 5.Beause of the low statistis of the 1995 and 1998 data, there are only 5entrality bins. As expeted [6℄, around ET = 110 GeV, the suppressionis sensitive to the thikness of the target while it is not so at lower ETvalues [8℄.2.3.2. J/ suppression using the minimum-bias events as a refereneThe preision of the J/ suppression measurement is limited by the smallstatistis of the Drell�Yan events and another method has been developedwhih signi�antly redues the statistial �utuations [6℄. The priniple ofthis method is to obtain a �theoretial� Drell�Yan sample N�DY(ET) fromthe statistially preise minimum bias N expMB(ET) orresponding value.



On the Way to QGP via J= Suppression 3591Torino May 10-15, 1999 C. Cial�o, for the NA50 Collaboration
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Fig. 5. J/ suppression using Drell�Yan as a referene for 3 di�erent thiknessesof the Pb target.The experimental minimum bias distribution is �tted to the expression�dNdE T�thMB / Z P (ET; b) b db ; (2.1)where P (ET; b) is the probability that a given ET is measured for a ollisionwith an impat parameter b. The analytial expression P (ET; b) depends ontwo parameters E0 andW whih desribe respetively the general sale of theET spetrum and the spread in ET at a given impat parameter. This spreadtakes into aount both the physial �utuations of the number of emittedpartiles and the experimental �utuations due to the limited number ofpartiles whih are measured. In partiular, this spread is responsible forthe slope of the high ET part of the ET distribution above the knee. Thetwo parameters E0 and W are dedued from the �t of the minimum biasdistribution. In the same way, the Drell�Yan spetrum an be �tted to therelation �dNdE T�DYMB / Z NAB(b) P (ET; b) b db ; (2.2)



3592 C. Gershelwhere NAB(b) is the number of nuleon�nuleon ollisions. It has beenheked that the parameters E0 and W obtained from this �t are similarto those obtained from the �t of the minimum bias distribution within theerrors. Instead of using the experimental Drell�Yan distribution, a �theo-retial� one, (dN=dET)�DY, is used whih is built from the minimum biasspetrum aording to:�dNdE T��DY = C �dNdE T�expMB �(ET) ; (2.3)where �(ET) = �dNdE T�thDY�dNdE T�thMB (2.4)and C is a normalization onstant. The theoretial funtion �(ET) is plot-ted in Fig. 6 together with the number NAB(b) of nuleon�nuleon ollisionsevaluated from the Glauber model. The two values are similar exept abovethe knee of the ET distribution. Fig. 7 shows the omparison between thetwo analyses after an adjustement of the data in the region of intermedi-ate ollisions. There is a good overall agreement of the data with muhsmaller errors for the minimum bias referene and this analysis shows thatthe �utuations of the  =DYexp ratio are mainly due to Drell�Yan. Theminimum bias analysis is limited to values above 26 GeV beause of theontribution of events produed outside of the target. This ontaminationis larger for minimum bias events than for the dimuon triggers. It an benotied that, as in the ase of the Drell�Yan referene, the ratio  =DY�is free from most ine�ienies. However, there may be potential new sys-temati e�ets due to the use of the new trigger. The e�et of the targetthikness has been heked also with the minimum bias analysis (Fig. 8).The e�et of unreognized reinterations is learly seen on the higher partof the ET-dependene [8℄. Taking this e�et into aount, a ombination ofthe di�erent NA50 results, in the regions where they are unbiased, is dis-played in Fig. 9. Two important features beome visible: i) There is a strongdeparture, around ET = 40 GeV, from the absorption urve dedued fromthe data olleted with lighter projetiles (see Setion 3.2). ii) There is aseond drop at high ET in the suppression pattern.
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Fig. 6. Ratio of Drell�Yan to minimum bias theoretial distributions vs ET (openirles). The orresponding experimental ratio is also shown (losed irles). Fi-nally, the dotted line is the alulated number of nuleon�nuleon ollisions.

Fig. 7. Comparison of J/ suppression pattern using experimental or �theoretial�(from minimum bias) Drell�Yan as a referene for 1996 data. The solid line hasthe same meaning as for Fig. 4.



3594 C. GershelTorino May 10-15, 1999 C. Cial�o, for the NA50 Collaboration
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J= /DY vs ET

Fig. 8. Comparison of the suppression patterns between the 3 mm thik target andthe 12 mm one. The referene here is the �theoretial� Drell�Yan .
Torino May 10-15, 1999 C. Cial�o, for the NA50 Collaboration

QM99
Fig. 9. Summary plot of the J/ suppression pattern vs ET in Pb�Pb ollisions.The solid line has the same meaning as for Fig. 4.



On the Way to QGP via J= Suppression 35952.3.3.  0 suppression patternHere we reall the main observations onerning the  0 suppression.While the  0 suppression is similar to that of J/ in p�A ollisions [10,11℄, 0 is muh more suppressed than J/ in Pb�Pb ollisions [12℄. The ratio� 0=�DY dereases by a fator 10 between the two extreme entrality bins.3. p�A ollisionsIn order to have an experimental referene for the study of J/ suppres-sion, p�A ollisions have been extensively studied by di�erent experimentsfor di�erent beam energies (see for instane the review in Ref. [4℄).3.1. Empirial systematisJ/ suppression in p�A ollisions is de�ned asSAJ= (xF; pT;Ep) = d3�pA!J= X=dxFd2pTA d3�pN!J= X=dxFd2pT (3.1)whih relates the nulear prodution ross setion to the nuleon one. Thereare two di�erent empirial ways to parametrize J/ suppression as a fun-tion of the mass number of the target whih areSAJ= (xF; pT;Ep) = A� �1 (3.2)or equivalently SAJ= (xF; pT;Ep) = exp(��0�absL) [13℄ (3.3)where L is the mean length of nulear matter traversed by the � pair and�0 is the normal nulear matter density. �abs is the absorption ross setionmeasured in an experiment where a J/ is deteted but is not neessarilythe absorption ross setion of the �nal J/ itself. The xF, pT and beamenergy dependenes are ontained in the parameter � or �abs. This has beenwidely disussed and up to very reently, the available data from NA3 [14℄,NA38 [11, 15℄, NA51 [10℄, E772 [16℄ and E789 [17℄ experiments, reordedin di�erent xF domains and at di�erent beam energies between 200 and800 GeV, gave values of �, or equivalently of �abs, whih were ompatibleand led to a suppression oe�ient 1 � � ' 0:08 [4℄ or to �abs ' 6 mb.It was thus onsidered that the suppression was independent of both xF(for xF < 0:4) and ps. New results from the E866 Fermilab experiment at800 GeV [18℄ seem to ontradit this assumption. Indeed, in Fig. 10, whihgives values integrated over pT, the � value of J/ remains onstant in the



3596 C. GershelxF domain [-0.05,+0.25℄ but loser to 1 than previously thought: 1�� ' 0:05or �abs ' 3 mb 2. It is thus a smaller objet whih is absorbed. As far as

-0.2 0.0 0.2 0.4 0.6 0.8
XF

0.55

0.65

0.75

0.85

0.95

1.05

α

A p

J/ψ
ψ’
D (E789)

Preliminary

Corrected for PT Acceptance

Fig. 10. Dependene of the � parameter vs xF for J/ and  0 measured by theE866 experiment [18℄. The values are integrated over pT. 0 is onerned, up to now, its suppression was onsidered to be similar tothat of J/ [10, 11, 16, 19℄. With the new E866 results of Fig. 10, it an beseen that it is true only above xF=0.25. Below this value,  0 is suppressedmore strongly than J/ .3.2. Nulear absorption modelsCollisions indued by hadrons have been extensively disussed in orderto provide a theoretial basis for the behaviour of J/ in �normal� nulearmatter. Details an be found in the review paper of Ref. [4℄. The main ideasonly are summarized here. Today, it is onsidered that J/ suppression isnot due to the absorption of the �nal resonanes but rather of the nasent� pair in a premeson state. The J/ ( 0 ) formation is usually desribedas a three-step proess gg ! [�℄8 ! [�℄1 + g !J= + g. Two gluons fuseand a third one is radiated o� in order to reover a olor neutral objet.The subsripts `1' or `8' refer to the singlet or otet nature of the � pair.2 The di�erene with the larger 1�� previous values of E772 and E789 is explained [18℄by the narrow pT window of these experiments.



On the Way to QGP via J= Suppression 3597The time sales of the three steps are alled respetively �0, �g and �f . Therelative value of � , where  is the Lorentz fator, as ompared to the radiusR of the nuleus de�nes the nature of the objet whih traverses the matter.The time �0 for the �rst step is given by 1=2m and is fast. Two di�erentassumptions about the value of �g are onsidered in the following models.� If �g is small enough, �g � R and a olor neutral premeson traversesthe nuleus. In the quantum mehanial approah of Ref. [20,21℄, theolor singlet wave funtion is expanded into a set of harmonium states.In this ontext, it is meaningless to speak about J/ or  0 before atime given by �f = (M 0 �MJ= )�1 = 0:3 fm= : (3.4)� If the third gluon is assumed to be soft, �g � R and a olored preme-son traverses nulear matter. Inspired by the olor otet model [22,23℄,the model in Ref. [24℄ desribes the premeson as made of a olor otet� pair dressed with an additional gluon, the whole being olor neu-tral. This premeson is then a higher Fok state of the J/ or  0 wavefuntion. The gluon is radiated or absorbed outside of nulear matter.An absorption ross setion of 6�7 mb is given for the premeson.Following the model in Ref. [24℄, it has been stated [25℄ that when the fator dereases, � beomes smaller than the size of the nuleus and theabsorption ross setion tends towards the absorption ross setion of the�nal resonanes. This implies that  0 suppression is stronger than J/ sup-pression beause of the larger size of the  0 . The di�erene between � and � 0 was predited to appear for negative xF values at a beam energyof 200 GeV. However, the reent results of E866 show that at 800 GeV, thedeviation appears around xF = 0:25 where  ' 50 and seems to indiatethat the �g values are smaller than what expeted in Ref. [24℄. A reentdisussion of E866 results an be found in Ref. [26℄.4. A�B ollisionsAs desribed in Ref. [4℄, as far as nulear absorption is onerned, A�Bollisions should be desribed as a superposition of A�p and p�B suppres-sions SABJ= (xF;AEp) = SApJ= (xF;AEp) � SpBJ= (xF;Ep) : (4.1)While p�B ollisions are well studied, there no are results about inversekinematis ollisions A�p. By hanging the referene system, one hasSApJ= (xF;AEp) = SpAJ= (�xF;Ep) : (4.2)



3598 C. GershelAt 200 GeV, there exists no results for negative xF values and the extrapo-lation from the positive region is not straightforward due to the formationtime e�ets disussed above. For NA50 (and previously NA38), �xF=0.15and the Lorentz  fator hanges from 16 to 6 when xF hanges from 0.15to -0.15. In the establishment of the referene of �normal� suppression, thisfat is usually not taken into aount. The suppression fator is just takenas SABJ= (xF; ET;Ep) = e��abs(J= )�0(LA+LB); (4.3)where the lengths LA and LB for the trajetories of the � in the projetileand target are estimated from the geometry of the ollision. The impatparameter b is dedued from a simulation of the ET distribution [27℄. Therelation between b and L is then straightforward.4.1. L-salingBoth J/ ross setions and  =DY ratios have been plotted as a funtionof L. For instane, this is shown in Fig. 11 for the  =DY ratio. The ad-vantage of the L variable is that it allows to put in the same �gure di�erenttarget-projetile systems and also di�erent entrality bins in a given system.

Fig. 11. J/ suppression pattern in di�erent target-projetile systems versus thelength of matter in the �nal state.
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Fig. 12. The same as Fig. 11 for  0Fig. 11 is equivalent to Fig. 7 but it also inludes previous NA38 and NA51p�A [10, 11℄ and S�U [28℄ results. The exponential �t does not inlude Pb�Pb data and leads to an absorption ross setion �abs = 6:3� 1:0 mb 3. Thedotted line in Fig. 7 is equivalent to the exponential line in Fig. 11. The Pb�Pb systems learly shows the new features ited above: i) the suppression inperipheral ollisions agrees with that measured in lighter systems, ii) aboveL = 8 fm, there is an additional suppression whih is alled �anomalous�by the NA50 ollaboration. The new 1998 data, whih show a seond droparound L = 9:3 fm, are not yet inluded in the �gure. Some omments anbe made:� The suppression inreases very suddenly above L = 8 fm giving rise toa �step� behaviour and not only to a �break�.� There is a saturation of the L parameter for the most entral ollisionsbeause of the geometry and L is not the best variable to desribe thenew physis.� In a given system, L is roughly proportional to the energy density.This means that, for the seond drop, the energy density is multipliedby about 1.16.3 The expression (4.3) is exat only if �0�abs(LA+LB)� 1. The full alulation leadsto a value �abs = 7:3 mb [29℄ instead of the e�etive value of 6.3 mb.



3600 C. Gershel� In order to ompare J/ behaviour to results obtained for other signa-tures of the QGP, it is interesting to know the number of partiipantnuleons orresponding to the two disontinuities. In the frameworkof the wounded nuleon model [30℄, Npart ' 140 for the �rst drop and' 320 for the seond one.The  0 suppression with Drell�Yan as a referene is shown in Fig. 12[12℄. Contrary to p�A ollisions,  0 suppression in Pb�Pb is stronger thanJ/ suppression. But it is also the ase for S�U ollisions. There is a fatorabout 20 between the suppression of  0 in p�p ollisions and its value forentral Pb�Pb. It an be noted also that  0 suppression is about 1.5 timesless important in Pb�Pb than in S�U ollisions at the same L value.4.2. Is a QGP formed?The new results of NA50, with two disontinuities in the suppressionpattern, annot be aounted for by onventional physis. They have beenabundantly disussed in the framework of models based on QGP forma-tion [1,31�36℄ whih provide a natural way of introduing a threshold physis.Details about these alulations an be found in the review papers. Theirmain idea is the following: when the energy density (or the temperature)reahes the value required for the phase transition, then the J/ is om-pletely suppressed, either by Debye sreening or by gluon dissoiation [32℄.Below ", it only su�ers absorption in nulear matter as desribed above.However, a sudden hange in the J/ suppression is observed experimen-tally (for instane, see Fig. 11) whih annot be aounted for by the abovepiture: indeed, if the ritial energy density is reahed at a some impat pa-rameter, then the size of the volume in whih it happens inreases smoothlywith the entrality of the ollision. In order to produe a step behaviour,a �disontinuity� hypothesis must be introdued. Different ideas have beenproposed. In Ref. [34℄, it is assumed that apart from the temperature whihmust be above T, the volume must be also above a ritial V value beauseit must be large enough to overome the interfae tension between the twophases. However, as mentioned in Ref. [36℄, this introdues a disontinu-ous hange in the equation of state whih leads to a jump in entropy. Theexperimental multipliity of partiles do not exhibit suh a disontinuity.Reently another idea has been proposed [35, 37℄. The approah to theritial behaviour is desribed in the framework of the perolation model.The formation of lusters is studied in the �nite size environment of theollision zone. The perolation behaviour of the strings formed between theollision partners [35℄ or equivalently of the partons [37℄ is studied whentheir density inreases. It is shown that there is a strong variation of theluster size around the perolation point while the density of lusters itself



On the Way to QGP via J= Suppression 3601shows a smooth variation. The main parameter used in these alulationsis the radius of the strings (or partons) whih governs the abruptness of thebreak. Fig. 13 from Ref. [37℄ shows the results of the model.10
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Fig. 13. J/ suppression pattern in the framework of the perolation model ofRef. [37℄. The dashed line orresponds to a �xed ET� b orrelation while the solidline inludes the ET � b smearing.
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Fig. 14. Lattie-QCD equation of state and QGP signatures (from Ref. [38℄).Finally, a step appears naturally in Ref. [36℄ and is attributed to thenon-trivial harater of the equation of state at the phase transition.In the framework of the QGP models, one must understand why there aretwo thresholds as observed in Fig. 9. This is usually related to the fat that32 % of the measured J/ 's are fed from the deay of � mesons and 8 %from the  0. It is easier to destroy the � and the  0 beause they have largerradii and the �rst step is assumed to orrespond to the � meson suppressionand the seond one to the J/ itself (Fig. 13). However, if we deal with



3602 C. Gershela system in thermodynamial equilibrium, we should have " / T 4. Thatmeans that if the � is suppressed at the ritial temperature, from whatis said above i.e. "� ' 1:16 " , the J/ is suppressed at 1.04 T whih issmaller than the QCD estimates (see for instane Fig. 14 from Ref. [38℄).4.3. Is the omover e�et really negligible?A lot of partiles are produed in a heavy ion ollisions and it has beenonsidered that J/ or  0 ould be suppressed by destrutive interationswith omoving partiles in a further stage of the ollision. There is a generalonsensus that  0 whih is a weakly bound state is very sensitive to suh ane�et.As far as J/ is onerned, the subjet has been muh debated beause ofthe lak of knowledge of the exat value of the ross setion � ��. In manyalulations [39,40℄, it is onsidered as a free parameter at the same time asthe nulear absorption ross setion of the premeson. But even when it isalulated, as pointed out at the Conferene QM99 [41℄, the values di�er byat least two orders of magnitude in the relevant energy range depending onthe model [32, 42, 43℄ (Fig. 15).

Fig. 15. Energy dependene of the J/ absorption ross setion on pions followingdi�erent models: (1) refers to the quark exhange model [42℄, (2) is an e�etivevalue, (3) is alulated with an e�etive hadroni Lagrangian [43℄ and (4) uses ashort distane QCD approah [32℄. The �gure is from Ref. [41℄.



On the Way to QGP via J= Suppression 3603In any ase, it is lear that suh a onventional explanation annot a-ount for disontinuities in the suppression. And thus, while ross setionsintegrated over the impat parameter are rather well reprodued, the entral-ity dependene is not satisfatory at low ET and always predits a saturationof the suppression at high ET values [44�50℄.4.4. Other e�etsOther e�ets have been onsidered and their desription an be foundin Ref. [4℄ but they an never aount for the J/ entrality dependene inPb�Pb.Finally, in a detailed alulation [51,52℄, J/ is assumed to be suppressed byprompt gluons whih are the debris from wounded nuleons. The interest ofsuh a model is that most of the parameters are alulated instead of beingsimply extrated from a �t. As in the ase of the omovers, the integratedross setions are well reprodued but there are no disontinuities in theentrality dependene.4.5. Does the J/ behave like a pion?This unexpeted question arose during the shool in the letures ofM. Gazdziki. I would like to bring here some partial answers.4.5.1. Rapidity distribution of J/ During the shool, A. Capella made the objetion that the xF depen-dene of the � parameter is di�erent for the J/ 's and the pions. In fat,it is even simpler to onsider diretly the rapidity distributions. It is wellknown that pion prodution, whih is a soft proess, has a rapidity distri-bution with its maximum value at the rapidity of the enter of mass of thepartiipant nuleons. In partiular, it is inreasingly shifted towards lowrapidities when the mass of the target inreases and the system beomesmore asymmetri. This is not the ase for the J/ . The rapidity distribu-tion is always entered on the rapidity of the nuleon�nuleon ollision aswould be expeted for a hard proess. For instane, this has been heked byNA38 at 450 GeV [11℄ where dimuons are measured in the rapidity domain[-0.4, +0.6℄. In order to determine the J= aeptane, the rapidity dis-tribution is �tted by a Gaussian distribution entered on y�=0 and with�y� = 0:6. Although the experimental rapidity domain is rather narrow, theresults are very sensitive to the position of the maximum of the rapidity dis-tribution and distributions shifted towards lower y values are not ompatiblewith the data.



3604 C. Gershel4.5.2. J/ multipliity per partiipant nuleonIt has been stated by Gazdziki (see leture notes in this shool andRef. [53℄) that the J/ behaved like a pion beause the ratio R =M =Npartwas onstant with Npart. M is the J/ multipliity at a given impat pa-rameter and Npart the orresponding number of partiipant nuleons. Ina preise analysis, this is not true. In order to draw onvining onlu-sions, it is interesting to ompare di�erent target-projetile systems. Theminimum bias spetrum whih is needed to dedue the J/ multipliityvariation as a funtion of entrality has been measured by NA50 for Pb�Pb ollisions only. However, there is an indiret way to dedue the ra-tio R from the measurement of � =�DY. Sine �DY is proportional tothe number of nuleon�nuleon ollisions Noll, then R is proportionalto � =�DY � Noll=Npart. In the following, Noll and Npart are simulatedusing the wounded nuleon model [30℄. The result is shown in Fig. 16where the urve has been normalized to the value for pp ollisions. HereNoll=Npart=0.5 and R (pp) = 2:14=Npart � � (pp)=�inel(pp) = 0:83 10�6with B ��� (pp) = 1:6 nb at 158 GeV, �inel(pp) = 32 mb and Npart = 2.

Fig. 16. J/ multipliity per partiipant nuleon vs the number of partiipantnuleons.The fator 2.14 is needed to extrapolate the NA50 phase spae to the wholeforward hemisphere. The negative xF region is not onsidered beause ofthe possible formation time e�ets desribed in setion 3.2. Finally, B isthe branhing ratio of the deay of J/ into muon pairs, B = 6%. Someomments about Fig. 16:



On the Way to QGP via J= Suppression 3605� The ratio is not onstant between p�p and entral Pb�Pb. The op-posite onlusion ould be drawn in Ref. [53℄ sine only ross setionsintegrated over the impat parameter are onsidered. These ross se-tions are not very sensitive to the new physis whih appears in theentrality dependene as is also observed for the interpretation of theJ/ suppression in terms of the omover e�et (Setion 4.3). More-over, absolute ross setions always have large systemati errors whilethe ratios do not.� There is no saling between p�p, p�A, S�U and peripheral Pb�Pbollisions beause Npart is not the adequate parameter.� The peuliar behaviour of the J/ suppression pattern per partiipantan be understood when looking at the �theoretial� behaviour of theDrell�Yan proess. With Drell�Yan being proportional to the numberof nuleon�nuleon ollisions, the ratio RDY =MDY=Npart behaves likethe ratio Noll=Npart whih is shown in Fig. 17. RDY is thus observedto inrease by a fator 5 between p�p and entral Pb�Pb ollisions. Ifinitial state e�ets suh as shadowing are negleted, Fig. 17 representsalso the prodution pattern of � pairs. To this prodution mehanism,one must add a �nal state suppression mehanism. As long as thesuppression is not too strong, R inreases, as in S�U for instane.When the suppression inreases further, there is a maximum and thenR dereases again. For this reason the integrated value may appearquasi onstant from S�U to Pb�Pb.� In Fig. 16, the �rst drop observed in Pb�Pb ollisions is learly dis-played. This �gure has been obtained for the 1996 data and the seonddrop is not inluded.� Of ourse the ratio R depends on the value of Noll=Npart whih inturn depends on the determination of the impat parameter and onemay wonder if the variations observed are not due to an inorret es-timation of b (or Npart) from the ET spetrum. Among the heavyion ommunity, there are on-going disussions about the best way ofdetermining Npart but it an be seen from Fig. 17 that rather im-portant hanges of Npart are required in order to make �at the Npartdependene of the ratio 4.4 A side remark an be made about Fig. 17. It has been laimed that for the strangenesssignature, there was a di�erene of strangeness enhanement between entral S�S ollisions and peripheral Pb�Pb ollisions at Npart ' 50 beause the number ofnuleon�nuleon ollisions was di�erent. It is lear that it is not the ase and thatanother parameter is needed to adequately desribe the available results onerningstrangeness enhanement.
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Fig. 17. Number of nuleon�nuleon ollisions per partiipant nuleon vs the num-ber of partiipant nuleons. This ratio represents also the theoretial behaviour ofthe Drell�Yan multipliity per partiipant nuleon.4.5.3. Is the prodution of  0 statistial?If there is a statistial prodution of J/ at hadronization, it should alsobe the ase for  '. Using the ratio of the statistial yields of  0 to J/ [53℄and the hadronization temperature TH = 170 MeV extrated from [53℄ onegets M 0=M = (m 0=m )3=2 exp(�(m 0 �m )=TH) = 4%; (4.4)where m and m 0 are the relative masses of the two mesons. Followingthe arguments of Ref. [53℄, the 4% value should be observed for all systems.This is not the ase. This value is only reahed for the most entral Pb�Pbwhile it is ' 13% for p�A ollisions.From all these arguments, it appears that the J/ does not behave likea pion. 5. ConlusionThe J/ suppression pattern as measured by the NA50 ollaborationin Pb�Pb ollisions, and in partiular the seond threshold shown for the�rst time at QM99 Conferene, annot be trivially explained. The existeneof the two thresholds is really essential and it should be searhed for inother systems. For instane Sn�Pb ollisions may help to study the �rststep in better onditions. Sn�Pb ollisions are better than Pb�Sn in order



On the Way to QGP via J= Suppression 3607to avoid the inreasing importane of inverse kinematis where the hadronireferene is not well known. A symmetri system suh as Sn�Sn should bemore interesting but is expeted to exhibit the �rst threshold at a too highET value and annot lead to an unambiguous observation of the anomaloussuppression. Pb�U (and even better U�U. . . ) ollisions should exhibit theseond drop at a value of ET below the knee in a region where the ETdistributions of both J/ and minimum bias distributions are �at and notsensitive to potential systemati e�ets related to the di�erene of triggers.In order to get a more preise desription of the anomalous physis somequestions should be answered:� How to extrapolate the normal suppression to heavy systems? Can weneglet the ontribution of the inverse kinematis part of the ollision(Eq. 4.1)? The new results from E866 show that this is not trivial.� Is the olor otet model still valid at low pT? What happens if thetime for olour neutralisation is shorter?� In the framework of the QGP explanation, why is the temperature forJ/ dissolution only 1.04 times that for the �?� How an the J/ suppression pattern be related to other signaturesand in partiular to strangeness whih is laimed to saturate as of avery low value of about 50 partiipants where the J/ and  0 suppres-sions are �normal�?� Is it possible to get a reliable alulation of the omover e�etive rosssetion in a hadroni gas of impreisely known omposition?All these questions should be answered before any de�nite onlusion anbe drawn. But, in any ase, the present results of NA50 are di�ult tounderstand with onventional physis only.The author wants to thank N. Willis and M. MaCormik for their om-ments on the manusript. REFERENCES[1℄ T. Matsui, H. Satz, Phys. Lett. B178, 416 (1986).[2℄ B. Mueller, nul-th/9806023 (1998).[3℄ R. Vogt, Phys. Rep. 310, 197 (1999).[4℄ C. Gershel, J. Huefner, Annu. Rev. Nul. Part. Si. (1999) to be published.[5℄ M.C. Abreu et al. (NA50 Collaboration), Phys. Lett. B410, 327 (1997).



3608 C. Gershel[6℄ M.C. Abreu et al. (NA50 Collaboration), Phys. Lett. B450, 456 (1999).[7℄ F. Bellaihe et al. , Nul. Instrum. Methods. Phys. Res. Set. A 398, 180(1997).[8℄ C. Cialo et al. (NA50 Collaboration), Quark Matter 99 Conferene, Torino,Italy, (1999).[9℄ R. Arnaldi et al. , Nul. Instrum. Methods. Phys. Res. Set. A 411, 1 (1998).[10℄ A. Baldit et al. (NA51 Collaboration), Phys. Lett. B332, 244 (1994).[11℄ M.C. Abreu et al. (NA38 Collaboration), Phys. Lett. B444, 516 (1994).[12℄ L. Ramello et al. (NA50 Collaboration), Quark Matter 97 Conferene,Tsukuba, Japan (1997).[13℄ C. Gershel, J. Huefner, Z. Phys. C56, 171 (1992).[14℄ J. Badier et al. (NA3 Collaboration), Z. Phys. C20, 101 (1983).[15℄ C. Baglin et al. (NA38 Collaboration), Phys. Lett. B270, 105 (1991).[16℄ D.M. Alde et al. (E772 Collaboration), Phys. Rev. Lett. 66, 133 (1991).[17℄ M.J. Leith et al. (E789 ollaboration), Phys. Rev. D52, 4251 (1995).[18℄ M.J. Leith et al. (E766 ollaboration), Quark Matter 99 Conferene, Torino,Italy (1999).[19℄ A.G. Clark et al. (E722 Collaboration), Nul. Phys. B142, 29 (1978); L. Anto-niazzi et al. (E705 Collaboration), Phys. Rev. D46, 4826 (1992); H.D. Snyderet al. (E444 Collaboration), Phys. Rev. Lett. 42, 944 (1979).[20℄ J. Hüfner, M. Simbel, Phys. Lett. B258, 465 (1991).[21℄ J. Hüfner, B.Z. Kopeliovih, Phys. Rev. Lett. 76, 192 (1996).[22℄ G.T. Bodwin et al. , Phys. Rev. D46, 3703 (1992).[23℄ G.T. Bodwin et al. , Phys. Rev. D51, 1125 (1995).[24℄ D. Kharzeev, H. Satz, Phys. Lett. B366, 316 (1996).[25℄ D. Kharzeev, H. Satz, Phys. Lett. B356, 365 (1995).[26℄ Y.B. He et al. , hep-ph/9908243.[27℄ M.C. Abreu et al. (NA50 Collaboration), Phys. Lett. B410, 337 (1997).[28℄ C. Baglin et al. (NA38 Collaboration), Phys. Lett. B449, 128 (1999).[29℄ D. Kharzeev et al. , Z. Phys. C 74, 307 (1997).[30℄ A. Bialas et al. , Nul. Phys. B111, 461 (1976).[31℄ F. Karsh, R. Petronzio, Phys. Lett.193, 105 (1987); Z. Phys. C37, 627 (1988).[32℄ D. Kharzeev, H. Satz, Phys. Lett. B334, 155 (1994).[33℄ J.P. Blaizot, J.Y. Ollitrault, Phys. Rev. Lett. 77, 1703 (1997).[34℄ D. Kharzeev et al. , hep-ph/9707308 (1997).[35℄ M. Nardi, H. Satz, Phys. Lett. B442, 14 (1998).[36℄ E. Shuryak, D. Teaney, Phys. Lett. B430, 37 (1998).[37℄ H. Satz, QM99 Conferene, Torino, Italy (1999); hep-ph/9908339.



On the Way to QGP via J= Suppression 3609[38℄ B. Mueller, QM99 Conferene, Torino, Italy (1999); hep-ph/99[39℄ S. Gavin, R. Vogt, Phys. Rev. Lett. 78, 1006 (1997).[40℄ A. Capella et al. , Phys. Lett. B393, 431 (1997).[41℄ P. Braun-Munzinger, K. Redlih, QM99 Conferene, Torino, Italy (1999);nul-th/9908026.[42℄ K. Martins et al. , Phys. Rev. D51, 2723 (1995).[43℄ S. G. Matinyan, B. Mueller, nul-th/9806027.[44℄ A. Capella et al. , Phys. Rev. C59, 395 (1999).[45℄ W. Cassing, C.M. Ko, Phys. Lett. B396, 39 (1997).[46℄ W. Cassing, E.L. Bratkovskaya, Nul. Phys. A623, 570 (1997).[47℄ C-Y. Wong, Phys. Rev. Lett. 76, 196 (1996).[48℄ D. Kahana, S. Kahana, Phys. Rev. C59, 1651 (1999).[49℄ C. Spieles et al. , Phys. Rev. C60, 054901 (1999).[50℄ J. Geiss, et al. , nul-th/9810059.[51℄ J. Huefner, B.Z. Kopeliovih, Phys. Lett. B445, 223 (1998).[52℄ J. Huefner et al. , hep-ph/9908244.[53℄ M. Gazdziki, M.I. Gorenstein, Phys. Rev. Lett. 83, 4009 (1999); hep-ph/9905515.


