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DIFFERENCES IN HIGH pT MESON PRODUCTIONBETWEEN CERN SPS AND RHICHEAVY ION COLLISIONS�Gábor PappHAS Researh Group for Theoretial PhysisP.O. Box 32, Budapest 1518, HungaryPéter Lévai, Gergely G. BarnaföldiKFKI Researh Institute for Partile and Nulear PhysisP.O. Box 49, Budapest 1525, HungaryYi Zhang and George FaiCenter for Nulear Researh, Department of Physis, Kent State UniversityKent, OH 44242, USA(Reeived Otober 5, 2001)In this talk we present a perturbative QCD improved parton model al-ulation for light meson prodution in high energy heavy ion ollisions. Inorder to desribe the experimental data properly, one needs to augment thestandard pQCD model by the transverse momentum distribution of par-tons (�intrinsi kT�). Proton�nuleus data indiate the presene of nulearshadowing and multi-sattering e�ets. Further orretions are needed innuleus�nuleus ollisions to explain the observed redution of the rosssetion. We introdue the idea of proton dissoiation and ompare ouralulations with the SPS and RHIC experimental data.PACS numbers: 24.85.+p, 13.85.Ni, 13.85.Qk, 25.75.Dw1. IntrodutionDuring the last deade, as the bombarding energy inreased, nulearollision data have beome available for high transverse momentum partileprodution. Perturbative Quantum Chromodynamis (pQCD) is believed to� Presented at the XLI Craow Shool of Theoretial Physis, Zakopane, Poland,June 2�11, 2001. (4069)



4070 G. Papp et al.be appliable in this regime. In this talk we present a pQCD based partonmodel and test it in proton�proton (pp), proton�nuleus (pA), and nuleus�nuleus (AA) ollisions from CERN to Tevatron energies. Our main goalis to understand �rst the elementary proesses, like partile prodution inpp reations, then learn about the mehanism of the nulear enhanementand �nally, based on these studies, make �preditions� for AA ollisions.Confronting our result to the available experimental data, we may look forany new phenomena, whih annot be desribed within the original pQCDbased parton model.Expetations about what may happen at high energies or large ollidingsystems inlude the formation of a Quark Gluon Plasma (QGP). In aseQGP was formed in the reation, the outgoing jets would su�er an energyloss due to ollisions in the opaque plasma and a suppression in partileprodution would result. This jet quenhing [1℄ is expeted to be prominentin high bombarding energy entral heavy ion ollisions. Another e�et is dueto the fragility of the proton, indiated by the fat that after a momentumtransfer of �1�1.2GeV it is blown to piees [2℄. This proton dissoiation isalso expeted to happen at higher bombarding energies and be most visiblein entral heavy ion ollisions, where transverse momentum may aumulate.The talk is organized as follows: in the �rst setion we disuss the basiassumptions and formulae of a pQCD improved parton model, presentingit at work in light meson prodution in pp ollisions. Next, we presentan analysis of the pA ollisions and dedue some information on the nulearenhanement (Cronin e�et) [3℄. Parameters �xed in this setion will be usedto study AA ollision at CERN SPS and RHIC energies. Results deviatefrom experimental data for heavy ions. We present possible explanationsfor this disrepany and onlude that further experiments are neessary tolarify the underlying physial piture.2. Light meson prodution in pp ollisionsThe invariant ross setion for the prodution of hadron h in a pp ol-lision is desribed in the pQCD-improved parton model on the basis of thefatorization theorem as a onvolution [4℄:Ehd�pphd3p = XabdZ dxadxbdz fa=p �xa; Q2� fb=p �xb; Q2� d�dt̂ (ab! d)�Dh= �z; Q02��z2 ŝ Æ(ŝ+ t̂+ û) ; (1)



Di�erenes in High pT Meson : : : 4071where fa=p(x;Q2) and fb=p(x;Q2) are the parton distribution funtions (PDFs)for the olliding partons a and b in the interating protons as funtions ofmomentum fration x, at sale Q, d�=dt̂ is the hard sattering ross setionof the partoni subproess ab! d, and the Fragmentation Funtion (FF),Dh=(z; Q02) gives the probability for parton  to fragment into hadron hwith momentum fration z at sale Q0. We use the onvention that theparton-level Mandelstam variables are written with a `hat' (like t̂ above).We �x the sales as Q = pT=2 and Q0 = pT=(2z).Suh a model represents the �hard� physis and should not be pushedbelow a sale pT . 1�2 GeV. In the following we restrit ourselves to LeadingOrder (LO) pQCD, using the LO form of the partoni ross setions, PDF'sand FF's [5℄.It was noted as soon as pQCD alulations were applied to reproduehigh-pT hadron prodution [6℄, that this naive piture fails, espeially at thelower end of the pT range, 2 � pT � 6GeV. The partons partiipating inmeson prodution are bound inside nuleons and annot be onsidered to bein an in�nite momentum frame. The onept of intrinsi transverse momen-tum was introdued [6℄ to take into aount the orretion to the in�nitemomentum frame. A value of hkTi �0.3�0.4GeV ould be easily under-stood in terms of the Heisenberg unertainty relation for partons inside theproton. However, a larger average transverse momentum of hkTi � 1 GeVwas extrated from jet�jet angular distributions (see e.g. [7℄) and explainedtheoretially as the e�et of gluon resattering inside the nuleus [8℄.Phenomenologially, the transverse momentum may be introdued byusing a produt assumption and extending eah integral over the partondistribution funtions to kT-spae [8℄dx fa=p(x;Q2)! dx d2kT g(~kT) fa=p(x;Q2) ; (2)where g(~kT) is the intrinsi transverse momentum distribution of the relevantparton in the proton, and in this talk it is hosen to be a Gaussiang(~kT) = 1�hk2Ti e�k2T=hk2Ti : (3)We made a systemati study of available pp experiments produing highpT pions and �tted the 2-dimensional width parameter hk2Ti [3℄. The best�t values are presented in Fig. 1. A similar plot an be obtained for kaonprodution [3℄.
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Fig. 1. The best �t values of hk2Ti in pp ! �X [9, 10℄ and p�p ! h�X [11, 12℄ rea-tions. Where large error bars would overlap at the same energy, one of the pointshas been shifted slightly for better visibility. The band is drawn to guide the eye.3. Proton�nuleus ollisionsHaving �xed the intrinsi transverse momentum distribution in pp olli-sions we turn now to pA ollisions and investigate the nulear enhanement(Cronin e�et) [13℄. It was found experimentally that in the 2GeV < pT <5GeV transverse momentum region there are more partiles produed thanit was expeted from a simple saling of pp data. Within the present modelthis an be explained by an additional term in the width of the intrinsitransverse momentum distribution, whih takes into aount a broadeningdue to assoiated semi-hard inelasti ollisionshk2TipA = hk2Tipp +C hpA(b) ; (4)where hk2Tipp is the width of the transverse momentum distribution of par-tons in pp ollisions from the previous setion, hpA(b) desribes the numberof e�etive nuleon�nuleon (NN) ollisions at impat parameter b whihimpart an average transverse momentum squared C. The oe�ient C isexpeted to be approximately independent of pT, of the target used, andprobably of beam energy (at least in the energy range studied in Refs. [9,13℄).



Di�erenes in High pT Meson : : : 4073In pA reations, where one of the partons partiipating in the hard olli-sion originates in a nuleon with additional NN ollisions, we will use the ppwidth from Fig. 1 for one of the olliding partons and the enhaned width (4)for the other. The e�etivity funtion hpA(b) an be written in terms of thenumber of ollisions su�ered by the inoming proton in the target nuleus,�A(b)=�NN tA(b), where �NN is the inelasti nuleon�nuleon ross setionand tA(b) = R dz �(b; z) is the nulear thikness funtion. Assuming thatonly the �rst m � 1 semi-hard ollisions preeeding the hard ollision on-tribute to the broadening of the width, we de�ne the e�etivity funtion ashpA(b) = � �A(b)� 1 �A(b) < mm� 1 otherwise : (5)The value m =1 orresponds to the senario where all semi-hard ollisionsontribute to the broadening. For realisti nulei �A(b) do not exeed thevalue of 6, so we restrit ourselves to the region 1 < m < 6 and examine thedependene of the results on the possible hoies between these limits.Aording to the Glauber piture, the hard pion prodution ross setionfrom pA reations an be written as an integral over impat parameter bE� d�pA�d3p = Z d2b tA(b) E� d�pp� �hk2TipA; hk2Tipp�d3p ; (6)with a further modi�ation of the PDFs: in the nulear environment �shad-owing� e�ets [14, 15℄ modify the distribution funtions. Here we use anaverage, sale independent parameterization [14℄,fa=A �x;Q2� = Sa=A(x) �ZAfa=p �x;Q2�+�1� ZA� fa=n �x;Q2�� ; (7)where fa=n �x;Q2� is the PDF for the neutron.Confronting the alulations with experimental data [9℄ for Be, Ti and Wtargets at three di�erent energies, we obtain the best �t with m = 4 andC � 0.4GeV2 [3℄ and will use these values for AA reations in the nextsetion. 4. Nuleus�nuleus ollisionsNuleus�nuleus ollisions do not involve additional parameters in thepQCD parton model with intrinsi k?, both partons entering the hard ol-lision gain extra broadening of the width aording to (4), i.e. dependingon the number of nuleons within the other nuleus in the hannel swept bythe partile. Thus,E� d�AB�d3p = Z d2b d2r tA(r) tB(j~b� ~r j)E� d�pp� �hk2TipA; hk2TipB�d3p : (8)



4074 G. Papp et al.In the following we alulate and ompare to experimental data the pioniross setions for CERN SPS reations with hk2Tipp =1.6 and 1.7 GeV2 for200 and 158 AGeV ollisions, respetively (see Fig. 1), and with m = 4,C = 0:4 GeV2. Next, we investigate the reent RHIC heavy ion ollision at130GeV with hk2Tipp =2.0 GeV.4.1. CERN SPS energyLet us now onfront the theoretial model (8) with the CERN SPS ex-periments WA80 [16℄ and WA98 [17℄ for entral ollisions, alulating theinvariant ross setion of pion prodution in the 25% most entral S+S,7.7% most entral S+Au, and 12.7% most entral Pb+Pb ollisions withinthe experimental rapidity windows.The data over theory ratio (D=T ) is presented in Fig. 2 (left). For thelighter systems this ratio approahes 1 above pT & 2.5GeV, while for thelead ollisions we see that suh a model over-predits the experimental valuesby 40%. In the following we speulate on the origin of this disrepany.
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Di�erenes in High pT Meson : : : 4075does not partiipate in partile prodution anymore. We note that suha piture orresponds to a modi�ation of the original Glauber model. It re-dues the ross setion for heavy nulei in entral ollisions and has no e�etfor light nulei or peripheral ollisions. Furthermore, sine entral ollisionshave a small weight in the total ross setion, the value of the latter hangesinsigni�antly due to the proposed modi�ation.In tehnial terms the above piture orresponds to hanging the thik-ness expression tA(r) tB(j~b� ~rj) (9)in Eq. (8) in the following way: assuming that the nuleon dissoiates afterN ollisions, we divide the inoming �rows� into pakets of N nuleons. The�rst paket from the projetile ollides with the �rst paket of the target anddissoiates. This is followed by olliding the next pair of pakets and so ontill the last (inomplete) pakets ollide. Note that unpaired pakets willnot produe any ollisions in this framework.Now we ask: how many ollisions may the proton su�er before it dis-integrates (i.e. what is the value of N)? We vary this parameter to havethe same D=T ratio for all the three experiments studied. The best �tis ahieved with N = 4 (Fig. 2 right-hand side), whih, by random walkarguments, orresponds to a pNC � 1.25GeV transverse momentum sale.In the next subsetion we study the plausibility of this idea in reentRHIC experiments. 4.2. RHIC energySine reent RHIC experiments [18℄ suggest a drasti redution of thepion prodution ross setion in entral ollisions, we now investigate whate�ets may lead to suh a suppression. One possibility is jet quenhing [1℄,whih takes into aount the energy loss of partons traveling through a dif-frative medium. As a result, jets, normally produing high p? mesons,are shifted to smaller transverse momenta resulting in a large derease ofprodued mesons at higher tranverse momenta. The shift, or loss, may bedialed through the properties of the surrounding matter (e.g. QGP). In or-der to be able to assess those properties one has to know the unertaintiesrelated to other e�ets. Fig. 3 (left) shows the in�uene of nulear shad-owing and of the Cronin e�et in heavy ion ollisions. Both of them havea substantial impat modifying the pion prodution ross setion by up to50%, working in opposite diretions. The unertainty related to them mayrender an assessment of jet quenhing unreliable. The Cronin e�et wasnever studied systematially at higher energies; our estimate is ompletelybased on a lower energy study (ps � 30�40GeV).



4076 G. Papp et al.Proton dissoiation (studied in the previous subsetion) is another possi-ble e�et modifying theoretial preditions. We show suppressions produedby di�erent values of parameter N, indiating the number of ollisions afterwhih the proton dissoiates and does not partiipate in partile prodution.Using the value dedued from the CERN SPS (N = 4) redues the rosssetion by 45% in Au+Au at 130 AGeV ollisions (indiated by the thikline in the right panel of Fig. 3). If we assume that at the higher energiesof RHIC the proton dissoiation is more e�etive, than an assumption ofN = 3 may be reasonable, resulting in a 60% redution. The proper valueshould be extrated from a systemati pA study planned at RHIC and fromthe di�erent entrality uts. However, this value of suppression is still toolow to explain the experimental pion prodution data in entral ollisions,leaving some room for jet quenhing.
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Fig. 3. Left: ratio of invariant ross setion negleting di�erent terms as omparedto the full pQCD alulation: negleting shadowing (solid line), negleting Cronine�et (dashed line), and negleting both (dotted line). Right: ratio of invariantross setion with proton dissoiation ompared to the full pQCD alulation.5. ConlusionsIn this talk we presented a pQCD based parton model augmented bythe transverse momentum distribution of the partons. The width of thisdistribution is ontrolled by two terms, the pp value, �xed by the experi-ments, and a nulear part, whih gives extra enhanement due to semi-hardollisions. We introdued the idea of proton dissoiation, and onluded onthe basis of CERN SPS experiments that suh an extension of the Glauber
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