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BARYON NUMBER TRANSFER IN NUCLEARCOLLISIONS AT SPS ENERGIES�Andrzej RybikiHenryk Niewodniza«ski Institute of Nulear PhysisRadzikowskiego 152, 31-342 Kraków, Polandfor the NA49 Collaboration(Reeived April 29, 2002)New data on identi�ed baryons in the projetile hemisphere of p+p andentrality-seleted p + Pb and Pb + Pb ollisions are shown. Informationfrom pion-indued interations is used to isolate the projetile role in theobserved phenomena. A ommon piture emerges for p + p, p + Pb andPb+Pb reations: with inreasing entrality, the projetile baryon numberis strongly �pushed� towards the bakward hemisphere of the ollision. Inthe magnitude of this ommon e�et, most entral Pb + Pb interationsoupy a medium position between p+ p and entral p+Pb reations.PACS numbers: 25.75.�q, 12.38.Mh1. IntrodutionThe NA49 experiment [1, 2℄ provides the possibility of exploring a widerange of hadroni interations, starting with elementary hadron+proton pro-esses via hadron+nuleus ollisions with ontrolled entrality, up to nu-leus+nuleus reations. The large aeptane of the detetor, partile iden-ti�ation over most of this aeptane, and large statistis of the olleteddata, allow for detailed omparative studies. Suh a study is presented be-low for the proess of baryon number transfer (baryon stopping) in p + p,p+Pb, and Pb+ Pb ollisions. The analysis is performed at a single beamenergy of 158 GeV/nuleon; it is based on longitudinal net proton (p � �p)and net neutron (n��n) spetra. First, a omparison of elementary p+p and� + p interations is made in order to identify the role of the projetile in� Presented at the Craow Epiphany Conferene on Quarks and Gluons in ExtremeConditions, Craow, Poland, January 3�6, 2002.(1483)



1484 A. Rybikithe observed proesses. This serves as a basis for a study of baryon stoppingin p + Pb reations, whih are then ompared to Pb + Pb ollisions. Thebasi harateristis of baryon number transfer in the three reation typesare disussed.2. Experimental proedure and data presentationA detailed desription of data analysis of hadron- and Pb-indued rea-tions an be found in [2℄ and [3℄, respetively. Below the most importantaspets are disussed.The identi�ation of protons and antiprotons in the NA49 TPC systemis ahieved by measuring their spei� energy loss in the TPC gas (thedE=dx method). The TPC aeptane extends over the proton xF range of�0:1 to 0.5; it overs the omplete pT range1. Neutrons are identi�ed ina forward hadroni alorimeter overing the xF range of 0.2 to 1. As thisdevie provides no possibility of distinguishing between neutrons and anti-neutrons, the assumption �n = �p has been applied to obtain n� �n spetra.The entrality ontrol in hadron+nuleus reations is realised by mea-surement and triggering on the number of intermediate energy target protons(lab momentum range of 0.15 to 1 GeV/). These �grey� protons are mea-sured in a dediated Centrality Detetor [1℄, and additionally in the TPCsystem by the dE=dx method. The onnetion between the number of ob-served grey protons ngrey and the number of elementary subollisions su�eredby the projetile � is traed using the VENUS 4.12 event generator. Thus,eah data sample seleted by a given ut on ngrey is haraterised by theorresponding mean number of elementary subollisions, h�i. In A+A ol-lisions, the on-line entrality seletion relies on the energy deposit of beamfragments in a forward zero degree alorimeter. The onnetion betweenthis energy deposit and the number � of elementary subollisions su�eredby eah nuleon partiipating in the A+A interation, is again traed usingVENUS. The number of partiipant nuleons is obtained by estimating thenet baryon number arried by outoming partiles [4℄.All the presented results are preliminary. The error bars shown are onlystatistial. Unless expliitly spei�ed, all lines and urves drawn in the�gures serve merely to guide the eye.3. Elementary ollisionsA good starting point for studying the phenomenon of baryon numbertransfer in hadroni ollisions is the net proton xF spetrum in inelasti p+preations. This spetrum is shown in Fig. 1; it will serve as a basis for thesimple onjeture formulated below.1 Unless expliitly spei�ed, all kinematial variables refer to the nuleon+nuleon.m.s.
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Fig. 1. Longitudinal net proton spetrum in inlusive (minimum bias) inelasti p+pollisions. Outside the limit of the TPC aeptane, the NA49 data (squares) aresupplemented with a ompilation of existing results (urve based on [5℄).Let us assume that we have full knowledge of the net baryon (B � �B)distribution in p + p and � + p interations. Let us onjeture that the� + p distribution behaves as shown in Fig. 2(a): it approahes the p + pspetrum in the bakward region, reahes 1=2 of the p + p value atxF = 0, and dereases in the forward diretion. In suh a ase we wouldhave reasons to suppose that the p + p spetrum an in fat be separated
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Fig. 2. (a) Hypothetial omparison of net baryon spetra in p + p and � + preations. (b) The same omparison, with a re�eted (p + �) urve added to theplot.



1486 A. Rybikiinto two omponents, as shown in Fig. 2(b): the �+ p distribution, and there�eted p + � spetrum. Sine in � + p (p + �) interations the inomingnet baryon number is arried uniquely by the proton target (projetile), weould draw the following onlusions:! the net baryon spetrum in p+p reations is a sum of two omponentswhih an be attributed to the target and to the projetile.! the target omponent is idential in p+ p and � + p reations.! it is possible to obtain the �pure� projetile omponent in p + p bysubtrating the target omponent from the total spetrum.The �two-omponent piture� formulated above is veri�ed in Fig. 3 usingexperimental net proton spetra. The �� + p� distribution shown in the�gure is the mean value of net proton distributions in inlusive inelasti�+ + p and �� + p ollisions2. At xF=0, the �+ p spetrum reahes 1=2 of
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Fig. 3. Net proton spetrum in p+p reations (shown before) and in �+p ollisions(desribed in the text). At xF=0, 1/2 of the p+ p value is marked.the p + p value, within an auray omparable to the present estimate ofexperimental systemati errors. Within this auray, Fig. 3 repeats whathas been shown in Fig. 2(a). Therefore, we an assume that the � + p netproton distribution indeed re�ets the ontribution of the target to the totalp+ p spetrum, and an be used to extrat the projetile omponent of netproton spetra in p+p interations. The same hypothesis will now be appliedto explore the fate of the projetile baryon number in nulear ollisions.2 This average distribution is used to eliminate the e�et of projetile isospin dependentbaryon�antibaryon pair prodution disussed in [6℄.



Baryon Number Transfer in Nulear Collisions at SPS Energies 14874. Baryon stopping in p+ A ollisionsAn extension of the two-omponent piture formulated in Setion 3 isproposed in Fig. 4. Panel (a) shows the hypothetial behaviour of projetileand target omponents of the net baryon spetrum in a entrality-seletedp + A reation. The behaviour of the projetile omponent (P) is a prioriunknown, but baryon stopping is expeted: after the projetile has under-gone multiple subollisions with target nuleons, its ontribution to the netbaryon spetrum will hange shape and beome more entral. For the targetomponent (T), the simplest expetation possible is that it will pile up pro-portionally to the number of target nuleons hit by the projetile (i.e., thenumber of elementary subollisions �). It should be noted that the projetileomponent an be aessed experimentally using � + A data (Fig. 4(b)) tosubtrat the ontribution of the target.
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Fig. 4. (a) Hypothetial two-omponent piture of net baryon (B � �B) spetrumin a p + A reation at a given entrality. The total p + A spetrum is a sum oftwo omponents: T-target, P-projetile. The T omponent piles up proportionallyto �, as shown in the plot. (b) The same for a � +A interation. The total � +Anet baryon spetrum ontains only the target omponent.It is interesting to verify whether the target omponent follows the simpleexpetation formulated above. This an be done by a diret study of �+Pbollisions, as shown in Fig. 5. Similarly to the �+p net proton spetrum fromSetion 3, the two ��+Pb� distributions shown in the �gure are averages oforresponding �+ +Pb and �� +Pb spetra. The general behaviour of thedistributions is not far from the expeted linear pile-up with h�i, althougha ertain steepening of the p� �p spetrum is indiated by the data on mostentral � + Pb reations.
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πFig. 5. Longitudinal net proton spetra in � + p reations (shown before) and fortwo entrality-seleted �+Pb samples (see desription in the text). The two �+Pbsamples are haraterised by h�i values obtained from the VENUS event generator(by de�nition, h�i =1 in � + p ollisions). The statistial error bars of the � +Pbdistributions are not shown.The experimental net proton spetra in p + p and entrality-seletedp+ Pb reations are shown in Fig. 6. As expeted from Fig. 4(a), a strongsteepening of the total p� �p spetrum with inreasing entrality is apparent.This results from two e�ets: the target omponent pile-up disussed above,and the hange of projetile omponents' shape with inreasing entrality.
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Fig. 6. Longitudinal net proton spetra in p + p ollisions (shown before), for anintermediate entrality sample of p+Pb reations, and for a entral p+Pb sample.



Baryon Number Transfer in Nulear Collisions at SPS Energies 1489In order to isolate the latter e�et, the projetile omponents of the abovespetra have been extrated, and are shown in Fig. 7. For p+p interations,this has been done by subtrating the target omponent (the � + p distri-bution) from the total spetrum. For the two p+Pb entrality samples, netproton distributions from the orresponding �+Pb entrality samples havebeen subtrated (see [2℄ for more details).
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Fig. 7. Projetile omponents of net proton spetra in p+ p, intermediate p+Pb,and entral p+Pb reations.As an be seen from Fig. 7, a strong �push� of projetile baryon numbertowards the bakward hemisphere is observed with inreasing entrality ofthe p+Pb reation. In p+p interations, the projetile omponent of the p��pspetrum is mostly ��attish� and well loalised in the forward hemisphere ofthe ollision; in entral p+Pb reations, the bulk of it appears onentratedin the viinity of xF=0. Between p + p and entral p + Pb ollisions, theprojetile baryon number density at xF = 0 inreases by a fator of four.Thus, the observed baryon stopping e�et will strongly in�uene the mid-rapidity �p=p ratio.It should be underlined that the whole disussion of baryon stoppingmade up to now has been based on net proton spetra. This implies theassumption that these spetra are representative of total net baryon distri-butions � that there is no basi di�erene between, e.g., �nal state protonsand neutrons. The NA49 experiment has the possibility to hek the validityof this assumption by a study of net neutron spetra shown in Fig. 8. As itappears, the observed �push� of projetile baryon number is not spei� to�nal state protons: a very similar e�et is observed for �nal state neutrons3.3 Note: the target omponent has not been subtrated from net neutron spetra shownin Fig. 8. However, its ontribution will be small above xF=0:3.
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p+Pb, centralFig. 8. Data points: n� �n spetra in p+p, intermediate p+Pb, and entral p+Pbollisions. Curves: projetile omponents of p � �p spetra in p + p, intermediatep+Pb, and entral p+Pb reations (shown in Fig. 7).5. Comparison to A+ A reationsThe analysis made in the previous setion brings an important bene�tin omparisons between p+A and A+A interations. In an A+A reation,both projetile and target nuleons su�er multiple subollisions. In a p+Areation, only the projetile su�ers multiple subollisions; its ontributionto the observed e�ets is �hidden� in the total spetra, strongly in�uenedby target nuleons. The study made in Setion 4 provides a way to solvethis problem: one projetile omponents of net proton spetra in p+A andA+A ollisions are extrated, they an be ompared diretly.Fig. 9 shows partiipant-saled net proton distributions in entrality-seleted Pb + Pb ollisions, h�i � 4:6 being the highest entrality samplepratially aessible in Pb + Pb reations. The referene �N + N � urveshown in the �gure is the orresponding p � �p distribution in elementarynuleon+nuleon ollisions, whih takes aount of the isospin ontent ofthe Pb nuleus (39% protons and 61% neutrons). It is onstruted as aweighted sum of net proton and net neutron spetra measured in p + preations:N +N ! (p� �p)X = 0:39�p+ p! (p� �p)X�+0:61�p+ p! (n� �n)X�:In order to extend the analysis made in the preeding setion to Pb+Pbinterations, the projetile omponent of p� �p spetra shown in Fig. 9 has tobe extrated. It should be underlined that the target subtration proedurebased on pion-indued reations, used for p+ p and p+A ollisions annot
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Fig. 9. Net proton spetra in three entrality-seleted Pb + Pb samples, togetherwith the elementary referene N + N urve desribed in the text. Eah of thePb + Pb distributions is saled down by the orresponding number of partiipantpairs, and haraterised by a h�i value obtained from VENUS.be diretly extended to A + A interations4. However, as illustrated inFig. 10, a symmetry onstraint an be imposed on the projetile and targetomponents of the total p � �p spetrum in A + A ollisions: they must be
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Fig. 10. Hypothetial two-omponent piture of net baryon spetrum in A + Areations. The total A + A spetrum is a sum of two symmetri omponents(T-target, P-projetile). Note: at xF =0, the value of both omponents must beequal to 1=2 of the total A+A value.4 The logial extension of this proedure to A+A data would imply the use of a nulearprojetile ontaining no baryon number, a �pion nuleus� whih does not exist.



1492 A. Rybikiequal at xF = 0. With this onstraint, their shape an be dedued on thebasis of �+p and �+Pb interations: as a �rst approximation, appropriatelysaled net proton distributions from �+Pb reations an be used to subtratthe target omponent (see [2℄ for more details). This gives the projetileomponents of net proton spetra in Pb + Pb ollisions, shown in Fig. 11.The projetile omponent of the N + N referene urve is dedued on thebasis of p� �p spetra in p+ p interations.
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Fig. 11. Projetile omponents of net proton spetra in entrality-seleted Pb+Pbreations, and projetile omponent of the elementary N +N urve.The overall piture of baryon stopping in Pb + Pb ollisions, presentedin Fig. 11, an be ompared to that shown for p+Pb reations (Fig. 7). Thetwo pitures are similar. With inreasing entrality, the ��attish� elementaryspetrum steepens and is �pushed� towards xF = 0. A diret omparisonof the two sets of distributions is not straightforward, due to di�erenesbetween the referene p + p and N + N urves. An attempt at suh aomparison is proposed in Fig. 12, where the N + N urve is saled up byan arbitrary fator to math the p+ p urve �as well as possible�. The samesaling fator is applied to the Pb + Pb distributions.The omparison made in Fig. 12 gives a lear result. In p+Pb and Pb+Pbreations, the evolution of projetile omponents with entrality is so similarthat the two sets of urves form a single, smooth pattern. Thus, a ommonpiture of baryon stopping in p+ p, p+ Pb and Pb + Pb ollisions emergesfrom the �gure: with inreasing entrality, the projetile baryon numberis smoothly �pushed� towards the bakward hemisphere. In this ommonpiture, entral Pb+ Pb ollisions oupy a medium position between p+ pand entral p + Pb reations; this is not surprising and an be understoodfrom simple geometrial onsiderations. If we assume that a Pb+Pb reation
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Fig. 12. Comparison of projetile omponents of net proton spetra in p+Pb andPb + Pb reations. The p + p and p + Pb results from Fig. 7 are represented byshaded urves. The N + N and Pb + Pb spetra from Fig. 11 (dotted and solidurves) are saled up by a ommon fator as desribed in the text.is a superposition of nuleon+Pb ollisions, a entral Pb + Pb interationwill be omposed of both entral and peripheral ollisions. As a diretonsequene, less stopping than in a entral p+ Pb ollision is expeted.6. SummaryA omparative study of net proton and net neutron spetra in elementaryand nulear ollisions has been presented, o�ering insight into baryon stop-ping proesses in p+p, p+Pb, and Pb+Pb interations. The two-omponenthypothesis appears onsistent with the data on elementary reations: the netproton spetrum in p+p ollisions an be desribed as sum of projetile andtarget omponents, whih an be separated using data on � + p reations.The same two-omponent hypothesis has been applied to entrality-seleted nulear ollisions. This has resulted in a ommon piture of baryonstopping in p+p, p+Pb, and Pb+Pb reations. With inreasing entrality,the projetile baryon number is smoothly �pushed� towards the bakwardhemisphere of the ollision; this phenomenon is very similar for p+Pb andPb+Pb interations. In the magnitude of this ommon e�et, most entralPb + Pb ollisions oupy a medium position between p + p and entralp+ Pb reations.This work was supported by the Polish State Committee for Sienti�Researh (KBN) under grant no. 2P03B02418.
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