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CHARGED PARTICLE FLUCTUATIONIN HEAVY ION COLLISIONS�Fritz W. Bopp and Johannes RanftUniversität Siegen, Fahbereih Physik57068 Siegen, Germany(Reeived Marh 28, 2002)Comparing quantities to analyze harged �utuations in heavy ion ex-periments, the dispersion of the harges in a entral rapidity box was foundto be best suited. Various energies and di�erent nulear sizes are onsid-ered in an expliit Dual-Parton-Model alulation using the DPMJET odeand a randomized modi�ation to simulated harge equilibrium. For largeenough detetion regions harged partile �utuations an provide a signalof the basi dynamis of heavy ion proesses.PACS numbers: 25.75.Gz1. Charge �utuations in �xed target hadron�hadron experimentsLet us look for a moment bak to the analysis of purely hadroni multi-partile prodution. At �xed target experiments it was possible to measurethe harges of all forward partiles. In this way signi�ant results ould beobtained with low energies available at the seventies [1�5℄:� The harge �utuations found involve mostly a restrited rapidityrange.� Good agreement was obtained with luster models.The Quigg�Thomas relation [6,7℄ (assuming neutral lusters) for �utuationaross a rapidity y boundaryhÆQ2>yi = h(Q>y � hQ>yi)2i =  dNnon leadinghargedy (1)� Presented by F.W. Bopp at the Craow Epiphany Conferene on Quarks and Gluonsin Extreme Conditions, Craow, Poland, January 3�6, 2002.(1505)



1506 F.W. Bopp, J. Ranftwas found to be roughly satis�ed [8�17℄. To illustrate, how early this rela-tion was useful we onsider 24 GeV proton�proton sattering data. Takingthe rapidity of the forward�bakward border as variable, the data ould bepresented as in �gure 1 [2℄. The top and bottom lines and points orrespondto with and without orreting for the leading harges. The lines orrespondto suitably normalized spetrum.

Fig. 1. The measured dispersion (+) and the produed harge dispersion (*), whihis orreted for leading harge �ow, is ompared with the suitably normalized neg-ative (produed) partile spetrum at 24 GeV/.The agreement ould be improved when string type q�q -harge exhangesbetween the lusters were added [8℄. Suh exhanges appear in a large lassof models. Using the Dual Parton Model ode DPMJET we re-hekedthe old results. For pp-sattering at laboratory energies of 205 GeV goodagreement was still obtained. The Quigg�Thomas relation is satis�ed with = 0:70 omparing to the experimentally preferred value:  = 0:72.2. Charge �utuations in heavy-ion sattering experimentsIn heavy ion sattering it is a entral question whether the harges aredistributed just randomly or whether there is some of the initial dynam-is left in�uening the global �ow of quantum numbers. The harge �owmeasurements ould again be deisive. It is not an impratial onjeture.In heavy ion experiments the harge distribution of the partile ontainedin a entral box with a given rapidity range [�ymax:;+ymax:℄ as shown in�gure 2 an be measured and the dispersion of this distribution h ÆQ2i anbe obtained to su�ient auray. For su�iently large gaps this quantityontains information about long range harge �ow. In omparison to the�utuations in the forward bakward harge distributions the harge distri-bution into a entral box (having two borders) an be expeted to requireroughly twie the rapidity range.
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Fig. 2. Kinemati region of the �entral box�.3. Equilibrium expetationsWithin the framework of equilibrium models it was proposed to usethe quantity to distinguish between partiles emerging from an equilibriumquark-gluon gas or from an equilibrium hadron gas [18�20℄. For a smallenough box in a entral region at high energies where average harge �owan be ignored, the (essentially) Poisson distributed hadron gas yields asimple relation hÆQ2i = hNhargedi : (2)for any thermalized partiles with harges 0 and �1. The inlusion of res-onanes redues hadron gas predition by a signi�ant fator taken [19, 21℄to be around 0:7.It is argued in the ited papers that this relation would hange in a quarkgluon gas to hÆQ2i =Xi q2i hNii = 0:19hNhargedi ; (3)where qi are the harges of the various quark speies and where again aentral region is onsidered. The oe�ient on the right was alulated [19℄with suitable assumptions. A largely empirial �nal harged multipliityNharged = 23(Nglue + 1:2Nquark + 1:2Nantiquark) was used.It should be pointed out that the estimate is not without theoretialproblems [22, 23℄. There is also a number of systemati unertainties inthe above omparison. As explained below in a simple approximation theresult strongly depends on what one takes as primordial partiles and howthe extra quarks needed for hadronization are modeled. Considering theseunertainties we follow the onlusion of Fiaªkowski's papers [24℄ that alear ut distintion between the hadron- and the quark gluon gas is ratherunlikely. This does not eliminate the interest in the dispersion as a measureof equilibration.



1508 F.W. Bopp, J. Ranft4. Various measures for harge �utuationsFor the analysis of the harge struture several quantities were disussedin the reent literature. Besides the lassi harge dispersionhÆQ2i = h(Q� hQi)2i (4)it was proposed to just measure the mean standard deviation of the ratio Rof positive to negative partileshÆR2i = *�N+N� ��N+N���2+ (5)or the quantity FhÆF 2i = *� QNharged �� QNharged��2+ ; (6)where Q = N+ �N� is the harge in the box. The motivation for hoosingthese ratios was to redue the dependene of multipliity �utuations ausedby the event struture.5. Evaluation of the measuresIn the region of interest for large nulei at high energies and strong en-trality the harge omponent of the �utuations dominates. In these regionall measures are simply onneted by the following relations [19℄:hNhargedihÆR2i = 4 hNhargedihÆF 2i = 4 hÆQ2ihNhargedi : (7)and the question of the optimal quantity is somewhat esoteri. To showthis statement all three quantities were alulated in the Dual Parton modelimplementation DPMJET [25℄ shown in �gure 3.For the most entral 5% Pb�Pb sattering at LHC energies (ps = 6000A GeV) there is indeed a perfet agreement between all three quantities asshown in the �gure. This agreement stays true for analogous Pb�Pb dataat RHIC energies (ps = 200 A GeV) .Outside the region of interest � i.e. in the region of lower partile den-sities � the onventional dispersion, hÆQi, has lear advantages. The alter-natives are not suitable for small �y boxes in less dense events, sine
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Fig. 3. Charge �utuations for the most entral 5% Pb�Pb sattering at RHICenergies (ps = 200A GeV and at LHC energies (ps = 6000 A GeV). Also shownare orresponding data for pp sattering.� if no partile in the orresponding box exists in rare events 0=0 or 1is unde�ned, and� if one somehow �xes the problem (e.g. by not onsidering problematievents) their mutual relation is destroyed. For the minimum bias S�Ssattering at these energies the agreement is lost and the new measuresbehave rather errati [26℄. The same errati behavior for the newmeasures is found for the proton�proton ase (�gure 4).As any onlusion will have to depend on a omparison of entral pro-esses with minimum bias and proton�proton events, there is a lear advan-tage to stik to the dispersion of the net harge distribution hÆQ2i1.1 New RHIC data of the PHENIX ollaboration [27℄ whih appeared after the talkresp. paper [28℄ on�rm the problem with hÆR2i whih does not appear for hÆQ2i.Equation (7) does not hold in their ase as a restrited azimuthal range was onsiderede�etively reduing the density. For the measured very narrow rapidity range the dataare essentially onsistent with (hadroni) statistial �utuations.
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CQ = 4 < �Q2 > = < Nch > 20 GeVCQ = 4 < �Q2 > = < Nch > 200 GeVCQ = 4 < �Q2 > = < Nch > 10 TeVCQ = 4 < Nch >< �F 2 > 10 TeVCQ =< Nch >< �R2 > 10 TeVp{p
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876543210Fig. 4. Charge �utuations for minimum bias pp sattering at SPS, RHIC and LHCenergies.6. A simple relation between the quark line strutureand �utuations in the harge �owTo visualize the meaning of harge �ow measurements it is helpful tointrodue a general fatorization hypothesis. It postulates that the light�avor struture of an arbitrary hadroni amplitude an be desribed simplyby an overall fator, in whih the ontribution from individual quark linesfatorize. It is for most purposes (whih onsider long range �utuations)an adequate approximation.The hypothesis an be used to obtain the following generalization of theQuigg�Thomas relation [8,29,30℄. It states that the orrelation of the hargesQ(y1) and Q(y2), whih are exhanged during the sattering proess arosstwo kinemati boundaries, is justhÆQ(y1)ÆQ(y2)i = nommon lineshÆq2i ; (8)� where the harges ÆQ(yi) = Q(yi)�hQ(yi)i were exhanged aross twokinemati boundaries y1 & y2 ,



Charged Partile Flutuation in Heavy Ion Collisions 1511� where q is the harge of the quark on suh a line. Values hÆq2i =h(q � hqi)2 = 0:22 : : : 0:25 are obtained, and� where nommon lines ounts the number of quark lines interseting bothborders, as illustrated in the simple example given in �gure 5:
common lines

n                  = 3

y y
1 2Fig. 5. Example of a quark line graph.Most observables of harge �utuations an be expressed using this basiorrelation. Our �utuation of the harges within a [�ymax:;+ymax:℄ boxontains a ombination of three suh orrelations. A simple summationyields: hÆQ[box℄2i = nlines entering boxh(q � hqi)2i ; (9)where nlines entering box is the number of quark lines entering the box.7. Charge �utuations in equilibrium modelsLet us use this relation to onsider the predition in more detail. In thethermalized limit with an in�nite reservoir outside and a �nite number ofquarks inside, all quark inside will onnet with quark lines to the outsideas shown in �gure 6. The dispersion of the harge transfer is, therefore,proportional to the total number of quarks or partiles inside.
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Fig. 6. Quark lines entering the box in the thermodynami limit.In an hadron gas all partiles ontain two independent quarks eah on-tributing to the �utuation with roughly 1=4 yielding the estimate 1=2 asrequired by equation (2) . In the fatorizing limit mesons have a 50% haneto be harged; possible baryon ontribution requires only a minor orretion.



1512 F.W. Bopp, J. RanftFor the quark gluon gas ignoring hadronization one obtains one quarkharge �utuation 1=4 for eah harged parton. Equation (2) is drastiallyhanged by a fator of 4. It is, however, not easy for this predition tosurvive hadronization. If hadronization would just group initial partonsinto hadrons, the fatorizing hadron gas desription would stay ompletelyunhanged. For the redution it is essential to have only a single quarkline ontributing to the �utuation. Only one quark of eah hadron has tooriginate in the primary partoni proess and the other quark has to originatein loal �utuations and has not to ontribute. The mehanism requires asu�iently large box so that short range orrelation an be avoided.8. The expanding boxLet us �rst onsider the limit of a tiny box. Looking only at the �rstorder in �y one trivially obtains in any modelhÆQ2ihNhargedi = 1 (10)whih orresponds to the hadron gas value. If the box size inreases to one ortwo units of rapidity on eah side this ratio will typially derease, as mostmodels ontain a short range omponent in the harge �utuations. Thedereasing is not very distintive. In hadron�hadron sattering proessessuh short range orrelations are known to play a signi�ant role and thereis no reason not to expet suh orrelations for the heavy ion ase.After a box size passed the short range the deisive region starts. Inall global equilibrium models [18�20℄ the ratio will have to reah now a �atvalue. The only orretion omes from overall harge onservation. If thebox involves a signi�ant part of the total rapidity, it will fore the ratio todrop by a orretion fatorfator = R Ykin:max:ymax: �newhargedyR Ykin:max:0 �newhargedy / 1� ymax:Ykin:max : (11)9. Charge �utuations in string modelsThis �atness is not expeted in string models and numerial alula-tions indiate a manifestly di�erent behavior. Only quark lines whih in-terset boundaries and whih ontribute to the harge measure have to beonsidered. String models ontain loal ompensation of harge. Only on-tributions of lines originating around the boundaries (as illustrated in the�gure 7) will appear. If the distane is larger than the range of harge om-pensation the dispersion will no longer inrease with the box size. The total



Charged Partile Flutuation in Heavy Ion Collisions 1513ontribution will now be just proportional to the density of the partiles atthe boundaries: hÆQ2i / �harged(ymax:) : (12)It now just ounts the number of strings.
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1514 F.W. Bopp, J. Ranftis omparable to the proton�proton ase shown in �gure 9. The proportion-ality is expeted to hold for a gap with roughly 12Æy > 1 as for smaller boxessome of the quark lines interset both boundaries. For large rapidity sizesthere is a minor inrease from the leading harge �ow QL originating in theinoming partiles. In a more areful onsideration [8℄ one an subtrat thisontribution hÆQ2ileading harge migration = hQLi(1� hQLi) (13)and onentrate truly on the �utuation.
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Fig. 9. Comparison of the dispersion of the harge distribution with the densityon the boundary of the onsidered box for proton�proton sattering at RHIC andLHC energies.A rough estimate of the relative size � with a width of neighboringstring break ups and a width from resonane deays � leads to onsistentvalues [28℄.



Charged Partile Flutuation in Heavy Ion Collisions 151510. Bleiher, Jeon, Koh's observationIn a reent publiation Bleiher, Jeon, Koh [21℄ showed:� The overall harge onservation annot be ignored at SPS energies.� It obliviates in this energy range the distintion between even themost extreme models inluding string models and statistial modelswith hadroni equilibrium.They showed that their string model predition2 oinides with the expeta-tion of a statistial model of hadrons. Our string model DPMJET supportsthis onlusion for the SPS energy range as it also obtains �utuations on-sistent with the �statistial� expetation.While forward-bakward hemisphere harge �utuations were meaningfulin the FNAL-SPS energy region, the �utuations of harges into a entralbox ontain two borders and require a orrespondingly doubled rapidityrange. Unfortunately this means a lot in energies. They are not available atSPS energies.11. A referene model with statistial �utuationIt was argued [21℄ that the experimental results should be �puri�ed� toaount for harge onservation. We basially agree with suh a orretion.Given the unertainties the orretion obviously has to stay on the modelingside.To obtain suh a referene model we randomize harges a posteriori. Toaurately onserve energy and momentum it was done separately for pions,kaons and nuleons3. Using DTMJET events for RHIC and LHC energiesfor proton�proton and entral lead�lead ollisions we obtain the �statistial�predition shown in �gure 10.To hek onsisteny we employed the orretion fator proposed by [21℄1� R ymax:0 �harge dyR Ykin:max:0 �harge dyand indeed obtained the �at distribution with the expeted �hadron gas�value.2 In the energy aboveps = 5 GeV their UrQMD ode is desribed [31℄ to be dominatedby string fragmentation.3 Obviously, the method an also be diretly applied to experimental data, at least ina simpli�ed way.
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Fig. 10. Charge �utuations with a posteriori randomized harges for p�p satteringand the most entral 5% in Pb�Pb sattering at RHIC energies (ps = 200 A GeV)and at LHC energies (ps = 6000 A GeV). The results are also shown with aorretion fator to aount for the overall harge onservation.12. String model versus randomized �hadron gas�Taking the DPMJET string model and the randomized �hadron gas�version as extreme ases (with the �parton gas� somewhere in between) wean investigate the deisive power of the measure. As shown in �gure 11 we�nd that there is a measurable distintion at RHIC energies and sizable atLHC energies.The similarity of p�p and Pb�Pb sattering is not surprising. The distin-tion between both ases is expeted from the di�erene in olletive e�ets.The data for p�p sattering are known to follow the string models, whileinteration of omovers, or medium range or omplete equilibrium will movethe urve upward to a more statistial situation. These e�ets are presentlyoutside of the model. A measured harge orrelation between both extremeswill diretly re�et the underlying new physis.
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Fig. 11. Comparison of the harge �utuations obtained in a string model DPMJETwith a model using a posteriori randomized harges for p�p sattering and the mostentral 5% in Pb�Pb sattering at RHIC energies (ps = 200 A GeV) and at LHCenergies (ps = 6000 A GeV).13. The b dependene of the harge �utuationsA similar result is obtained when the dependene on the entrality isstudied. Without olletive e�ets no suh dependene is expeted as ob-served in the model alulation shown in �gure 12 (b is the impat pa-rameter). This experimentally measurable entrality dependene allows todiretly observe olletive e�ets without referene to model alulations andunderlying onepts. 14. ConlusionIn the paper we demonstrated that the dispersion of the harge distri-bution in a entral box of varying size is an extremely powerful measure.Within the string model alulation the dispersion seen in relation tothe spetra shows no di�erene between simple proton�proton satteringand entral lead lead sattering even though both quantities hange roughlyby a fator of 400.The dispersion allows to learly distinguish between onventional stringmodels and hadroni thermal models for a rapidity range whih ould beavailable at RHIC energies. In many models the truth is expeted to liesomewhere in between and it is a reasonable expetation that the situationan be positioned in a quantitative way.
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