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Behavior of charge fluctuations in relativistic nucleus-nucleus collisions
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Using a hadron and string cascade magetiAE we have investigated the dependence of event-by-event
charge fluctuations ofpseuddrapidity window size, final state interaction, resonance decay, centrality, and
reaction energy for PbPb collisions at SPS and LHC energies and fortAw collisions at RHIC energies.

The spciaeresults of the charge fluctuations as a function of rapidity window size inFA®bcollisions at SPS
energies are compared with the preliminary NA49 data. Comparisonspwitiix and STAR data in Aut+-Au
collisions aty/s,,=130 GeV are also given. It is found that the charge fluctuations hardly depend on collision
centrality except for very peripheral collisions and are rather insensitive to the change of reaction energy. Our
calculations also show that the charge fluctuations are not strongly affected by the final state interaction and the
resonance decay.
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In Ref. [1,2], the energy fluctuatiortheat capacitywas survive hadronization and their typical relaxation time
first related to the liquid-gas phase transition in intermediatés longer than the collision timgl7,18. In Ref.[20]
energy heavy-ion collisions. It was later proposed to studyJRQMD [21] was used to investigate the charged particle
the phase transition from hadronic matter to a quark-gluonratio fluctuation in PB-Pb collisions at SPS energies and
plasma(QGP through the irregular behavior of the heat ca- Au+Au collisions at the full RHIC energy. However, the
pacity, provided that the event-by-eveiiiE) fluctuation of  URQMD predictions for the charged particle ratio fluctuation
temperature is observable in relativistic nucleus-nucleus colin Pb+Pb collisions at SPS were around 3 while the prelimi-
lisions [3,4]. Such irregular behavior also characterizes thenary NA49 datd22] were around 4.
order of a phase transition: a jump in a first order phase The hadron and string cascade modeCIAE was em-
transition and a singularity in a second order f8le The EE  ployed in this paper to further study the charge fluctuations.
fluctuation of an observable might supply important informa-The model results were compared with the preliminary
tion such as the hadronic matter compressibi[ib}, the po- NA49 data of the charged particle ratio fluctuations as a
sition and property of a critical point in the QCD phase dia-function of rapidity window size in PbPb collisions at 40,
gram of temperaturd vs chemical potential [4], etc. In 80, and 158 GeV/c [22] and with PHENIX and STAR data
Ref.[4] it was also predicted that the EE fluctuation patternin Au-+Au collisions aty/s,,= 130 GeV[11,23. Meanwhile,
in average transverse momentum, for instance, would signifithe dependence of the charge fluctuations on the final state
cantly be changed around a critical point. interaction(rescatteriny the resonance decay Gndw), the

With the increase of interaction energy a rather high parcentrality (impact parameteb), and the reaction energy
ticle multiplicity is accessible and the statistically significant (from SPS up to LHE was investigated.
measurements of the EE fluctuations became possible for the The JpciAE model was developed based BWTHIA [24],
first time in Pb+Pb collisions at 158 GeV/c [6-10] and  which is a well known event generator for hadron-hadron
recently in Aut+Au collisions at @= 130 GeV[11]. collisions. In theJpciAE model the radial position of a
Though it was claimed that nonstatistical contributions to thenucleon in colliding nucleué (indicating the atomic number
EE fluctuation of average transverse momentifa; ratio,  of this nucleus as welis sampled randomly according to the
and net charge multiplicity are sm@¥—11], the calculations Woods-Saxon distribution and the solid angle of the nucleon
of the EE fluctuations based on hadronic transport modis sampled uniformly in 4. Each nucleon is given a beam
els[8,12,13 and effective modelgl4—-16 were stimulated. momentum irz direction and zero initial momenta inandy

Since the unit of chargéaryon chargein the QGP phase directions. The collision time of each colliding pair is calcu-
is 1/3 while it is 1 in the hadronic phase, the thermal modelated under the requirement that the least approach distance
predicted that the value of the charged particle ratio EE flucef the colliding pair along their straight line trajectafiyean
tuation,Dg (defined below, in the hadronic phase would be field potential is not taken into account JRCIAE) should be
a factor of ~2.5—4 larger than that in the QGP ph4$8—  smaller thanJo /7. Hereo, refers to the total cross sec-
19]. The charged particle ratio EE fluctuation was then protion. The nucleon-nucleon collision with the least collision
posed as a signal of QGP formation if the initial fluctuationstime is then selected from the initial collision list to perform

the first collision. Both the particle list and the collision list
are then updated such that the new collision list may consist
*Email address: sabh@iris.ciae.ac.cn of not only nucleon-nucleon collisions but also collisions
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between nucleons and produced particles and among preystem(e.g., within a rapidity intervady) is a finite fraction
duced particles themselves. The next collision is selectedf the full system(e.g., in the full rapidity region Therefore,
from the new collision list and the processes above are rethe assumption of a grand canonical ensemble is only valid
peated until the collision list is empty. in the limit of (Ngp)ay/(Neptota— 0, Such that the rest sys-

For each executing collision pair, if its c.m.s. energy istem plays the role of a thermal resource. In order to compare
above a certain threshold=4 GeV in program, we assume the experiments or dynamical simulations with the thermal
that strings are formed after the collision amdrHiA is used  model predictions a correction factor is introdu¢éd],
to deal with particle production. Otherwise, the collision is
treated as a two-body collisig25—27. The threshold above Co—1_ (Nen ay
is chosen in such a way thacCIAE correctly reproduces the y (Neptotal
charged multiplicity distributions in nucleus-nucleus colli-
sions[28]. It should be noted here that theciae model is ~ Another assumption adopted in the thermal model predic-
not a simple superposition of nucleon-nucleon collisionstions is vanishing of the net charfE7]. However, that is
since the rescatterings of secondary particles are taken inftctually impossible in experiments or dynamical simulations,
account. In addition, the particle production from strings inthe corresponding correction fac{d7] reads
JPCIAE is determined by the Lund fragmentation 2
schemd?29], in which only the lowest excitation state of a :<N+>Ay 9)
resonance is included. We refer to R&X8] for more details " <N7>iy.
about thespclAE model.

If the deviation(i.e., fluctuation{30]) of a physical vari- The Dg with corrections above is denoted as
ablex from its average value per evefi) is defined as

®

. D
Sx=x—(x), (1) DR:—cng' (10)

the variance ok reads30] The fluctuations are usually composed of statistical fluc-
<(5x)2):(x2>—(x>2 @) tuations and dynamical fluctuations. There are many sources
' to be considered as the dynamical fluctuations, such as string
Supposex=R=N, /N _ to be the ratio of positively to nega- fragmentatiorfor QCD color fluctuations centrality(impact

tively charged particle multiplicity, the corresponding vari- Parameter or participantsrescattering, and resonance decay,
ance is etc. On the contrary, the statistical fluctuations are no dy-

namical origin and could be described in a stochastic sce-
((6R)%)=(R*)—(R)2. (3  nario by probability distribution functior{41,30]. Only a fi-
nite number of events could be generated in experiments or
Similarly the variance of net charge multiplicitQ=N.  dynamical simulations, for instance, also causes a statistical
—N_ reads fluctuation. Though it is necessary to study the influence of
o 2 2 reaction energy, centrality, rescattering, and resonance decay
((6Q)%)=(QH)—(Q)". (4) individually, an alternative way of investigating the non-
However, what is interesting is neithgdR)2) nor ((5Q)?2) statistical contributions is to compare the EE fluctuation dis-
but tributions extracted from real events with ones from mixed
eventd 10]. The mixed events here are constructed from the
Dr=(Ng){(6R)?) (5)  real events so that in principle only the statistical fluctuations
survive in the mixed even{d0].

In Fig. 1 theJrpciAE results ofDg as a function ofAy in
((5Q)2> 40, 80, and 158 GeV/c Pb+Pb collisions(full circles) are
0= (6)  compared to the NA49 preliminary dattull triangles [22].
(New Corresponding to the centrality cut of 7.2% at 40 and
80A Gev/c and 10% at 158 GeV/c in the NA49 experi-
ments the impact parameters in tirecIAE calculations were
set to beb=<3.57 fm andb=<4.20 fm, respectivelyAy was
Dr=4Dg. @) set around 2.9, 3.2, and 3.6, respectively, for 40, 80, and
158A GeV/c, and thep; window was set to be 0.085p;
The therma|(effective model predictions forDR are[l?] < 2.5 GeVc for all the three beam momenta as |D the NA49
~4 for a pion gasy-3 for a resonance pion gégions from  experiments. TherCiAEresult of each datum poinD(z) and
p and o decay$, and ~0.75 for massless noninteracting its error bar in this figure were obtained from five indepen-
quarks and gluons. dent runs and in each riM events are generated, whé\ds
As mentioned in Ref.17], one main assumption made in large enough to guarantee the approximate stability of posi-
the thermal model predictions is that the studied system catively and negatively charged multiplicities. Tineis equal
be described as a grand canonical ensemble. However, to 300 in Pb+Pb collisions at 48 GeV/c, for instance. The
experiments or dynamical simulations, the investigated subdatum point in this figure is then the average of the five

or

whereN =N, +N_ refers to the total charge multiplicity.
When(N.»>(Q), a relation follows approximatelj17]
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FIG. 1. BR as a function ofAy in 40, 80, and 158 GeV/c
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FIG. 3. TheDg, Dk, and D, as a function ofA 7: (a) com-

Pb+Pb collisions. The preliminary NA49 data were taken from parison of theipciaE results for AurAu collisions aty/s,, =130

Ref.[22].

and 200 GeV;(b) comparison for the results fromPciae and
URQMD (taken from Ref[20] where Ay was used instead af %)

corresponding values and the error bar is calculated as tHer Au+Au collisions atys,,=200 GeV.

square root of the variance &R divided by five(the same

for other JPCIAE results. The dashed and solid lines in this Pars were presented simply by a shaded region in Fig. 2 and
figure are the thermal model predictions for a resonance pioRompared with correspondinZpCIAE results (open circles
gas and the lattice Monte Carlo result for a quark-gluon gasOne sees here that theciaeresults of D4 are compatible

respectivelyf20]. One sees from this figure that theciAe

with PHENIX data. A few comments related to the results in

results are generally compatible with the preliminary NA49Fig. 2 are in order. First, behavior @, is very different
data for 40 and 8@ GeV/c Pb+Pb collisions. However, for from 4Dq when(N.) is small, whereDg is strongly depen-
158A GeV/c Pb+Pb collisions there exist discrepancies in dent on{Ngp) unlike 4Dq. Second, whelNy) is largeDg
the Ay dependence between the preliminary NA49 data an@nd 4Dq become close and show no dependence ).
the JPCIAE results. Such differences are not due to statistics hird, most D results fromJPCIAE were lower than the

and require a further study.

In Fig. 2 theJpciaeresults ofDg and Dg as a function
of (Ng in peripheral Au-Au collisions aty's,,=130 GeV
(—0.35< #<0.35, p;>0.2) were compared with PHENIX
data[11]. For simplicity only part of the PHENIXD data
points were plottedfull squares with error bar in the figure
and compared with thepCIAE results (open squares with
error bar in the figure The PHENIX data of D with error
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PHENIX data, in the peak region especially, which might at-
tribute in part to the fact that theHENIX spectrometer only
covers/2 in azimuthal angle.

Having gained confidence from the results in Figs. 1 and
2, we investigate the dependence of the charge fluctuations
on subsystem size, rescattering, resonance decay, centrality,
and reaction energy. In Fig.(& the JPCIAE results of fluc-
tuation measureé.e., Dg, Dg, and D) as a function of
A7 in Au+Au collisions at \/s,,=130 (open squares,
circles, and triangles, respectiveland at 200 GeV(full
squares, circles, and triangles, respectivelye compared
with each other. InPCIAE calculations the charged particles
with p;>0.2 from 10% the most central collisions were used.
The thick stick atA »=0.7 is the PHENIX daturhll] of
4Dg in AutAu collisions at/s,,=130 GeV, which is
about 10% lower than the correspondimgriAE result(open
triangle. It is also interesting to note that theciAeresult of
Do~0.9 at Anp=1 in Au+Au collisions at sy,
=130 GeV is about 10% higher than the corresponding
STAR datum of~0.8, extracted under the assumption of
zero net chargf3]. In Fig. 3a one sees that globally
speaking the dependence of the charge fluctuation measures
on A 5 are not sensitive to the change of energy from 130 to
200 GeV, which is consistent with the conclusions in

Refs.[18,20,31. In Fig. 3b) the JrciAE results of Dg and

FIG. 2. The charge fluctuations as a function of charged multi-Dr (full and open squargsas a function ofA » in Au+Au

plicity (N¢, in Au+Au peripheral collisions at/s,,= 130 GeV.

collisions at 's,,=200 GeV (©=<2 fm) were compared
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FIG. 4. The effects of rescattering and resonance decay on the Impact parameter b(fm)

distribution of Dg vs Ay in 158A GeV/c Pb+Pb collisions ob-

tained WithIPCIAE FIG. 5. The centrality dependence of charge fluctuatigak:

comparison of JPcIAE results of Dg in Pb+Pb collisions at

with the URQMD results(full and open triangles, taken 158A GeV/c with URQMD results(taken from Ref[20)); (b) JPCIAE
from Ref.[20] whereAy was used instead df 7). Gener- results of charge fluctuation measures in+Au collisions at
ally speaking, the results obciAE are systematically higher VS;,=200 GeV.

than those of URQMD, that might attribute to the higher

resonance states included in the URQMD model. Finally, thespciaEresults of the energy dependencegf
The effects of rescattering and resonance depano)  (fy) circles), Dy (open circles and D, (full triangles

on the distribution ofDg vs Ay are shown in Fig. 4 for from SPS to RHIC and then to LHC energy were given in

158A GeV/c Pb+Pb collisions. In this figure, the circles, the Fig. 6. In thespciaE calculations the centrality cut was 10%

triangles, and the squares are, respectively, the results of dgye most central and we set 2§<3.5 for Pb+Pb at SPS,
fault JPCIAE, JPCIAE without rescattering, angPCIAEwithout  _ g 5 7<0.5 for Au+Au at RHIC, and PB-Pb at LHC

p and o resonance decays. In thliecIAE calculations the energy, respectively. One sees from Fig. 6 that wiillg

impact parameter was<3.5 fm, Ay was set around 3 and . . . ~
the p; window was G<p;<5 GeV/c. Globally speaking, the might decrease slightly with energir and Dq show al-
most no energy dependence within error bar.

rescattering effect oDy is not strong, that is consistent with In summary, a hadron and string cascade madeiag

the conclusion from the RQMD modBl].. The effect of _..has been employed in this paper to investigate the depen-
resonance decay does not seem strong either and the shift i of the charge fluctuation measuregpseudarapidity

Dr due to the resonance decay is smaller than one over aljindow size, rescattering, resonance decay, centrality, and
the Ay region unlike what is expected based on the thermagénergy. Within the framework of this model the calculated
model predictions for a pion gas relative to the resonanceesults seem compatible with the preliminary NA49 data for

pion gas(pions fromp and w decay$. However, in the de- Pp+Pb collisions at 40 and 80GeV/c. However, for
fault JPCIAE calculations there are still a lot of mesons not

from the decays of resonances unlike the case of the reso-

nance pion gas in thermal model predictions, which may
explain in part why the shift is smaller than one. s

The centrality dependence &f; from JPciAE in Pb+Pb ¢
collisions at 158 GeV/c was given in Fig. &) (circles and ol CP @
compared with URQMD resultésquares, taken from Ref. g | 2 ©®
[20]). In both calculations the rapidity window was 2§ 3 . 4 4 4 +
<4.5. The discrepancies betweerciAE and URQMD re- 870 SP:"“”; RHIC Au+Au LHC PosPh
sults might attribute to the higher resonance states includet 2_(2"<Y<3") (-0.5n<0.5) (0.5<11<0.5)
in the URQMD model. In Fig. &) the centrality dependence = |
of Dg, Dg, and Mg in Au+Au collisions at sy, e ‘
=200 GeV from JPCIAE (— 0.5< 7<0.5) are given by full L (#D O Dy> 4 4Dy) (centrality: 10%)
circles, open circles, and full squares, respectively. One see ol el
from Fig. 5 that for the impact parameter region considered 10 10 10 10
here the charge fluctuation measures are not so sensitive 1 \/S_Im
centrality within error bars, a conclusion consistent with the
corresponding STAR and PHENIX observati¢hg,23. FIG. 6. The energy dependenceidg, Dy, and Dg.
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158A GeV/c Pb+Pb collisions there exist discrepancies in though the rescattering may affect the charge fluctuation
the Ay dependence between theciAE results and the pre- measures somewhat more strongly than the resonance decay.
liminary NA49 data. ThespCIAE results of D in Au+Au The char_ge fluctuat_ion measures are aIm_ost indeper_1d_ent of
collisions aty/s,,= 130 are compatible with PHENIX data, the collision centrality except for very peripheral collisions
however theJPCIAE results of Dy are lower than PHENIX and their dependence on the reaction energy is not strong
data. We give also theeciaeresults for AurAu collisions at ~ €ither:

VSnn="56 and 200 GeV and for PBPb collisions atys,, Financial support from NSFQGrant Nos. 19975075,
=5500 GeV. It seems that the effect of resonance depay (10135030, and 1007508%1 China and the U.S. DOE are
and w) on the charge fluctuation measures is not strongacknowledged.

[1] Ben-Hao Sa and D. H. E. Gross, Nucl. Phys437, 643 [17] S. Jeon and V. Koch, Phys. Rev. Le®3, 5435(1999; 85,

(1985. 2076(2000.

[2] J. Bondorf, R. Donangelo, I. N. Mishustin, and H. Schulz, [18] M. Asakawa, U. Heinz, and B. Mier, Phys. Rev. Lett85,
Nucl. Phys.A444, 460 (1985. 2072(2000.

[3] L. Stodolsky, Phys. Rev. Lett5, 1044(1995. [19] Z.-W. Lin and C. M. Ko, Phys. Rev. 64, 041901R) (2001).

[4] M. Stephanov, K. Rajagopal, and E. Shuryak, Phys. Rev. Lett[20] M. Bleicher, S. Jeon, and V. Koch, Phys. Rev6g 061902
81, 4816(1998; M. Stephanov, K. Rajagopal, and E. Shuryak, (2000.

Phys. Rev. D60, 114028(1999. [21] S. A. Basset al, Prog. Part. Nucl. Phys4l, 225 (1998;
[5] St. Mrowczyrski, Phys. Lett. B430, 9 (1998; M. Gazzicki nucl-th/9803035.

and St. Mfovczyrski, Z. Phys. C54, 127(1992. [22] V. Friese(unpublishett J. Zaranek, hep-ph/0111228.
[6] G. Roland(unpublishegl [23] S. A. Woloshin, STAR Collaboration, nucl-ex/0109006.

[7] S. V. Afanasiewet al, NA49 Collaboration, hep-ex/0009053. [24] J. Sjstrand, Comput. Phys. CommuBR, 74 (1994.
[8] M. Bleicher, M. Belkacem, C. Ernst, H. Weber, L. Gerland, C. [25] J. Cugnon, T. Mizutani, and J. Vandermeulen, Nucl. Phys.

Spieles, S. A. Bass, H. Stker, and W. Greiner, Phys. Lett. B A352, 505 (1981).
435, 9 (1998. [26] G. F. Bertsch and S. Das Gupta, Phys. RE0, 189 (1988;

[9] H. Appelshaser et al, NA49 Collaboration, Phys. Lett. B A. Bonasera, F. Gulminelli, and J. Molitorishid. 243 1
459 679(1999. (1994).

[10] S. V. Afanasievet al, NA49 Collaboration, Phys. Rev. Lett. [27] An Tai and Ben-Hao Sa, Comput. Phys. Commiih6, 353
86, 1965(2001). (1999.

[11] K. Adcox et al, PHENIX Collaboration, nucl-ex/0203014. [28] Ben-Hao Sa, An Tai, Hui Wang, and Feng-He Liu, Phys. Rev.

[12] F. Liu, A. Tai, M. Gazgzicki, and R. Stock, Eur. Phys. J.& C 59, 2728(1999; Ben-Hao Sa and An Taibid. 62, 044905
649 (1999. (2000.

[13] A. Capella, E. G. Ferreiro, and A. B. Kaidalov, [29] B. Andersson, G. Gustafson, G. Ingelman, and T.s®gnd,
hep-ph/9903338. Phys. Rep97, 31 (1983.

[14] S. A. Voloshin, V. Koch, and H. G. Rither, Phys. Rev.60, [30] L. E. Reichl,A Modern Course in Statistical Physi¢gniver-
024901(1999. sity of Texas Press, Austin, 1980R. Kubo, Statistical Me-

[15] G. Baym and H. Heiselberg, Phys. Lett.489, 7 (1999. chanics(North-Holland, Amsterdam, 1965

[16] H. Heiselberg and A. D. Jackson, Phys. Rev6g 064904 [31] Q. H. Zhang, V. Topor Pop, S. Jeon, and C. Gale,
(2009). hep-ph/0202057.

044902-5



