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Behavior of charge fluctuations in relativistic nucleus-nucleus collisions
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Using a hadron and string cascade modelJPCIAE we have investigated the dependence of event-by-event
charge fluctuations on~pseudo!rapidity window size, final state interaction, resonance decay, centrality, and
reaction energy for Pb1Pb collisions at SPS and LHC energies and for Au1Au collisions at RHIC energies.
The JPCIAEresults of the charge fluctuations as a function of rapidity window size in Pb1Pb collisions at SPS
energies are compared with the preliminary NA49 data. Comparisons withPHENIX and STAR data in Au1Au
collisions atAsnn5130 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 fluctuation~heat capacity! was
first related to the liquid-gas phase transition in intermed
energy heavy-ion collisions. It was later proposed to stu
the phase transition from hadronic matter to a quark-glu
plasma~QGP! through the irregular behavior of the heat c
pacity, provided that the event-by-event~EE! fluctuation of
temperature is observable in relativistic nucleus-nucleus
lisions @3,4#. Such irregular behavior also characterizes
order of a phase transition: a jump in a first order ph
transition and a singularity in a second order one@3#. The EE
fluctuation of an observable might supply important inform
tion such as the hadronic matter compressibility@5#, the po-
sition and property of a critical point in the QCD phase d
gram of temperatureT vs chemical potentialm @4#, etc. In
Ref. @4# it was also predicted that the EE fluctuation patte
in average transverse momentum, for instance, would sig
cantly be changed around a critical point.

With the increase of interaction energy a rather high p
ticle multiplicity is accessible and the statistically significa
measurements of the EE fluctuations became possible fo
first time in Pb1Pb collisions at 158A GeV/c @6–10# and
recently in Au1Au collisions at Asnn5130 GeV@11#.
Though it was claimed that nonstatistical contributions to
EE fluctuation of average transverse momentum,k/p ratio,
and net charge multiplicity are small@9–11#, the calculations
of the EE fluctuations based on hadronic transport m
els@8,12,13# and effective models@14–16# were stimulated.

Since the unit of charge~baryon charge! in the QGP phase
is 1/3 while it is 1 in the hadronic phase, the thermal mo
predicted that the value of the charged particle ratio EE fl
tuation,DR ~defined below!, in the hadronic phase would b
a factor of;2.5–4 larger than that in the QGP phase@17–
19#. The charged particle ratio EE fluctuation was then p
posed as a signal of QGP formation if the initial fluctuatio
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survive hadronization and their typical relaxation tim
is longer than the collision time@17,18#. In Ref.@20#
URQMD @21# was used to investigate the charged parti
ratio fluctuation in Pb1Pb collisions at SPS energies an
Au1Au collisions at the full RHIC energy. However, th
URQMD predictions for the charged particle ratio fluctuatio
in Pb1Pb collisions at SPS were around 3 while the prelim
nary NA49 data@22# were around 4.

The hadron and string cascade modelJPCIAE was em-
ployed in this paper to further study the charge fluctuatio
The model results were compared with the prelimina
NA49 data of the charged particle ratio fluctuations as
function of rapidity window size in Pb1Pb collisions at 40,
80, and 158A GeV/c @22# and with PHENIX and STAR data
in Au1Au collisions atAsnn5130 GeV@11,23#. Meanwhile,
the dependence of the charge fluctuations on the final s
interaction~rescattering!, the resonance decay (r andv), the
centrality ~impact parameterb), and the reaction energ
~from SPS up to LHC! was investigated.

The JPCIAE model was developed based onPYTHIA @24#,
which is a well known event generator for hadron-hadr
collisions. In the JPCIAE model the radial position of a
nucleon in colliding nucleusA ~indicating the atomic numbe
of this nucleus as well! is sampled randomly according to th
Woods-Saxon distribution and the solid angle of the nucle
is sampled uniformly in 4p. Each nucleon is given a beam
momentum inz direction and zero initial momenta inx andy
directions. The collision time of each colliding pair is calc
lated under the requirement that the least approach dist
of the colliding pair along their straight line trajectory~mean
field potential is not taken into account inJPCIAE! should be
smaller thanAs tot /p. Heres tot refers to the total cross sec
tion. The nucleon-nucleon collision with the least collisio
time is then selected from the initial collision list to perfor
the first collision. Both the particle list and the collision li
are then updated such that the new collision list may con
of not only nucleon-nucleon collisions but also collisio
©2002 The American Physical Society02-1
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between nucleons and produced particles and among
duced particles themselves. The next collision is selec
from the new collision list and the processes above are
peated until the collision list is empty.

For each executing collision pair, if its c.m.s. energy
above a certain threshold~54 GeV in program!, we assume
that strings are formed after the collision andPYTHIA is used
to deal with particle production. Otherwise, the collision
treated as a two-body collision@25–27#. The threshold above
is chosen in such a way thatJPCIAE correctly reproduces the
charged multiplicity distributions in nucleus-nucleus col
sions@28#. It should be noted here that theJPCIAE model is
not a simple superposition of nucleon-nucleon collisio
since the rescatterings of secondary particles are taken
account. In addition, the particle production from strings
JPCIAE is determined by the Lund fragmentatio
scheme@29#, in which only the lowest excitation state of
resonance is included. We refer to Ref.@28# for more details
about theJPCIAE model.

If the deviation~i.e., fluctuation@30#! of a physical vari-
ablex from its average value per event^x& is defined as

dx5x2^x&, ~1!

the variance ofx reads@30#

^~dx!2&5^x2&2^x&2. ~2!

Supposex[R5N1 /N2 to be the ratio of positively to nega
tively charged particle multiplicity, the corresponding va
ance is

^~dR!2&5^R2&2^R&2. ~3!

Similarly the variance of net charge multiplicityQ5N1

2N2 reads

^~dQ!2&5^Q2&2^Q&2. ~4!

However, what is interesting is neither^(dR)2& nor ^(dQ)2&
but

DR[^Nch&^~dR!2& ~5!

or

DQ[
^~dQ!2&

^Nch&
, ~6!

whereNch5N11N2 refers to the total charge multiplicity
When ^Nch&@^Q&, a relation follows approximately@17#

DR.4DQ . ~7!

The thermal~effective! model predictions forDR are@17#
;4 for a pion gas,;3 for a resonance pion gas~pions from
r and v decays!, and ;0.75 for massless noninteractin
quarks and gluons.

As mentioned in Ref.@17#, one main assumption made
the thermal model predictions is that the studied system
be described as a grand canonical ensemble. Howeve
experiments or dynamical simulations, the investigated s
04490
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system~e.g., within a rapidity intervalDy) is a finite fraction
of the full system~e.g., in the full rapidity region!. Therefore,
the assumption of a grand canonical ensemble is only v
in the limit of ^Nch&Dy /^Nch& total→0, such that the rest sys
tem plays the role of a thermal resource. In order to comp
the experiments or dynamical simulations with the therm
model predictions a correction factor is introduced@17#,

Cy512
^Nch&Dy

^Nch& total
. ~8!

Another assumption adopted in the thermal model pred
tions is vanishing of the net charge@17#. However, that is
actually impossible in experiments or dynamical simulatio
the corresponding correction factor@17# reads

Cm5
^N1&Dy

2

^N2&Dy
2

. ~9!

The DR with corrections above is denoted as

D̃R5
DR

CyCm
. ~10!

The fluctuations are usually composed of statistical fl
tuations and dynamical fluctuations. There are many sou
to be considered as the dynamical fluctuations, such as s
fragmentation~or QCD color fluctuations!, centrality~impact
parameter or participants!, rescattering, and resonance dec
etc. On the contrary, the statistical fluctuations are no
namical origin and could be described in a stochastic s
nario by probability distribution functions@11,30#. Only a fi-
nite number of events could be generated in experiment
dynamical simulations, for instance, also causes a statis
fluctuation. Though it is necessary to study the influence
reaction energy, centrality, rescattering, and resonance d
individually, an alternative way of investigating the no
statistical contributions is to compare the EE fluctuation d
tributions extracted from real events with ones from mix
events@10#. The mixed events here are constructed from
real events so that in principle only the statistical fluctuatio
survive in the mixed events@10#.

In Fig. 1 theJPCIAE results ofD̃R as a function ofDy in
40, 80, and 158A GeV/c Pb1Pb collisions~full circles! are
compared to the NA49 preliminary data~full triangles! @22#.
Corresponding to the centrality cut of 7.2% at 40 a
80A Gev/c and 10% at 158A GeV/c in the NA49 experi-
ments the impact parameters in theJPCIAE calculations were
set to beb<3.57 fm andb<4.20 fm, respectively.Dy was
set around 2.9, 3.2, and 3.6, respectively, for 40, 80,
158A GeV/c, and thept window was set to be 0.005,pt
,2.5 GeV/c for all the three beam momenta as in the NA
experiments. TheJPCIAEresult of each datum point (D̃R) and
its error bar in this figure were obtained from five indepe
dent runs and in each runN events are generated, whereN is
large enough to guarantee the approximate stability of p
tively and negatively charged multiplicities. TheN is equal
to 300 in Pb1Pb collisions at 40A GeV/c, for instance. The
datum point in this figure is then the average of the fi
2-2
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corresponding values and the error bar is calculated as
square root of the variance ofD̃R divided by five~the same
for other JPCIAE results!. The dashed and solid lines in th
figure are the thermal model predictions for a resonance p
gas and the lattice Monte Carlo result for a quark-gluon g
respectively@20#. One sees from this figure that theJPCIAE

results are generally compatible with the preliminary NA
data for 40 and 80A GeV/c Pb1Pb collisions. However, for
158A GeV/c Pb1Pb collisions there exist discrepancies
the Dy dependence between the preliminary NA49 data
the JPCIAE results. Such differences are not due to statis
and require a further study.

In Fig. 2 theJPCIAE results ofDR and 4DQ as a function
of ^Nch& in peripheral Au1Au collisions atAsnn5130 GeV
(20.35,h,0.35, pt.0.2) were compared with PHENIX
data@11#. For simplicity only part of the PHENIXDR data
points were plotted~full squares with error bar in the figure!
and compared with theJPCIAE results ~open squares with
error bar in the figure!. The PHENIX data of 4DQ with error

FIG. 1. D̃R as a function ofDy in 40, 80, and 158A GeV/c
Pb1Pb collisions. The preliminary NA49 data were taken fro
Ref. @22#.

FIG. 2. The charge fluctuations as a function of charged mu
plicity ^Nch&, in Au1Au peripheral collisions atAsnn5130 GeV.
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bars were presented simply by a shaded region in Fig. 2
compared with correspondingJPCIAE results~open circles!.
One sees here that theJPCIAE results of 4DQ are compatible
with PHENIX data. A few comments related to the results
Fig. 2 are in order. First, behavior ofDR is very different
from 4DQ when^Nch& is small, whereDR is strongly depen-
dent on^Nch& unlike 4DQ . Second, when̂Nch& is largeDR
and 4DQ become close and show no dependence on^Nch&.
Third, most DR results fromJPCIAE were lower than the
PHENIX data, in the peak region especially, which might
tribute in part to the fact that thePHENIX spectrometer only
coversp/2 in azimuthal angle.

Having gained confidence from the results in Figs. 1 a
2, we investigate the dependence of the charge fluctuat
on subsystem size, rescattering, resonance decay, centr
and reaction energy. In Fig. 3~a! the JPCIAE results of fluc-
tuation measures~i.e., D̃R , DR , and 4DQ) as a function of
Dh in Au1Au collisions at Asnn5130 ~open squares
circles, and triangles, respectively! and at 200 GeV~full
squares, circles, and triangles, respectively! are compared
with each other. InJPCIAE calculations the charged particle
with pt.0.2 from 10% the most central collisions were use
The thick stick atDh50.7 is the PHENIX datum@11# of
4DQ in Au1Au collisions at Asnn5130 GeV, which is
about 10% lower than the correspondingJPCIAE result~open
triangle!. It is also interesting to note that theJPCIAEresult of
DQ;0.9 at Dh51 in Au1Au collisions at Asnn
5130 GeV is about 10% higher than the correspond
STAR datum of;0.8, extracted under the assumption
zero net charge@23#. In Fig. 3~a! one sees that globally
speaking the dependence of the charge fluctuation meas
on Dh are not sensitive to the change of energy from 130
200 GeV, which is consistent with the conclusions
Refs.@18,20,31#. In Fig. 3~b! the JPCIAE results ofD̃R and
DR ~full and open squares! as a function ofDh in Au1Au
collisions at Asnn5200 GeV (b<2 fm) were compared

i-

FIG. 3. TheD̃R , DR , and 4DQ as a function ofDh: ~a! com-
parison of theJPCIAE results for Au1Au collisions atAsnn 5130
and 200 GeV;~b! comparison for the results fromJPCIAE and
URQMD ~taken from Ref.@20# whereDy was used instead ofDh)
for Au1Au collisions atAsnn5200 GeV.
2-3
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with the URQMD results~full and open triangles, taken
from Ref. @20# whereDy was used instead ofDh). Gener-
ally speaking, the results ofJPCIAE are systematically highe
than those of URQMD, that might attribute to the high
resonance states included in the URQMD model.

The effects of rescattering and resonance decay (r andv)
on the distribution ofD̃R vs Dy are shown in Fig. 4 for
158A GeV/c Pb1Pb collisions. In this figure, the circles, th
triangles, and the squares are, respectively, the results o
fault JPCIAE, JPCIAE without rescattering, andJPCIAE without
r and v resonance decays. In theJPCIAE calculations the
impact parameter wasb<3.5 fm, Dy was set around 3 an
thept window was 0,pt,5 GeV/c. Globally speaking, the
rescattering effect onD̃R is not strong, that is consistent wit
the conclusion from the RQMD model@31#. The effect of
resonance decay does not seem strong either and the sh
D̃R due to the resonance decay is smaller than one ove
the Dy region unlike what is expected based on the therm
model predictions for a pion gas relative to the resona
pion gas~pions fromr andv decays!. However, in the de-
fault JPCIAE calculations there are still a lot of mesons n
from the decays of resonances unlike the case of the r
nance pion gas in thermal model predictions, which m
explain in part why the shift is smaller than one.

The centrality dependence ofD̃R from JPCIAE in Pb1Pb
collisions at 158A GeV/c was given in Fig. 5~a! ~circles! and
compared with URQMD results~squares, taken from Re
@20#!. In both calculations the rapidity window was 2.5,y
,4.5. The discrepancies betweenJPCIAE and URQMD re-
sults might attribute to the higher resonance states inclu
in the URQMD model. In Fig. 5~b! the centrality dependenc
of D̃R , DR , and 4DQ in Au1Au collisions at Asnn
5200 GeV from JPCIAE (20.5,h,0.5) are given by full
circles, open circles, and full squares, respectively. One
from Fig. 5 that for the impact parameter region conside
here the charge fluctuation measures are not so sensitiv
centrality within error bars, a conclusion consistent with t
corresponding STAR and PHENIX observations@11,23#.

FIG. 4. The effects of rescattering and resonance decay on

distribution of D̃R vs Dy in 158A GeV/c Pb1Pb collisions ob-
tained withJPCIAE.
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Finally, theJPCIAEresults of the energy dependence ofD̃R

~full circles!, DR ~open circles!, and 4DQ ~full triangles!
from SPS to RHIC and then to LHC energy were given
Fig. 6. In theJPCIAE calculations the centrality cut was 10%
the most central and we set 2.5,y,3.5 for Pb1Pb at SPS,
20.5,h,0.5 for Au1Au at RHIC, and Pb1Pb at LHC
energy, respectively. One sees from Fig. 6 that whileDR

might decrease slightly with energy,D̃R and 4DQ show al-
most no energy dependence within error bar.

In summary, a hadron and string cascade modelJPCIAE

has been employed in this paper to investigate the dep
dence of the charge fluctuation measures on~pseudo!rapidity
window size, rescattering, resonance decay, centrality,
energy. Within the framework of this model the calculat
results seem compatible with the preliminary NA49 data
Pb1Pb collisions at 40 and 80A GeV/c. However, for

he

FIG. 5. The centrality dependence of charge fluctuations:~a!

comparison of JPCIAE results of D̃R in Pb1Pb collisions at
158A GeV/c with URQMD results~taken from Ref.@20#!; ~b! JPCIAE

results of charge fluctuation measures in Au1Au collisions at
Asnn5200 GeV.

FIG. 6. The energy dependence ofD̃R , DR , and 4DQ .
2-4



in
-

,

y
ng

tion
ecay.
nt of
s
ong

,
e

BEHAVIOR OF CHARGED FLUCTUATIONS IN . . . PHYSICAL REVIEW C66, 044902 ~2002!
158A GeV/c Pb1Pb collisions there exist discrepancies
the Dy dependence between theJPCIAE results and the pre
liminary NA49 data. TheJPCIAE results of 4DQ in Au1Au
collisions atAsnn5130 are compatible with PHENIX data
however theJPCIAE results ofDR are lower than PHENIX
data. We give also theJPCIAEresults for Au1Au collisions at
Asnn556 and 200 GeV and for Pb1Pb collisions atAsnn
55500 GeV. It seems that the effect of resonance decar
and v) on the charge fluctuation measures is not stro
lz,

et
k,

.
C.

.

,

04490
(
,

though the rescattering may affect the charge fluctua
measures somewhat more strongly than the resonance d
The charge fluctuation measures are almost independe
the collision centrality except for very peripheral collision
and their dependence on the reaction energy is not str
either.
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