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Charged particle fluctuations and microscopic models of nuclear collisions
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We study the event-by-event fluctuations of the charged particles and compare the results of different Monte

Carlo generators~MCG!: VNIb, HIJING, HIJING/BB̄, and RQMD. We find that theD-measure can be used to
distinguish between the different gluon populations that are present in the MCG models. On the other hand, the
value of theD-measure shows high sensitivity to the rescattering effects in VNIb model, but lower sensitivity
to the rescattering effects in RQMD model. We also find that theD-measures fromAA are consistent with the
D-measures frompp for all generators except VNIb. Therefore, any deviation among the values ofD-measure
for different impact parameters and betweenpp and AA collisions may indicate that either the rescattering
effects play a key role in the interactions or there is new physics inAA collisions.
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I. INTRODUCTION

One of the main purposes of high energy heavy-ion c
lisions is to produce a macroscopic size of quark-glu
plasma~QGP! @1,2#. With hadrons as final observables, se
eral signatures have been suggested:J/c suppression@3#,
single event fluctuations measurements@4–10#, and void and
gap searches@11#. It was also proposed in Refs.@12,13# that
the quantity

D~Dy!5^Nch&Dy^dR2&Dy;4
^dQ2&Dy

^Nch&Dy
, ~1!

be used as a signature of QGP. HereNch5N11N2 is the
total number of charged particles,R5N1 /N2 is the ratio
between positive charge and negative charge andQ5N1

2N2 is the net charge. The second moments ofR andQ are
defined as

^dx2&5^x2&2^x&2, ~2!

where^•••& means the average taken over all events andDy
is the rapidity window in which we calculate the above qua
tities. The last step in Eq.~1! is correct to leading order in
1/̂ Nch& and in the fluctuations. It is the observable defin
by this last term of Eq.~1! which we calculate throughou
this paper. It has been found that for a pion gas,
4^dQ2&/^Nch& is around 4 and for a QGP gas it is approx
mately 1 @12,13#; therefore, theD-measure has been pro
posed as a signature of QGP@12,13#.

However, this observable (D-measure! has some caveat
which have been discussed recently. Gazdzicki and Mro
zynski @14# have argued that̂dQ2& in AA collisions could
be determined by the number of participating protons. So
smallness of theD-measure may be just an indication of th
smallness of̂ Npart&/^Nch&. Fialkowiski and Wit@15# have
commented that theD-measure is a rapidity dependent qua
tity and the prediction of theD-measure from PYTHIA/
JETSET model is smaller than the estimated value for h
0556-2813/2002/66~1!/014909~8!/$20.00 66 0149
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ron gas and becomes much smaller~even less than the
estimated value for QGP! when the rapidity region is very
large.

In reply to the second criticism, Bleicher, Koch and one
us @16# argued that the dependence of theD-measure on
rapidity is due to the following two facts:~1! In Ref. @12#,
the approximation̂N1&Dy5^N2&Dy was used which may be
not fulfilled for heavy-ion collisions, so one needs to app
the correction (̂N1&Dy /^N2&Dy)

2. ~2! Also, it was assumed
that the charge ratio fluctuated independently in each rapi
window @12#. This is inappropriate due to global charge co
servation, and this brings up another correction factor
2^Nch&Dy /^Nch& total . After these corrections, it was foun
that the corrected measureDcorr(Dy),

Dcorr~Dy!5
D~Dy!

~^N1&Dy /^N2&Dy!2~12^Nch&Dy /^Nch& total!
,

~3!

predicted by UrQMD@17# is around 2.5–3.1@16#, which is
consistent with the estimated value of theD-measure for
resonance gas@6,5#. In Ref. @16#, no significant differences
have been found forD-measure values at SPS and RH
energies, meaning that theD-measure has little energy de
pendence@13,16#.

As has been discussed, for example, in Open Stand
Code and Routine~OSCAR! conferences@18#, all MCGs
@19–26# used now are not simple codes, they contain diff
ent physical ingredients and assumptions; therefore, it is v
interesting to study and compare theoretical predictions fr
some MCGs, which are based on different physics pictu
In this paper we calculate theD-measure using the VNIb
@19#, RQMD v2.4@21#, HIJING v1.35@23#, and HIJING/BB̄
v1.10@24# models~See Sec. II for a short discussion of the
models.! One of the striking results is that the values of t
D-measure from VNIb model~running with rescattering
turned off! is much less than the values ofD-measures from
RQMD, HIJING, HIJING/BB̄, and UrQMD @16# models.
The reason for this difference could be the different num
of gluons embedded in the model. In heavy-ion collisi
©2002 The American Physical Society09-1
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processes, if the degrees of freedom are partons or hadro
the initial stage of collisions, we will expect to have a d
ferent charged fluctuation if the rescattering effects do
play a key role in interactions.In this sense, the D-measure
could be a signature of QGP. However, to be considered as
good signature of QGP, D-measure values must be compar
also between nucleus nucleus (AA) and proton-proton (pp)
collisions. If theD-measure is dominated by the physics ju
before hadronization, any differences between the values
tained fromAA andpp collisions indicate that either resca
tering effects are strong, or a signature of new physics~e.g.,
presumably QGP! in AA collisions.

One of the aims of this work is to perform a systema
study of the charge fluctuations using many of the availa
and popular event generators. We believe this exercis
valuable first to establish the fluctuations as a robust v
able, then to interpret the physical information the measu
ments contain. We investigate the effects of rescattering
we also consider the impact parameter dependence o
signal.

This paper is arranged in the following way. In Sec.
using VNIb, RQMD v2.4, HIJING v1.35, and HIJING/BB̄
v1.10 models, we calculate theD-measure forAA collisions
at total center of mass~c.m.! energyAs5200A GeV and we
find that theD-measure of VNIb~with rescattering turned
off! is much less than theD-measure of other models and a
explanation is given. In Sec. III, we study the rescatter
effects on VNIb and RQMD. Our results show that rescat
ing effects may spoil the signature of physics in VNIb; on t
other hand, the rescattering effects on theD-measure of
RQMD are less dramatic. A comparison ofD-measures be
tween pp and AA are performed and the similar value
D-measures betweenpp and AA are explained within a
‘‘participant model.’’ Finally, our discussions and concl
sions are given in Sec. IV.

II. THE D-MEASURE WITH DIFFERENT MCGS

As done in Ref.@16# for UrQMD, we will calculate the
D-measure using VNIb@19#, RQMD v2.4 @21#, HIJING
v1.35 @23#, and HIJING/BB̄ v1.10 @24# models. In the fol-
lowing we briefly outline the main features of those mode

In HIJING @23#, the physics of minijets is addressed e
plicitly in perturbative quantum chromodynamics~pQCD!.
The cross sections for hard parton scattering are calculate
the leading order and aK-factor is invoked to account fo
higher-order corrections. Soft contributions are modeled
diquark-quark strings with gluon kinks induced by soft glu
radiation. Jet quenching and shadowing can also be treat
this approach. HIJING/BB̄ @24# is based on HIJING and a
baryon junction mechanism is introduced in order to und
stand the longitudinal distributions of antibaryons frompA
andAA collisions at SPS energies. The junction-antijuncti
loops that arise naturally in Regge phenomenology are
included in the calculation. Final state interactions amo
produced hadrons are implemented neither in HIJING no
HIJING/BB̄. RQMD @21# is a transport approach for hadron
and resonances, with initial-state hadronic string generat
01490
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There, overlapping strings may fuse into color-ropes. T
fragmentation products from ropes, strings, and resonan
may then interact with each other and with the origin
nucleons. In this model copious rescatterings lead to the
velopment of collective flow and can drive the system
wards local equilibrium.

As opposed to RQMD, HIJING, and HIJINGBB̄, VNIb
treats a nuclear collisions in terms of parton-parton inter
tions. It uses a transport algorithm to follow the evolution
the many-body system of interacting partons and hadron
phase space. For hadronization, VNIb uses a parton-clu
formation and fragmentation approach. Rescattering am
partons and hadrons is included in the code. One impor
feature of VNIb is that, at RHIC energy, it generates a s
stantial gluon population. Those then play an important r
in the simulation of RHIC data in VNIb.

In Fig. 1, the values of theD-measure from VNIb~rescat-
tering turned off! versus the rapidity window are shown. Fo
comparison, the results from UrQMD@16# are also included
in the plot.

We notice that there are big differences between the
ues of theD-measure from VNIb and those from UrQMD
Applying the correction method given in Ref.@16#, we cal-
culate also the corrected values ofDcorr @see Eq.~3!# and we
obtain a higher value for a large rapidity window. For a r
pidity window around (22,2) we find that the value ofDcorr
is around one. For smaller rapidity window, the value
Dcorr-measure is bigger than one, and this can be explai
by the fact that small windows will not catch all the dec
products of a resonance. If we analyze the correction fac
12^Nch&Dy /^Nch& given in Ref. @16#, we find that for the
whole kinematic phase space this correction factor should
zero and cannot be used for very larger rapidities, so we m
overlook the results for larger rapidity windows (Dy.4) in
Fig. 1.

The corrected valuesDcorr obtained from the predictions
of VNIb ~rescattering turned off!, RQMD, HIJING, and

FIG. 1. D-measure versus rapidity,yc.m.6Dy/2 for Au1Au cen-
tral collisions (b<2 fm) at total c.m. energyAs5200A GeV. Full
squares and diamonds denote the results predicted by UrQ
~from Ref. @16#! and VNIb, respectively. Circles and triangles d
note the results obtained when taking into account the correc
factors~see text for explanations!.
9-2
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CHARGED PARTICLE FLUCTUATIONS AND . . . PHYSICAL REVIEW C66, 014909 ~2002!
HIJING/BB̄ models are shown in Fig. 2. The values fro
VNIb are lower than the values predicted by other MC
models. The main difference can be due to the different nu
ber of gluons embedded in VNIb, which is higher than in a
other MCGs considered here.

The predictions obtained from all the above models,
cept VNIb, are consistent with each other in the limit
statistical errors. If rescattering among produced hadron
not a dominant effect during heavy-ion collisions, then t
D-measure should be determined by the physics just be
hadronization as assumed in Refs.@12,13#. According to this
picture, string model codes, like UrQMD, RQMD, HIJING
and HIJING/BB̄ ~we note that UrQMD and RQMD include
also hadronic picture in the code!, form strings using the
quarks or diquarks from two collided nucleons and there
no, or very few, gluons@27#. So those quarks and antiquar
will dominate the final state charge fluctuations. On the ot
hand, for a model like VNIb, which contains a large popu
tion of gluons, the observedD-measure should be differen
from the results calculated from RQMD and HIJING. It
known that if there are only gluons in the initial state
heavy-ion collisions and if we consider gluon fusion pr
cesses~like gg→qq̄), then the charge fluctuation in a larg
rapidity window ~for our case from22 to 2, for example!,

^dQ2&;0, ~4!

as the charge is almost conserved in that window; those
ons also produce large number of charged particles. Thus
D-measure for a gluon gas should be very small. In the VN
code, we have quarks, antiquarks and gluons. By examin
the parton population in VNIb, we find that the ratio of th
number of gluons to the number of quarks and antiqua
from the runs for Au1Au collisions at 200 GeV is around
1.2. If we exclude the extra valence quarks~those valence
quarks will mainly contribute to fragmentation regions! com-
ing from nucleons~so that̂ Nq&5^Nq̄&), then the ratio is 1.8.
That is, the central rapidity region is the most gluon dom

FIG. 2. The corrected values ofDcorr-measure from VNIb,

UrQMD, RQMD, HIJING, and HIJING/BB̄ versus rapidityyc.m.

6Dy/2 for central Au1Au collisions (b<2 fm) at total c.m. en-
ergy As5200A GeV.
01490
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nated region in VNIb code@28#. This could explain why the
D-measure from VNIb is less than theD-measures from
RQMD and HIJING.

This analysis shows that one obtains different values
D-measure owing to the different physics embedded in
MCG; however, to draw any final conclusion, we shou
have new theoretical predictions using models such as,
example, ARC@20#, and compare them with prediction
from VNIb and ZPC@26#. ARC is based on hadronic physic
and pictures nuclear collisions in terms of nucleon-nucle
collisions. For nucleon-nucleon collisions, the model us
data from experiment. As opposed to RQMD and HIJIN
there is no string picture in ARC. Because of this we exp
that ARC should give a value of theD-measure around three
On the other hand, ZPC@26# is a versatile simulation pro
gram that can use initial parton distributions from any sou
as input, and can study parton evolution and rescatter
However, there is no hadronization algorithm implemen
in the code. One could use the parton mode of ZPC to
culate directly theD-measure, which should be less than on
following the reasoning in@12,13#.

Finally, we mention that one can account for all final sta
particles in a MCG model, which is not the case in heavy-
experiments because of the fact that detectors cannot d
all charged particles. So, we can imagine that there is
charge conservation among thedetectedparticles. Here, we
will discuss detector efficiency for two cases:Case I: if we
assume that the detector efficiency is the same for both p
tive and negative particles in each event, then the^R2& and
^R& should remain the same. We notice that as the meas
charged particlesf ^Nch& becomes smaller~here f is the de-
tector efficiency which represents the ratio of the measu
particles to the produced particles,^Nch& is the production
particles!, theD-measure will become smaller, too.Case II:
We assume two Poissonian distributions for both produ
positive and negative charged particles, that is,

P~Ni !5
^Ni&

Ni

Ni !
exp~2^Ni&!, i 56. ~5!

We further assume that, due to the detector efficiency,
observed particle numberSi follows a binomial distribution
(S6<N6),

P~Si uNi !5
Ni !

Si ! ~Ni2Si !!
f Si~12 f !Ni2Si i 56. ~6!

Then one can easily verify that the observed charged
ticles have again a Poisson distribution

P~Si !5 (
Ni5Si

`

P~Ni !P~Si uNi !5
~^Ni& f !Si

Si !
exp~2^Ni& f !,

i 56. ~7!

From above we have

^dQ2&5 f ^N1&1 f ^N2&22 f 2^dN1dN2&. ~8!

Thus
9-3
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D5428 f
^dN1dN2&

^N1&1^N2&
. ~9!

This indicates that whenf becomes smaller, then th
D-measure will become bigger. This is different from t
conclusion in case I. In case I, there is strong correlat
between the detector efficiencies of positive and nega
charge particles in each event; on the other hand, there i
correlation between detector efficiencies of positive partic
and negative charge particles in case II. The practical c
can be more complex. However, as shown here,
D-measure is sensitive to the detector efficiency and we n
to exercise caution when comparing theoretical predicti
with data.

III. RESCATTERING EFFECTS ON THE D-MEASURE

A. Rescattering effects on theD-measures of VNIb and RQMD

Large rescattering effects can destroy the physical co
lations which originate from the QGP phase. Then we w
only get a hadronic resonance gas signature,D;3 @29#. Res-
cattering effects depend on two factors; one is the time
particles need to go through the collision region, another
is the density in the collision region. Those two effects w
determine the mean free path of particles in the interac
region. For high energy collisions, the time that partic
needed to pass through the collision regions is short, s
the density is higher. No simple relation exists to determ
the effects of rescattering on theD-measure yet.

We note thatD-measure values from UrQMD model hav
no impact parameter dependence up to very peripheral c
sions, and we know that if the impact parameter ofAA col-
lisions is very large, the nuclei-nuclei collision will be only
superposition ofpp collisions ~may be one or severalpp
collisions! and rescattering effects will become smaller. O
the other hand, if the impact parameter is smaller, then
cattering effects could play an important role. Most MCG
use the following scheme:

A1A5( $~nucleon1nucleon!

1~secondary particle1secondary particle!

1~secondary particle1nucleon!%. ~10!

UrQMD model predictions show that theD-measure is al-
most impact parameter independent, and this indicates
rescattering effects do not play a key role for the values
D-measure at RHIC energy@16#. The physics should then b
dominated by the simplenn collisions if the model em-
ployed the scheme described by Eq.~10!. We also remark
that the predictions from UrQMD at SPS energy are lar
than the predictions at RHIC energy. The main differen
could perhaps be attributed to the mix of hadronic degree
freedom and string degrees of freedom. When energ
higher, the string formation dominate the collisions proce
while when energy is lower, the hadronic picture does. T
may explain why the values of theD-measures at SPS energ
are slightly higher than the values at full RHIC energy.
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In Fig. 3, we plot the values of theD-measures from
RQMD ~rescattering turned on! in order to study the impac
parameter dependence of rescattering, for two different
pact parameters regions. Analyzing the results from Fig
we note that rescattering is slightly higher for central co
sions (b,5 fm) in comparison with peripheral ones (5,b
,10 fm) at lowDy. Also, the results seems to indicate th
rescattering effects are negligible for a rapidity windowDy
.1.0.

We also calculate theD-measure value from RQMD
model at 130 GeV with rescattering turned on and off. T
results are shown in Fig. 4. It is clear that rescattering effe
on the value of theD-measure are within 10%. This result
consistent with those in Fig. 3.

In Fig. 5, the values of theD-measure from VNIb~rescat-
tering turned on and off! are shown. It is found that the

FIG. 3. D;4^dQ2&/^Nch& values from RQMD versus rapidity
yc.m.6Dy/2 for Au1Au collisions at total c.m. energyAs
5200A GeV. The circles are the results for impact parame
rangeb<5 fm and the squares are the results for 5<b<10 fm.
The full and empty symbols are corrected and uncorrected val
respectively.

FIG. 4. D(Dy) values from RQMD versus rapidityyc.m.

6Dy/2 for Au1Au collisions at total c.m. energyAs
5130A GeV. The circles are the results with rescattering turned
while the squares are the results for the case without rescatte
The full and empty symbols are the corrected and uncorrected
ues, respectively.
9-4
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CHARGED PARTICLE FLUCTUATIONS AND . . . PHYSICAL REVIEW C66, 014909 ~2002!
values of theD-measure are around 2.3 for rescatteri
turned on and are smaller with rescattering turned
('1.0). These results show the different effects of rescat
ing in VNIb and RQMD v2.4~see Figs. 3 and 4!. Those
could be related to the different densities of hadronic ma
at the beginning stage of hadronization. As the density
hadronic matter of VNIb is higher than the density
RQMD, rescattering plays a more important role in VNIb

From above we conclude that the values of t
D-measures from the RQMD and UrQMD models have
impact parameter dependence. Therefore, we strongly
gest that the RHIC experiments must determine the imp
parameter dependence of theD-measure to verify the abov
results. If the experimental values indicate a different tre
in comparison with theoretical predictions, we may consi
that the idea of Eq.~10! is too simple and one needs
involve other effects, such as the fact that the parton dis
butions functions in nuclei are potentially different from th
parton distributions functions in nucleon.

If the D-measure forAA collisions is dominated by single
nn interactions, one can imagine that at lower energy,
singlenn collisions are dominated by hadronic picture~clus-
ter picture!, and at higher energy,nn collisions can see the
content of nucleon. When energies increase, it is expe
that gluon should also have higher contribution. Based on
above assumption, if we plot theD-measure of app collision
as the function of collision energy there should exist a d
from three to one. Even if there is no such drop, one need
get the trend that theD-measure is really high at lower en
ergy and becomes smaller at high energy. Similar analy
should be performed for heavy-ion collisions, too, in order
obtain energy dependence of theD-measure from Bevalac to
LHC energies.

On the other hand, if the rescattering effects play a k
role as in VNIb model, the signature of the initial stage
heavy-ion collisions will be lost. However, combined ana
sis of theD-measure with other signatures of QGP proba

FIG. 5. D;4^dQ2&/^Nch& values from VNIb versus rapidity
yc.m.6Dy/2 for Au1Au central collisions at total c.m. energyAs
5200A GeV. The circles correspond to the run with rescatter
turned off while the squares correspond to the run with rescatte
turned on. The full and empty symbols are corrected and un
rected values, respectively.
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could still give us some more information about the u
known matter created in the early stages ofAA collisions.

B. D-measure for pp and AA

We compare the values ofD-measures forpp and AA
collisions obtained from VNIb~rescattering turned off!,
VNIb ~rescattering turned on!, HIJING v1.35, HIJING/BB̄
v1.10, and RQMD v2.4~rescattering turned on! in Figs.
6~a!–~e!. We note that theD-measures forAA collisions
from VNIb without rescattering, HIJING, HIJING/BB̄, and
RQMD are all consistent with theD-measure forpp interac-
tions. On the other hand, the values of theD-measure forAA
from VNIb with rescattering are larger than the predictio
for pp due to rescattering effects.

The interesting result is thatD values are similar forpp
and Au1Au collisions for all MCGs when rescattering e
fects are neglected. In the following, we try to explain this
the framework of a ‘‘participant model’’@4#. As in Ref. @4#,
we write

Q5(
i 51

Np

Qi . ~11!

HereQ is the total charge ofAA collisions,Qi is the charge
produced by each nucleon1nucleon (n1n) collision in a
specific rapidity window, andNp is the number ofnn colli-
sions for eachAA collision. Taking the average over a num
ber of events we have

^Q&5^Np&^Qi& ~12!

and

^Q2&5^Np&^Qi
2&1^Np~Np21!&^Qi&

2. ~13!

In the derivation we have used̂QiQj&5^Qi&^Qj&. The
mean charged multiplicity forAA collisions can be ex-
pressed as@4#

^Nch&5^Np&•^ni&. ~14!

Hereni is the charged particles produced by eachn1n col-
lisions. Finally, we get the following equation:

^dQ2&

^Nch&
5

^dQi
2&

^ni&
1

^Qi&
2

^ni&

^dNp
2&

^Np&
. ~15!

If the P(Np) distribution is Poissonian, then̂dNp
2&/^Np&

51. In Ref. @4#, the author estimated the above value to
around 1.1.̂ Qi&

2/^ni& should be much less than one for ve
high energyn1n collisions, that is,

^ni&@^Qi&. ~16!

To confirm this, we plot the ratios of̂Qi&
2/^ni& versus ra-

pidity window for pp collisions at 200 GeV in Fig. 7. One
sees clearly that for smaller rapidity windows the ratio
near zero, while for whole window the value is around 0
The later is due to charge conservation effects. For lar

g
r-
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FIG. 6. D-measure values
from ~a! HIJING v1.35; ~b!

HIJING/BB̄ v1.10; ~c! RQMD
v2.4 ~with rescattering!; ~d! VNIb
~rescattering turned off!; and ~e!
VNIb ~rescattering turned on!
models versus rapidity yc.m.

6Dy/2 for Au1Au central colli-
sions~full symbols! and pp colli-
sions ~empty symbols! at total
nucleon-nucleon c.m. energ
AsNN5200 GeV.
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rapidity regions, the particles are produced mainly near
leading valence quarks, so we notice that there is a sh
increase of the valuêQ&2/^Nch& for larger rapidity window.
For the inner part of the rapidity region, due to the cha
conservation, the mean charge^Qi&;0. From the previous
figures we can safely say that theD-measure forAA colli-
sions should be roughly the same as forpp case when the
rescattering effects are negligible. Any deviation between
D-measure ofAA and pp may indicate a signature of new
physics inAA collisions. Thus, it is necessary to check t
consistency betweenpp andAA collision results before we
may conclude that theD-measure is a signature of QGP.

IV. COMMENTS AND CONCLUSIONS

Theoretical predictions ofD-measure from VNIb, HIJING
v1.35, HIJING/BB̄ v1.10, and RQMD v2.4 indicate that th
01490
e
rp

e

e

fluctuation of charge is sensitive to the parton number e
bedded in the model if the rescattering effects are not es
tial; therefore,D-measure can be a signature of QGP.

However, if the charge fluctuation shows no impact p
rameter dependence, then we have to slightly change
views. If we observe a similar signal forpp and for periph-
eral collisions, the charge fluctuation could be only a sig
ture of the fundamental degrees of freedom that we nee
take into consideration in the collision processes. In ot
words, charge fluctuation can tell us when we should tr
the heavy-ion collisions as simple hadronic cascade or w
it is necessary to use QCD, or some model in between. T
idea has been used ine1e2 collisions to see when one
should use a cluster picture and when one needs to u
parton picture@30#. If the D-measure forAA is bigger than
the D-measure forpp, there could exist a stronger rescatte
ing effects in heavy-ion collisions; on the other hand, if t
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D-measure forAA is lower than theD-measure forpp, some
new physics inAA collisions should be involved. Upcomin
experiments at RHIC will allow us to draw more defini
conclusions.

To considerD-measure as a signature of QGP, one m
certify that the model from Refs.@12,13# cannot be applied
for pp collisions. If a single thermal model is valid for bot
AA andpp collisions, then the conclusions thatD-measure is
a signature of QGP may be questionable. If the statist
model for parton degrees of freedom can also be used inpp
collisions, we can not see any reason why the predicti
from pp collisions should be different from the prediction
AA @31#, but we totally agree that theD-measure can tell us
if we need to consider partonic or hadronic degrees of fr
dom in the collisions.

Our theoretical predictions using different MCG mode
show that theD-measure is sensitive to different parton co
tent embedded in the model if the rescattering effects are
dominant. We find that theD-measure values do not depen

FIG. 7. ^Q&2/^Nch& versus rapidityyc.m.6Dy/2 for pp colli-
sions at total c.m. energyAs5200 GeV.
s

s.

01490
t

al

s

-

-
ot

on impact parameter for the the RQMD v2.4 model and a
we obtain similar results forAA and pp collisions, and we
explain this using the participant model. On the other ha
we find that the values of theD-measure from the VNIb
model are strongly dependent on rescattering effects wh
spoil the original signature from the initial state of collision
However, any deviation among the predictions ofD-measure
for different impact parameters inAA andpp collisions may
indicate that the rescattering effects play a key role in int
actions, or a signature for new physics~e.g., presumably
QGP! in AA collisions. Note that a recent paper@29# was
concerned about the specific effects of rescattering on
D-measure. Within the framework of existing empirical mo
els, our work can be seen as a quantitative answer to th
questions. Also, it will be crucial to repeat the calculatio
done here with the soon-to-be-released next version of
parton cascade code@32#.

Recently, the STAR collaboration has analyzed t
D-measure at RHIC energy (AsNN5130 GeV) and has
found that theD-measure value is around three and has
centrality dependence@33#. This results are consistent wit
our prediction and those of Ref.@16#. In the calculation of
the STAR collaboration@33#, they did not use the correctio
which accounts for the net charge and global charge con
vation; if we consider this correction, theD-measure will be
around 3.9. However, the high value of theD-measure does
not imply that QGP is not formed at RHIC; this high value
theD-measure may still be explained by final state rescat
ing.

ACKNOWLEDGMENTS

This work was partly supported by the Natural Scien
and Engineering Research Council of Canada and the Fo
FCAR of the Quebec Government. The authors would like
thank U. Heinz, V. Koch, S. Mrowczynski, S. Voloshin, an
R. Wit for helpful communications.
.

s,
w-
au-
@1# C. Y. Wong,Introduction to High Energy Heavy-Ion Collision
~World Scientific, Singapore, 1994!.

@2# Quark-Gluon-Plasma 2, edited by R. C. Hwa~World Scien-
tific, Singapore, 1995!.

@3# Procceedings of Quark Matter 2001, SUNY, NY @Nucl. Phys.
A698 ~2002!#.

@4# G. Baym and H. Heiselberg, Phys. Lett. B469, 7 ~1999!.
@5# H. Heiselberg and A. Jackson, Phys. Rev. C63, 064904

~2001!; H. Heiselberg, Phys. Rep.351, 161 ~2001!.
@6# S. Jeon and V. Koch, Phys. Rev. Lett.83, 5435~1999!.
@7# R. C. Hwa and C. B. Yang, Phys. Lett. B534, 69 ~2002!; M.

Prakash, R. Rapp, J. Wambach, and I. Zahed, Phys. Rev. C65,
034906~2002!; Z. W. Lin and C. M. Ko,ibid. 64, 041901~R!
~2001!; K. Fialkowski and R. Wit, Europhys. Lett.55, 184
~2001!.

@8# M. Gazdzicki and S. Mrowczynski, Z. Phys. C54, 127~1992!;
S. Mrowczynski, nucl-th/0112007; B. Muller, Nucl. Phy
A702, 281 ~2002!.

@9# F. W. Bopp and J. Ranft, hep-ph/0009327; Eur. Phys. J. C22,
171 ~2001!; N. Sasaki, O. Miyamura, S. Muroya, and C
Nonaka, Europhys. Lett.54, 38 ~2001!; B. H. Sa, X. Cai, A.
Tai, and D. M. Zhou, nucl-th/0112038.

@10# See references in Q. H. Zhang, hep-ph/0003047.
@11# R. C. Hwa and Q. H. Zhang, Phys. Rev. C62, 054902~2000!;

Phys. Rev. D62, 014003~2000!; nucl-th/0104019.
@12# S. Jeon and V. Koch, Phys. Rev. Lett.85, 2076~2000!.
@13# M. Asakawa, U. Heinz, and B. Muller, Phys. Rev. Lett.85,

2072 ~2000!.
@14# M. Gazdzicki and S. Mrowczynski, nucl-th/0012094.
@15# K. Fialkowski and R. Wit, hep-ph/0006023.
@16# M. Bleicher, S. Jeon, and V. Koch, Phys. Rev. C62, 061902~R!

~2000!.
@17# S. Basset al., Prog. Part. Nucl. Phys.41, 225 ~1998!.
@18# For the full information about OSCAR and the free MCG

one can check the homepage of OSCAR: http://ww
cunuke.phys.columbia.edu/OSCAR/. We need to thank the
thors who made their MCGs available.

@19# K. Geiger and B. Muller, Nucl. Phys.B369, 600 ~1992!; K.
9-7



02

,

re,

f.

oth
ns

s

Q. H. ZHANG, V. TOPOR POP, S. JEON, AND C. GALE PHYSICAL REVIEW C66, 014909 ~2002!
Geiger, K. Longacre, and D. K. Srivastava, nucl-th/98061
S. Basset al., Phys. Rev. C60, 021901~R! ~1999!.

@20# Y. Pang, Nucl. Phys.A638, 219~1998!; Y. Pang, T. J. Schlagel
and S. H. Kahana, Phys. Rev. Lett.68, 2743~1992!.

@21# H. Sorge, H. Sto¨cker, and W. Greiner, Ann. Phys.~N.Y.! 192,
266 ~1989!; H. Sorge, Phys. Rev. C52, 3291~1995!.

@22# K. Werner, Phys. Rep.232, 87 ~1993!.
@23# X. N. Wang, Phys. Rep.280, 287 ~1997!; X. N. Wang and M.

Gyulassy, Comput. Phys. Commun.83, 307 ~1994!.
@24# S. E. Vance and M. Gyulassy, Phys. Rev. Lett.83, 1735

~1999!.
@25# B. H. Sa and A. Tai, Comput. Phys. Commun.90, 121 ~1995!.
@26# B. Zhang, Comput. Phys. Commun.109, 193 ~1998!.
@27# In HIJING, the authors also include a gluon contribution~X.

N. Wang and M. Gyulassy, nucl-th/0008014!. However, the
01490
; gluon density is not so high, compared with VNIb; therefo
gluon effects on the charged fluctuation are not important.

@28# K. Geiger and J. I. Kapusta, Phys. Rev. D47, 4905~1993!.
@29# E. V. Shuryak and M. A. Stephanov, Phys. Rev. C63, 064903

~2001!.
@30# W. Ochs, Z. Phys. C34, 397~1988!, and the references in Re

@9#.
@31# We mean here that the parton distribution is the same for b

pp andAA. If there are some differences between the parto
distribution inpp andAA, then we may have different result
for pp andAA.

@32# S. A. Bass, B. Muller, and D. K. Srivastava~private commu-
nication!.

@33# S. A. Voloshin, STAR Collaboration, nucl-ex/0109006.
9-8


