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Charge balance functions, which identify balancing particle-antiparticle pairs on a statistical basis, have been
shown to be sensitive to whether hadronization is delayed by severalifrmélativistic heavy ion collisions.
Results from two classes of models are presented here, microscopic hadronic models and thermal models. The
microscopic models give results which are contrary to recently publistiest balance functions from the
STAR Collaboration, whereas the thermal model roughly reproduces the experimental results. This suggests
that charge conservation is local at breakup, which is in line with expectations for a delayed hadronization.
Predictions are also presented for balance functions binned as a functi@yy,.of
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[. INTRODUCTION invaluable information concerning whether hadronization
- . was delayed beyond the characteristic hadronic time scale of
Energy densities of near 10 GeV/fngovering volumes 1 fm/c [1].

of several hundred ffare attained in Au+Au collisions at
the Relativistic Heavy lon Collide(RHIC). Given that the  pajancing charges on a statistical basis through a like-sign

volume of a typical hadron is approximately 13nthis far  gybtraction. The balance function is defined as a conditional
exceeds the energy density of a typical hadron. Thereforgyistribution,

quark and gluon degrees of freedom are expected to provide

Charge balance functions provide the means to identify

a meaningful basis for describing the microscopic motion for 1] Ny _(Py,Pp) = N4y (P1,Py)

several fmg, until the matter expands and cools to a point B(P,|Py) = 5 NL(P

where hadronic degrees of freedom again become appropri- +(P)

ate. _ _ _ + N_4(P1,P2) = N__(P,Py) 1
The conversion from partonic to hadronic degrees of free- N_(P,) : (1)

dom should be accompanied by a large increase in the num-

ber of quark-antiquark pairs as the entropy stored in gluonghere the +/- indices refer to particles or antiparticles. Ex-
and quarks is converted to hadrons, each of which has 8essed in words, the balance function measures the prob-
least two quarks. These newly created charges are signiflyijity of observing an extra particle of the opposite sign

cantly more correlated to their balancing anticharges thatyith momenturmP, given the observation of the first particle
those charge pairs created in the.early stages of the CO,"'S'OWith momentumP;. Typically, P; will refer to a particle

In fact, these newly created pairs should be more tightly,pserved anywhere in the detector, ahdwill refer to either
correlated than pairs fromp collisions. In pp collisions, — the rejative rapidityAy or the relative momentun®;,,. In
most pairs are created within the first 1 feh the decay of  gch g case, the balance function is then labeled by only one
color flux tubes, or strings, which involves the separation of 5 iaple e.g.B(Ay).

the balanci.ng quarks through tunpeling. If the quark; S€P&" The STAR Collaboration has recently published the first
rate by a distance of 0.5 fm at a time of 0.5 fenthey find ~ oa5yrement of charge balance functions in relativistic
themselves in regions where the collective rapidities d'ﬁerheavy ions [2]. Measurements were performed for all
by one unit since the velocity gradient along the beam axis i 5rged particles as a function of the relative pseudorapidity
approximately 1#. In contrast, a quark that is produced at 4 ‘a5 5 function of relative rapidity for identified pions.

5 fm/c and is 0.5 fm from its balancing partner is separate ndeed, the presence of the extra balancing charges was ap-

b?! (;]nly olne_-tenth ofa _unit c;f [;alpidity. Tht;s, a measulrdemer(rarem and statistics were sufficient to make distributions as a
of the relative separation of balancing charges would yielt nction of the relative rapidity as illustrated in Fig. 1. Re-

markably, the width of the balance function Ay decreased
with the centrality of the collision, qualitatively consistent
*Present address: Sloan-Swartz Center, University of California atvith expectations for an increasingly delayed hadronization
San Francisco, 513 Parnassus Avenue, Box 0444, San Francis@s shown in Fig. 2.

CA 94143-0444, USA. The purpose of this paper is to compare the behavior seen
"Present address: Department of Physics, Purdue University, 538y STAR with two classes of calculations. First, we compare
Northwestern Avenue, West Lafayette, IN 47907, USA. to two microscopic hadronic simulationgQmp [3] and
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035 T emea a8 according to a blast-wave prescription. The effect of interdo-
0.3 —5Data Peripheral main interactions, which were shown to be non-negligible in
0.25 [6], is also taken into account and described in Sec. IV. The
2 02 resulting balance functions are in remarkable agreement with
g/o 15 the STAR measurement provided the domain is constrained
' to being highly localized in coordinate space, as would be
0.1 expected in the delayed-hadronization scenario. The final
0.05 section presents an interpretation of this comparison and pre-
0.39 W ; sents a discussion of the prospects for making similar com-
b) parisons withK*K™ or pp balance functions.
03 .‘.* —IR -HIJING-GEANT E
025} ﬂ‘ ]
E‘ 02} ii E Il. BALANCE FUNCTIONS FROM MICROSCOPIC
R0.15 \-“ E HADRONIC SIMULATIONS
0.1F - ;
005 E ‘.. ] One fm/c after the initial collision the energy densities
0 . . e achieved in Au+Au collisions at the RHIC are in the neigh-
0 0.5 1 1.5 2 borhood of 5-10 GeV/ff [7]. In hadronic simulations,

Ay hadrons are generated from overlapping nucleon-nucleon

. : : simulations with the creation times typically being less than
FIG. 1. Balance functions for charged pion pairs as measured bX fm/c. Thus, such calculations simulate the evolution of the

the STAR Collaboration. For each charged pion, there is an en:

hanced probability of finding an extra charged pion of the oppositeCOIIISIOn by assuming hadrons are formed and that they

sign within a unit of rapidity. The peripheral data are well repro- pr(_)pagate In-an enwrgnment that ShO.U|d precllude thglr very
duced by theHiaIng model, which can be considered as being ?X'Stence due ,to the high energy density. Despite Fhe mher?m
caused by overlapping independent collisions. inconsistency in thes_e approaches, such ca!culatlons are im-
portant as they provide a baseline from which one can un-
derstand the degree to which novel degrees of freedom and

EIJIIITGI?EOZ"T [4’.5' tBOtth approlaches 'Z‘.’OIVG crtra]atlng the collective phenomena alter the final state. Here, we present
ulk of hadrons instantaneously accordingdp phenom-  oq 15 from several such models. The firstRQMD [3]

enology with the subsequent rescattering modeled by a ha‘a\?hich has been the work horse of such models over the the

ronic cascade. As will be seen in Sec. Il these models give ;
L . ; ast decade. The second approach represents a merging of
qualitatively different behavior than what was observed by, bp P ging

) . . , JHIJING and a hadronic cascadmomIT, which, like RQMD,
STAR, |.e.,_the width of _th_e balance functions increases W'ﬂ}nodels the final-state interactions through the scattering of
the centrality of the collision rather than decreases. Sectio

Ry t the f lati d its of a th | mod r;l'cﬁe hadrons. This second approach is less sophisticated than
—V present the formuiation and resufts of a thermal mode QMD, but has an advantage in speed, allowing the compila-

thqt inserts charge conservat!on into 'th.e blast-wave modﬁ on of 20 000 central events. Comparisons with many of the
which has been successfu_l n Qesgrlblng spectra. In tiSame models have been performed for charge fluctuations
model an ensemble of particles is simulated from a singl 8], which are intimately related to balance functidé

thermal domain in such a way that the net baryon number, For the purposes of this paper, the important aspect of the

electric charge, and strangeness are zero. These particle_s tIﬁ§1’|r111ulations is that they provide a model where the various
have their momenta and space-time coordinates reasagngﬂarges are created early, experience numerous interactions,

and are eventually emitted into the final state. In begmb

0.7 andHIJING/GROMIT, the charges are created principally by the
0.68 initial fragmentation of strings. Like other string-based mi-
croscopic model§3,10-13,15-1B these models incorporate
0.66 ¢ ] a formation time of the scale of 1 fra/ These approaches
8064} ] are significantly different fromvNnI/URQMD [19], where the
3 0.62 initial stage of the collision is dominated by a partonic
) ] (mostly gluonig cascade. In the string-based models, the
0.6} ® Daa ] createq charges are typically separated along Fhe beam.axis
058t B HUING-GEANT ] by a dlstance chargcterlzed_ by a 1_fm scale. It is convemept
. . . . to monitor the particle spatial position along the beam axis
6 02 04 06 08 1 with the coordinate,
b/bmax
FIG. 2. The mean widths ofr*#~ balance functions as mea- 1 t+z
sured by STAR. For small impact parametérshe balance func- 7= 2 Iog(t_—z), ()

tion becomes narrower, qualitatively consistent with expectations
for a quark-gluon plasma. For peripheral collisions, the width
matches predictions fromiJING. where for small distances,
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= 0.5 are marginal, the balance function does appear a few percent
g O— Au+Au, ROMD2.4,0 < b < 5 fm wider for Au+Au as compared to peripheral Au+Au. This is
o045 PV TS — o Au+Au, ROMD2.4, 5 < b < 10 fm in contrast to the data which show the balance function nar-
rowing by approximately 15%. The results of Fig. 3 are sum-
0.4 1 marized in Table I. The half-widths were calculated by fitting
035 | the balance functions to a Gaussian form, similarly to what
) was done iff2]. Results are also shown farING andHIJING
03[ B/B [14] which incorporate different string prescriptions
than RQMD and ignore rescattering. As shown j@] the
025 | widths from HIJING do not change from Au+Au t@p as
expected.
02| Table | also provides thg? per degree of freedom from
the Gaussian fit. The discrepancy between the shape of the
0.15 - balance function and a Gaussian is especially apparent for
dp----- p+p. ROMD2.4 the calculations fopp collisions which were performed with
01 F  Aww-AutAu, ROMDZ4, 10 < b < 14 fm a large event sample of 40 000 events. Unfortunately, similar
statistics were not attained for the other calculations.
0.05 Similar results were obtained with thelJING/GROMIT
‘ ‘ treatment as can be seen in the lower panel of Fig. 4. Since

00 025 05 075 1 125 15 175 2 225 25 the statistics are improved relative to themD calculation, a
Ly simplified version of the STAR acceptance was taken into
account. Pseudorapidities were confined to midrapidity,
FIG. 3. #*m balance functions foromp are shown for botipp |5 < 1.1, transverse momenta were required to be greater
and Au+Au collisions assuming a perfect detector. In contrast tghan 100 MeV¢, and the magnitude of the momenta was
the experimental results di2], the balance function is slightly confined to be less than 700 Me¥ /n this case, both curves
broader for central Au+Au collisions. represent Au+Au collisions, but in one case the reinteraction
has been ignored. As witRQmb, the inclusion of hadronic
An=AZ7. (3) scatterings appears to marginally broaden the balance func-
tion.
In string models, as well as in boost-invariant hydrodynam- The upper panel of Fig. 4 shows analogous results from
ics, 7 is tightly correlated to the collective rapidity of the GRoOMIT/HIJING binned inQ,,, rather than the relative rapid-
surrounding particles, i.eycqiective™ 7. If @ pair is created at ity. Here, the balance function is slightly narrower after the
7~1 fm/c and is separated by nearly 1 fm, the separation irinclusion of reinteractions. The difference of t@g,, andAy
n at this time is approximately one unit. Thus, the two par-binnings derives from two effects. First, during the reinter-
ticles reside in regions which have a collective rapidity dif-action stage, the matter cools, which reduces the thermal
ference of approximately one unit and they will be sweptcontribution to the width of the balance function. The cool-
apart from one another by the collective flow. Reinteractioning affects all three dimensions of relative momenta. Sec-
provides only a diffusive contribution which further broad- ondly, the meam, decreases due to loss of transverse energy
ens the separation in. that accompanies the longitudinal expansion. Since the rela-
Figure 3 displaysm*#~ balance functions fronRQMD.  tive rapidity is related to the relative momentum Wyng
Due to a lack of statistics, calculations were performed as—~myAy, wheremy is the transverse mass, a reduction of the
suming a perfect detector. Results are shown for mth average transverse mass will result in a narrower balance
collisions and for Au+Au collisions. Although the statistics function when plotted as a function & when the width of

TABLE |. Half-widths of balance functions calculated wilQMD, HIJING, andHIJING BB. Experimental
acceptance was not taken into account for these calculations.

Model b (fm) Half-width X2 per degree of freedom

RQMD (AUAU) 0-3 1.56+0.11 1.16
RQMD (AuAu) 3-5 1.42+0.11 1.1
RQMD (AuAu) 5-7 1.41+0.11 2.0
RQMD (AUAU) 7-10 1.39+0.11 2.9
RQMD (AuAu) 10-14 1.32+0.11 1.0

RQMD (pPp) 1.48+0.11 5.49
HIJING (AUAU) 0-3 1.14+0.11 0.92
H|J/€(AUAU) 0-3 1.24+0.08 0.55

HIJING (pp) 1.18+0.02 5.51
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i T nance compositiofi20]. If the evolution of the reaction was
{ 08 oo HIJING+GROMIT ] characte_nzed by an expanding chargeless Iong—_hved gluonic
= L g o HUING mire which ha_dronlze_d close to the breakup, it would be
3 - % 0 . natural to confine particles and their balancing charges to be
= 04 oo ggj o ] emitted in close proximity. Relaxing this constraint by incor-
L OOO ‘:'D g porating nonzero correlation lengths can only broaden the
% 00 'QEP ] balance functior|6].
o v L b T Since charge conservation is local, and since the charge
m 0.0 0.5 1.0 15 does not have time to mix throughout the entire collision
Q. (GeV/c) volume, one needs to choose a volume for performing the
canonical calculations. This scale should be determined by
LA the distance charge might diffuse by the time the system has
0.4 B2 P o HUING+GROMIT reached chemical freeze-out. We refer to each of these sub-
— L OBD o HUJING ] volumes as a domain and view the entire system as a collec-
51>/‘ 0o L 08-88 ] tion of independent domains.
m 9088 . Of the numerous variations of the blast-wave model
i o O8en ] [21-25, we employ a simplified version of this model,
00 -, . ., - SF%poooog where emission occurs at a single proper time from thermal
0 1 5 sources moving with a'lingar velocity profile. The model is
Ay characterized by a kinetic freeze-out temperatdie a

chemical freeze-out temperature, the velocity at the edge
FIG. 4. Balance functions fasising with and without the had- ~ Umax '?‘”d _the maximum radlu_a. The extent anng the b_eam

ronic cascadesromIT are shown as a function of the rapidity dif- d'reCt'_on _'S assumed to be ',nf'n't? and the d'smbUt,'on _Of

ference in the upper panel and as a functiorQe, in the lower domains is assumed to be uniform in the transverse direction.

panel. These results have incorporatedgiwr acceptance, but not
the efficiency. The incorporation of the cascade leads to a slightly =
broadened balance function when analyzed as a functidry @ind rdr

a narrower balance function when analyzed as a functio®;qf
This apparent contradiction derives from the failure ro§ING/
GROMIT to correctly describe the dependencémf as a function of
centrality.

dN const,r <R,
—= (4)

0, r>R.

The transverse rapidity of domaing,qomain is assumed to
follow the positionr:

r
Yt,domain= yt,maxﬁ- (5)
the balance function in relative rapidity is unchanged. Thus,
part of the discrepancy betweemroMIT/HIJING and data can The longitudinal rapidity of the domaiyyomain iS chosen
be attributed to the failure to describe the behavior of theandomly within +3 units of zero. Since thermal rapidities
mean transverse mass as a function of centrality, which inare on the order of one to two units, this effectively repre-
creases by~10% for central collisions in experiment. As sents a boost-invariant source. For this study, we assume that
described in6], failure caused by a model not fitting tipg ~ every particle in a given domain is emitted from a thermal
spectra vs failure stemming from not describing the dynamsource moving with the velocity of that domain. If the do-
ics of charge balance can be better distinguished by analyznain has a significant spatial extent in the beam direction,
ing the balance functions i@, or better yetQ,,, Qsige  the source rapidities would be spread around the domain
and Qiong- rapidity by a finite amount which would broad@&qAy) [6].

Another striking aspect of Fig. 4 is the disappearance offhus, the balance functions shown here represent the nar-
the p peak forQ,,, near 700 MeV¢. This is also a natural rowest possible result for a thermal model. The only way to
consequence of cooling which lowers thésw ratio as the provide further significant narrowing would be to lower the
temperature falls to near 100 MeV near breakup. breakup temperature, which would require a corresponding
increase in the transverse collective flow.

The simplest model of each source would be that of
particle/antiparticle pairs, i.e., eaeti would be balanced by

One of the most notable results from the first two years ofa 7~ and eachK* would be balanced by &~. However,
RHIC data is the success of the blast-wave model in describzharge mixing and chemical equilibration spreads the balanc-
ing spectra, particle yields, and correlations. The blast-wavéng of charge among multiple constituents. For instance the
model provides an especially important benchmark for balelectric charge and strangeness ¢f‘amight be balanced by
ance functions. Assuming that emission from the final stat@ p and aA. To account for these effects, we generate all the
has a thermal character, the narrowest balance functioparticles from a source in a manner which is consistent with
would constrain charges and their balancing partners to bthe canonical ensemble. The chemical composition of each
emitted from identical space-time regions. The width of thesource will be governed by a volumg,, a temperaturd
balance function would then be determined principally byand the constraint of zero net projectinpand baryon num-
the breakup temperature, and to a lesser degree by the redmer. After generating the particles with,=175 MeV, the

Ill. THE CANONICAL BLAST-WAVE MODEL
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particles will have their momenta reassigned according to the 2 S
blast-wave prescription mentioned above with a breakup HAQ = 2 QW(A'Q’kl kn)-
temperatureT,=120 MeV, and a maximum transverse flow
velocity of 0.%. The particles are given coordinates corre- (8)
sponding to the position of the domain and are then boosteg. I . .
by the domain velocity. Mesons were chosen from the flavo ince the contribution from each path is alproduct, and since
octet and singlet ground state pseudoscalars and pseudové@e ast term can be written in terms Af Q and the prop-
tors, while baryons were chosen from the ground staterties ofk,, one can write a recursion relation fi(A, Q) by
baryon decuplet and octet. The particles were then decayedectoring the last term,
according to measured decay rates and branching [&bs

In order to perform the Monte Carlo generation of par-
ticles from a given thermal source, one must first calculate

the canonical partition functions for a fixed chai@eand a L . . .
fixed numberA. This is accomplished by employing recur- whlch is the same recursion relation used for the partition
sion relations, which have been applied to a variety of propfunction. Furthermore, sinc€(A=0)=2(A=0)=1, O and
lems in nuclear statistical physics where charge and symmdD€ partition functior? are identical. Once the partition func-
try constraints play an important role. These applicationdion can be identified as a sum over weights of independent
include multifragmentatiori27-29, nuclear level densities Paths, one can justify the Monte Carlo procedure outlined
[30], isospin distributions for pion§31], and a parton gas above. o ,
confined to a color singlef32]. For the calculations pre-  Since charge conservation is enforced on a domain-by-
sented here, Bose and Fermi effects will be neglected angomain baS|s,_ there are no inter-domain c_ontrlbutlons to the
only additive charges will be considered. This results in aP@lance function from this procedure. This greatly acceler-

straightforward recursion relation for the partition function. at€s calculation as one need only consider pairs from within
the same domain when calculating the distributids: -

used to construct the balance function.
Zpo(T,V) = > akak(T,V)ZA_akvé_dk(T,V), (6) The resulting balance functions are only sensitive to the
k choice of domain volume if the volumes are near or below a
few dozen fm. For the calculations presented later in this
wherek labels the particular species, e.g', 7°, p, A*™*. The  paper, the volume was chosen to be 64.ffhis would im-
partition function of a single particle of typk is w,. The  ply, that at the point where chemical freeze out occurs,
numberA counts the sunia,, wherea, can be any positive  charge conservation is enforced on a length scale 4fm.
integer. Since the method will consider Allthe choice ofy  If one were to choose a much smaller volume, the likelihood
is arbitrary. We choosey to be unity for all stable particles that the charge of a* would be balanced by &, vs the
and to equal two for unstable particles. likelihood of being balanced by an assortment of other par-
Generating a set of particles from one domain is perticles, would be increased by several percent. This would
formed with the following steps(1) Generate the partition result in a larger normalization for the*s~ balance func-
function, Z, o(T,V) for all A andQ. (2) Choose a number of tion.
hadrons A, proportional to the weighZ, g-o. (3) Choose a
speciesk proportional to the weighh)kZA_l,é_dk/ZAyé. (4

Return to step 2 after replaciny— A—a,, Q— Q—d. This
= “ The philosophy of the balance function is predicated on

procedure naturally ends whér=Q=0. Since particles from : o
one domain are uncorrelated with particles from another dot—he assumption that the background subtraction in the bal-

main, the balance function need only sum over pairs from th@nce function’s numerator will statistically isolate balancing
samé domain pairs. Of course, one must consider the spread of the balanc-

To prove that this prescription is consistent with the par-'ngsctgakrgne.r?trg(;'l%:tgter Qﬁ%‘;ﬂaé%tggsﬁ?erggen;a'rg' JT_S
tition function, one must show that there is an equivalence. qi thl -cou Wlt' Thi d P u i lfJ
between the partition function and a sum over weights o Inéd n the previous section. 'his procedure accounts for
_ - _ strong interactions between neighbors, but only those reso-
independent ordered paths. Each p&,Q;n.ky- k) IS nant interactions included in the list of particles. For ex-
an ordered list o particles,k;- - -k, which sums to the cor- ample, the interactionr* =~ < p° would be included by in-

rectA and (5 One can then assign a weight for each path, corporating thep® into the resonance list. Given that
resonances alter the shape of the balance function at the 10%

nky -k, such thatEak‘,zA,EdkizQ

- ay -
QAQ =2 oy OA-2Q -Gk k), (9)
kl’]

IV. INTERDOMAIN CORRELATIONS

R n level, and that two-particle phase shifts are largely driven by
W(A,Q;nky k) =] wkn—”. (7)  resonant interactions, this procedure should crudely account
EEDY A for the strong interaction between neighbors.

i=n

Unfortunately, the procedure thus far does not account for

. the Coulomb interaction which was shown to be non-
One can then defin@(A,Q) as the sum over such paths that hegjigible in [6]. The method also ignores nonresonant

yield A and (5: strong interactions between neighbors and correlations from
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identical-particle interference. The long-range Coulomb in- The first shortcoming can be accounted for by replacing
teraction is especially important as it extends beyond théhe product of correlation functions with a product of
particle’s neighbors to those particles generated in separatguared wave functions,

domains. A charged particle will effectively polarize other
pairs increasing the likelihood that a particle of opposite W _< 11
charge is emitted at smaller relative momentum than the bal- AB™
ancing charge. This results in an enhancement to the balance
function at relative momenta less than a few hundred MeV/ . . . .
and a suppression at larger relative momentum. NonresonaFn'tere’‘Zsa.b is the relatlye wave function for an outgoing plane
strong interactions can also affect the balance function sincave V_V'th asymptotic r e'?“'ve. momentupy, - py, and the
they provide a correlation between like-sign pairs that is dif-2veraging covers the distribution of source po{sndx,.
ferent from the correlation they induce between unlike-sigrif the expectation of the products of the squared wave func-
pairs. Finally, identical-particle interference can affect bal-tion were replaced by the product of expectations, @Q)
ance functions by increasing the probability that two chargeyvould become the product of correlation functions, and
of the same sign have small relative momentum. This result&ould be equivalent to the method [§] in the case where

in a hole in the balance function for relative momenta beloweach domain had two particles.

~100 MeV/c. However, the Coulomb again dominates at The pairs were generated according to the blast-wave pre-
very low relative momentum and a sharp peak is expectedcription described in the previous section, with both par-
for relative momenta near or below 10 Med//Since the ticles from a given pair being assigned the same point in
Coulomb interaction is long range, interdomain correlationscoordinate space. Balance-function numerators were then
from Coulomb interactions increase with the centrality of thecalculated using only the two pairs, and ignoring the contri-
collisions because a given particle will be correlated with arpution where both particles originate from the same pair.
increasing number of other particles as the multiplicity of theRather than incrementing a bin by unity when an appropriate
collision is increased. Correlations from short-range interacpair is found, the quantitiedl,, andN,_ were incremented
tions should be less sensitive to the multiplicity since thepy \v, ;. Since the source of the pairs was confined to a

number of neighbors depends principally on the breakur,xegion Of < 1< T WhETE 7ma= 2, the balance func-

density rather than the system size. The distortion frony,n ig then scaled upward by a factor of the number of pion

identical-boson interference will be confined to a decreasm%a

|¢ab(pa_ pbixa_xb)|2>- (10)

aeAbeB

. A airs which should be emitted within the central four units of
range of relative momentum as the system size increase

However, since there is an increasing number of particles p%pldlty' For the calculations in this paper it was assumed

element of momentum, the magnitude of the distortion in- alg the numfbe; gf fa'{s W,?hUId bg %30 per lérgt ;af'dgy;[h
creases with centrality while the range of the distortion or a periect detector, the Weigiltag IS added 1o bo
N,, andN,_. Thus, the normalization for the balance func-

shrinks. A ) X X . .
In [6] the interdomain correlation was modeled by gener_t|on is unchanged by interdomain correlations, i.e., the inter-

ating two pairs of particlea,,a, andb,,b,. The particles, ~ Par interactions effectively polarize the pairs but they do not
anda, were antiparticle reflections of one another, as wereénhance the overall number of one charge vs another. This
the particlesh, andb,. In the limit of small domains, where constraint is relaxed after detector acceptance is taken into
the multiplicity of a domain is never more than 2, this is account.
equivalent to the present problem. The effects of the interdo- We believe that this estimate of the distortion from inter-
main Coulomb force was included by calculating pair correlations can only be trusted at the 20% level. First,
a correlation weight formed by the product of all some of the pions are emitted from long-lived resonances
two-particle interdomain correlation functionsW,g  and should not contribute. Accounting for these effect should
=Ca1p1(Pa1, Pb1) Ca p2(Pa1 Po2) Caz p1(Paz Por) Cazp2(Paz Po2).  reduce the effect by several tens of percent. Other aspects of
Each two-particle correlation function was generated from dhe approximation, such as neglecting interactions with other
simple Gaussian source functions. For each set of pairs thgarticles and requiring both particles from a given pair to
weight was applied to all the distributiomds.,, N,_,... used originate from the same point, may also affect the answer at
to calculate the balance function numerators as well as thée 10% level.
one-particle distributionsN, and N_ used to form the Wave functions for a paiab were calculated using full
balance-function denominators. For eadhpair, the number Coulomb wave functions. As only* 7~ correlations are be-
of cd pairs sampled was chosen to achieve consistency withng considered here, the wave functions were symmetrized
the experimental multiplicity. only if a andb were identical pions. Strong interaction cor-
The method 0f6] has two shortcomings. First, the prod- rections were also only applied & and b were pions. The
uct ignored correlations of correlations. For instance, thevave functions were modified by the strong interaction using
productC,.C.q4 neglects the fact that, & andc are corre- the methods of Ref[33]. In [33] the wave functions for
lated, than they are more likely to have been close to oné;—X,| >1 fm were calculated using phase shifted partial
another in coordinate space; therefarand d would more  waves, while effective squared wave functions were applied
likely be close to one another sineeand d are from the for small distances. These effective forms were also com-
same domain. The more obvious limitation of this approacipletely determined by the phase shifts. The phase shifts for
is that it cannot handle the chance that the domain consists af'7~ were taken from experiment whenever possible. Un-
several dozen particles, with the constraint of charge consefertunately, they are not well understood for invariant masses
vation being spread throughout the domain. above the two-kaon threshold.

054906-6



STATISTICAL AND DYNAMIC MODELS OF CHARGE... PHYSICAL REVIEW C 69, 054906(2004)

The dominant phase shift is in thé=1, =1 channel
which is driven by the resonance. A Breit-Wigner function
was applied for this channel:

1
tans= —5——, (1)
MZ- M
I, =11 %<ﬂ>3F(qq) (12) 000 025 050 075 100
M g o Q,, (Gev/c)
0450 |||||||||||||| | LI L I |
I, o =T'oMo. (13 i

The ¢=0, =0 channel also plays an important role in
affecting the wave function. Although phase shift analyses
do not reveal a sharp peak as in a resondi3ge-39, the
phase shifts are considerable, rising steadily from zero at
threshold to approximately 90° 8 =2My~1 GeV, where 0.00
the kaon channel opens. At the two-kaon threshold, the be- 60 05 10 15 20
havior of the phase shifts becomes complicated and an in- Ay
elastic treatment becomes warranted. Since one uses deriva-
tives of the phase shifts to find the density of states
I:;?Srgoi:fttlﬂg 2?:)1;?;&2:5; jgfetfmﬁﬁg dbi)hiasr;g(sa;]ci)fl:ss quﬁ mal blast-wave model_. Resonances clearly narrow _the balance func-

. . Lo Stion when plotted again€,,, (upper panglbut have little effect on
we apply a simple form that describes the general behaV'O"Ehe balance function when plotted as a function of the rapidity dif-

= 025
m

FIG. 5. Balance function results for a pion gdstted lineg and
1’f8r a resonance ggslashed linesare shown for the canonical ther-

aq ference(lower pane). Balance functions corrected for interpair cor-
taddzoyg:o) = TN (14) relations(solid lineg again differ when plotted as a function of
1-(g/ay) +(q7a3) Qinv- The additional distortion arises from the effects of Coulomb

interaction, symmetrization, and a more sophisticated treatment of
a=0.204Mm,_, a, =290 MeVk, a;=625 MeVk. (15  the strong interaction.

The coefficienta is chosen to reproduce the scattering o

length, which is small due to constraints from chiral symme-they do not have a substantial impact on the result.
try [34,39. The remainder of the denominator is chosen to

provide crude agreement with measured phase shifts up to

invariant masses of 1 GeV. Since the phase shift rises only V. CANONICAL BLAST WAVE RESULTS

half as high as thé=1, {=0 phase shift, and since it con-  c4|cyations for the canonical blast-wave calculations de-
tributes only one-third as much from a lower spin degen-qineq in Sec. il and Sec. IV were performed assuming a
eracy, this channel has a fairly marginal impact on the WaVegemperature off,=120 MeV and a maximum transverse ve-
functions. , _ locity of 0.7c to provide crude agreement with spectra. The
Other phase shifts also contribui¢=2, (=0), (1=0, £ angverse radius was chosen to equal 13 fm and the breakup
=2), and(I=2, £=2). Since none of these phase shifts ex-time 7 was chosen to be 10 frafto reproduce HBT results.
ceed more than a few degrees, they make nearly negligiblgne chemical composition was governed by a temperature
contributions to the density of states. For te2, €=0) T,=175 MeV as suggested by fits of the particle yieJdg].
channel, we apply an effective range expanguai, Figure 5 displays results for balance functions analyzed in
both Ay and Q;,,- The acceptance and efficiency of the

tané= L, (16)  STAR detector have been applied to the calculation of the
1 +a0’Re/2 distributions that are used to construct the balance function.
These accepted particles include products of weak decays of
a=-0.13(MeV/c)™, Ryy=1.0 fm. (17)  strange baryons ari; mesons. Results are shown both with

and without the contribution from interdomain correlations.
Since the interaction o&* 7~ pairs through th@® meson was
incorporated into the relative wave functions, the contribu-

q tion from p®s were eliminated before the interdomain corre-

tan(j=o¢=2) =%, X= T+ N2 (18)  |ations were added.

q The relative contribution of resonances and strong inter-
wherea=6.2 GeV'!, A=1 GeV/c. For the(I=2, £=2) par-  actions can be estimated by considering the chance that a
tial wave, we use the same expans[d0] with the param- charged pion originated from a resonance that also produced
etersa=8.4 GeV'andA=0.4 GeVk. Although none of the a pion of the opposite charge. Although such estimates sug-
last three channels is particularly well understood, it is cleagest contributions on the level of 10-20 %, they seem less

For the(I1=0, €=2) phase shift, the dat@@1] are rough, and
we make a simple expansion,
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04 DT T of delayed hadronization, which should result in the separa-

‘ STAR PRELIMINARY - tion of balancing charges being determined primarily by the

0.3 s . ‘:'m%e_rg;:i:: - collective flow and temperature of the breakup stage. The

N o central 1 experimental results were well fitted by a canonical blast-

q 02 — BLAST WAVE — wave calculation assuming a temperature of 120 MeV and a
o L maximum transverse collective velocity of 6. By lowering

01 the breakup temperature and raising the collective flow in the

i model, one should still be able to describe the pion spectra

0.0 = P while producing a balance function that is even narrower

) 00 05 1.0 15 20 than that observed experimentally. This would then allow

Ay one to accommodate a significant longitudinal size for the
charge conservation domains in the thermal model. This am-
FIG. 6. Balance functions from 2080GeV Au+Au collisions  biguity would be clarified by a multidimensional analysis of

measured by STAR are compared to the canonical blast-wavie balance function in the relative momenta of the pions. If
model described in the text. The model should set a lower bound foihe charge production is indeed delayed, the width of the
the width of a balance function provided the particles are emitteddalance function should be the same @y, Qsjge @aNdQjong
thermally. The remarkable agreement with the data suggests thff].
charge conservation remains highly localized at breakup. Furthermore, the observations are opposite to the behavior
redicted by purely hadronic models which predict a modest

visible when viewing the results. This is because the separgsigadening of the balance function as centrality is increased.
tion of a#* 7~ pair in momentum is not much different com- i

ina from a resonance as compared to a distribution qoverne nfortunately, the width of the balance function in relative
Ibyg twWo Boltzmann terms Inpfact the Ialrgelstu ilnter%ovmain pidity is significantly affected by both the final temperature
effect derives from the Coulomb interaction which movesand the collective flow of the matter. SiNegJING/GROMIT

some of the strength of the balance function to smaller relad'V€s the wrong behaV|.or for the Mmegn as centrah.ty n-
tive momentum. creases, some of the failure to describe the centrality depen-

An absolute comparison with STAR results is displayed indence of the balance function might o_leriv_e_ from the inability
Fig. 6. Both the height and width of the correlation are re-t0 reproduce spectra rather than an inability to correctly de-
markably well matched by the thermal model. Since the caSCribe the mechanism for charge production. This ambiguity
nonical blast-wave calculation assumed the balancing/ould also be resolved by a multidimensional analysis.
charges were always emitted from sources moving with the The measurement, analysis, and phenomenology of
same velocities, this represents the narrowest possible baq_harge balance'functlons is in its nascent stage. N'onetheless,
ance function one can generate with a final breakup temperdl€ first analysis of RHIC data already provide important
ture of 120 MeV. This appears to corroborate the scenario dfmits for understanding the production and separation of
late-stage hadronization, i.e., the existence of the quarkl@lancing charges in central gold collisions. There is tremen-
gluon plasma. dous promise for this class of observgble as it is extended to

Before claiming that Fig. 6 provides “proof’ of delayed More dimensions and to more species, epg.and K'K™.
hadronization, it is important to list a few qualifiers. First, the These more detailed analyses should then provide a finger-
breakup temperature might be lower than the 120 MeV asPrint for making unambiguous statements concerning the
sumed here. Some estimates of the breakup temperature dtgduction and dissipation of charge in collisions at the
near 100 MeV[25], although after the inclusion of reso- RHIC. Since (_jelayed hadronization is synonymous with de-
nances the temperatures are usually closer to 120 MeV. |gyed production of charge, these measurements can address
should be kept in mind that an anomalously high vyield ofthe fundamental question of whether a new phase of matter
light neutral hadrons, e.gz mesons, could result in a nar- has been created at the RHIC.
rower balance functions. A lower temperature or highield
would narrow the balance function and permit the incorpo-
ration of a finite spread in the domain size along the beam ACKNOWLEDGMENTS
axis. In Ref.[6] it was shown that since the thermal and
diffusive contributions add in quadrature, the diffusive con- The comparison with STAR data could not have been
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