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A new version, v2.0, of theHIJING/BB̄ Monte Carlo nuclear collision event generator is introduced in order
to explore further the possible role of baryon junctions loops in the baryon-meson anomalys2,pT

,5 GeV/cd observed in 200A GeV Au+Au reactions at RHIC. We show that junction loops with an enhanced
intrinsic kT<1 GeV/c transverse momentum kick may provide a partial explanation of the anomaly as well as
other important baryon stopping observables.
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I. INTRODUCTION

The phase transition from partonic degrees of freedom
(quarks and gluons) in ultrarelativistic nuclear collisions to
hadronic degree of freedom is a central focus of recent ex-
periments at RHIC[1–6]. One of the interesting and unex-
pected discoveries[7,8] at RHIC is the “baryon anomaly”
[9], observed as a large enhancement of the baryon to meson
ratio and as a large difference between the nuclear modifica-
tion factorRAAspTd between total charged andp0 at moderate
2,pT,5 GeV/c. There are two main effects that contribute
to this anomaly. One is the predicted jet quenching[9,10]
that strongly suppresses the pion yield abovepT.2 GeV/c.
This effect causes an apparent enhancement since the pion
denominator is reduced. The second effect is a genuine en-
hancement of baryon transverse momentum spectra. Several
effects can contribute to such enhancements of baryon yields
at moderatepT. Radial hydrodynamical flow has been ob-
served at all energies including RHIC[11]. However, at high
pT local equilibrium must fail. At intermediatepT a nonequi-
librium remnant of hydrodynamic flow may arise from mul-
tiquark recombination[6,12–15].

In this work we continue to explore the possibility that a
more novel and unconventional source of baryon production
may be at least partially responsible for the baryon anomaly.
We study whether baryon junction loops, as proposed in Ref.
[16] to explain(anti)hyperon production at lower(SPS) en-
ergies, could help explain the RHIC data. The idea that non-
perturbative three-color flux junctions could play an impor-
tant role in baryon and antibaryon production at high
energies was proposed long ago by Rossi and Veneziano
[17,18] on the basis of dual Regge theory. This idea was
extended and applied by Kharzeev[19] to nuclear collisions.
The first full A+A event Monte Carlo implementation of this
mechanism was theHIJING/B generator by Vanceet al. [20].
The addition of the baryon junction loop mechanism led to
the HIJING/BB̄ 1.10 version of this model[16]. Unlike con-
ventional diquark fragmentation models, a baryon junction
allows the diquark to split with the three independent flux
lines tied together at a junction. For an alternate possible
formulation of baryon junction dynamics see Refs.[21–24].

In this paper we introduce a new version(v2.0) of
HIJING/BB̄ generator that differs fromHIJING/BB̄ v1.10 [16]

in its implementation of hypothesized junction antijunction
loops that may be responsible for novel baryon pair produc-
tion in nucleus nucleussA+Bd collisions. A large database on
meson and baryon spectra[7,8,25–43] are now available
from RHIC experiments. TheHIJING event generator[44]
was developed to extrapolate hadron-hadron multiparticle
soft plus hard phenomenology as encoded in the LUND
JETSET/PYTHIA model[45] to nuclear collisions. One impor-
tant feature ofHIJING is that it can account for the pion
quenching component of the baryon anomaly. However, the
LUND JETSETdiquark string fragmentation mechanism used
in HIJING v1.37 [44] completely fails to describe the baryon
spectra observed inA+A collisions at all energies[46–48].
HIJING/BB̄ v1.10 was developed to address this failure at SPS
energies. It was, however, also found to be inadequate, as we
review below, with respect to baryon observables. For a re-
cent discussion comparingHIJING v1.37 andHIJING/BB̄ v1.10
predictions for global observables at RHIC see Ref.[48].

Clarifying the physical origin of the(anti-) baryon dy-
namics at RHIC is important given the variety of hadroniza-
tion mechanisms proposed in hydrodynamic models[49],
multiquark coalescence[12–15], thermal[50], hadron-string-
dynamics(HSD) transport models[51] and the novel baryon
junction dynamics[9,52]. The valence baryon number mi-
gration over the large rapidity window −5,y,5 at RHIC
provides another stringent tests of the baryon dynamics. Re-
cent RHIC data show at midrapidity a sizeable finite net-
proton sp-p̄d number in the final state[7,8,25–27,31–43].
Moreover, the antibaryon-to-baryon ratios are not equal to
one, providing further evidence for non-transparency of high
energy nuclei. This significant baryon number transport over
more than 5 units in rapidity has inspired other approaches as
well [53–57]. The net baryon density at midrapidity also has
an impact on the hadrochemical equilibration affecting had-
ronic yields[58].

Another possible source of novel baryon-hyperon physics
are strong color electric fields(SCF). This is modeled as an
increase of the effective string tension that controls theqq̄
andqqqq pair creation rates[59,60]. A molecular dynamics
model [61–64] have been used to study the effects of color
ropes as an effective description of the non-perturbative, soft
gluonic part of QCD[65–67]. SCF increases the parton “in-
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trinsic transverse momentum”skTd and decreases the proton
and antiproton yields. The empirical value of the Regge
slope for baryon isa8.1 GeV−2, which yields a string ten-
sion k (related to the Regge slope,k=1/2pa8), of approxi-
mately 1 GeV/fm. It has been suggested that the magnitude
of a typical field strength at RHIC energies might reach
5–12 GeV/fm[68]. However, in this work we will not con-
sider further the consequences of SCF effects but concentrate
only on the junction loops.

In the following sections we compare numerical results of
HIJING/BB̄ v2.0 to transverse momentum spectra, rapidity
densitiessdN/dyd of protonsspd, antiprotonssp̄d, and netpro-
tons sp-p̄d for central Au+Au collisions atÎsNN=200 GeV
as well as their centrality dependence. The characteristic
stopping observables, average rapidity loss, energy loss of
net-baryons per participant nucleon, and transverse energy
per net baryons, are presented. The “anomalous” baryon-
meson composition at moderatepT observed in particle ratios
p̄/p, p/p+, p̄/p− and in species-dependent nuclear modifica-
tion factors is also discussed.

In Sec. II we briefly recall the ingredients of theHIJING

[44] andHIJING/BB̄ (v1.10) [20,16] approaches and point out
the extensions incorporated in the new versionHIJING/BB̄

v2.0. In Sec. III numerical results are discussed in detail in
comparison with available data. A summary and conclusions
are presented in Sec. IV.

II. HIJING /BB̄ v2.0

HIJING is a model that provides a theoretical framework to
extrapolate elementary proton-proton multiparticle phenom-
ena to complex nuclear collisions as well as to explore pos-
sible new physics such as energy loss and gluon shadowing
[56]. Three versions of this model will be compared in this
paper:HIJING v1.37, HIJING/BB̄ v1.10, andHIJING/BB̄ v2.0.
Detailed descriptions of theHIJING v1.37 and HIJING/BB̄

v1.10 models can be found in Refs.[16,20,44,48].
In HIJING v1.37 [44] the soft beam jet fragmentation is

modeled by diquark-quark strings as in Ref.[45] with gluon
kinks induced by soft gluon radiations. The minijet physics is
computed via an eikonal multiple collision framework using
perturbative(PQCD) PYTHIA v5.3 to compute the initial and
final state radiation and hard scattering rates. The cross sec-
tion for hard parton scatterings is enhanced by a factorK
=2 in order to simulate high-order corrections.HIJING ex-
tendsPYTHIA to include a number of new nuclear effects.
Besides the Glauber nuclear eikonal extension, shadowing of
nuclear parton distributions is modeled. In addition, dynami-
cal energy loss of the(mini)jets is taken into account through
an effectivedE/dx.

In HIJING/BB̄ v1.10 [16] the baryon junction mechanism
was introduced as an extension ofHIJING/B [20] in order to
try to account for the observed longitudinal distributions of
baryonssBd and antibaryonssBd in proton nucleussp+Ad
and nucleus-nucleussA+Ad collisions at the SPS energies.
However, as implemented inHIJING/BB̄ v1.10 the junction
loops fails to account for the observed enhanced transverse
slopes of anti-baryons at moderatepT in A+A as shown in
Ref. [48].

This is due to the limitations ofpT algorithm adopted in
version 1.1 with kinematic constraints that worked to oppose
the theoretically motivated junctionÎ3 enhancement of the
baryon junction looppT’s [18,19]. In version 2.0 we there-
fore replaced that algorithm with one that implements a
specified junction looppT enhancement directly. This is done
by specifying the intrinsic(anti)diquarkpT kick in any stan-

dardsqq-qd string that contains one or multiplesJJ̄d loops. In
addition, we have a new formula[see Eq.(1) below] for
generating the probability that a given diquark or antidiquark
gets an “enhancedpT kick” from the underlying junction
mechanism. We emphasize that while there is very strong
evidence from a variety of data that the source of the ob-
served baryonpT enhancement may arise more naturally
from collective hydrodynamic flow[49,69], elliptic flow of
heavy hyperons[70] in particular argues most strongly for
much of the partonic collective flow origin of the baryon
anomaly. Nevertheless, our purpose here is to explore more
fully, without the kinematic limitations of version 1.1, the
theoretical problem of how much of the baryon anomaly at
RHIC could be due to the long postulated baryon junction
dynamics. Most of the initial baryon radialpT could theoreti-
cally arise from the production mechanism, while its elliptic
deformation would arise from final state interactions. We
note, however, that in the latest study[14] of local dynamical
(versus static global[13]) coalescence of baryons, the
coalescence mechanism still cannot fully explain the
observed 3-to-2 ratio for baryon to meson ellictic flow
fv2spTd ,pT.2 GeV/cg. The details of this new implementa-

tion of JJ̄ loops are described below.
Multiple hard and soft interactions proceed as inHIJING

v1.37. Before fragmentation viaJETSET, however, we com-
pute the probability that a junction loop occurs in the string.
A picture of a juction loop is as follows: a color flux line
splits at some intermediate point into two-flux line at one
junction, and then the flux line fuses back into one at a sec-
ond anti-junction somewhere further along the original flux
line. The distance in rapidity between these points is chosen
via a Regge distribution as described below. For single in-
clusive baryon observables this distribution does not need to
be specified.

The probability of such a loop is assumed to increase with
the number of binary interactions,nhits, that the incident
baryon suffers in passing through the oncoming nucleus.
This number depends on the relative and absolute impact
parameters and is computed inHIJING using the eikonal path
through a diffuse nuclear density.

We assume as in Ref.[16] that out of the nonsingle dif-
fractive NN interaction cross section,sin−snsd, a fraction
fJJ̄=sJJ̄/ ssin−snsdd of the events excite a junction loop. The

probability afternhits that the incident baryon has aJJ̄ loop is

PJJ̄ = 1 − s1 − fJJ̄dnhits. s1d

We take sJJ̄=17 mb, ssdf<10 mb, and the total inelastic
nucleon nucleon cross sectionsin<42 mb at RHIC energies.
These cross sections imply that a junction loop occurs inpp
collisions at RHIC energy with a rather high probability
17/32<0.5 and rapidly approaches 1 inAA. In p+S where
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nhit<2 there is an 80% probability that a junction loop oc-
curs in this scheme. Thus the effects of loops is taken here to
have a very rapid onset and essentially all participant bary-

ons are excited withJJ̄ loops inAA at RHIC. We investigate
the sensitivity of the results to the value of parametersJJ̄ and
found no significant variation on pseudorapidity distributions
of charged particles, for 15 mb,sJJ̄,25 mb for Au+Au.
Light ion reactions likep+S andp+Ar would have more
sensitivity tosJJ̄.

The production of a baryon and antibaryon from aJJ̄ loop
is simulated via an enhancement of the diquarkpT kick pa-
rametersqq=PARJs21d of JETSETv7.3. The default value is
sqq=0.36 GeV/c in ordinary string fragmentation. However
in events where the string has a junction loop we can expect
a significantly higherpT kick [16]. We therefore propose a

very simple algorithm whereby theJJ̄ is modeled by enhanc-
ing sqq by a factorFpT

, which we fit to best reproduce the
observedpT spectrum of the baryons. This implementation of

the JJ̄ model marks a radical departure from that imple-
mented inHIJING/BB̄ v1.10.

While the above model allows the baryon-antibaryon
pairs to acquire much high transverse momentum in accord
with observation, the absolute production rate also depends
on the diquark-quark suppression factor PARJ(1). The JET-
SET default for ordinary(fundamental flux) strings has
PARJs1d=0.1. The reduced number of protons and antipro-
tons observed at RHIC relative toHIJING v1.37 will be shown
below to be accounted for, if PARJ(1) is reduced to 0.07 in

JJ̄ loops.
In summary, two paramters, PARJ(1), PARJ(21), are used

in version 2.0 tosimulatethe dynamical consequences of the

hypothesizedJJ̄ loop production inA+B reactions. The fac-
tor FpT

modifying the default 0.36 GeV value of PARJ(21)
may depend on beam energy, atomic mass numbersAd, and
centrality(impact parameter). However, we will show that a
surprisingly good description of a variety of observables is
obtained with a constant value,FpT

=3. The sensitivity of the
theoretical predictions to this parameter is discussed in Sec.
III.

Finally, we remark that correlations studies inp+p and
psdd+Au collisions at RHIC energies could eventually help

us to obtain more precise values ofJJ̄ loop parameters
[mainly sJJ̄, Regge interceptaJs0d, andFpT

]. The contribu-
tion to the double differential inclusive cross section for the

inclusive production of aB andB̄ in NN collisions due toJJ̄
exchange is[16,19]

EBEB̄
d6s

d3pBd3pB̄
→ CBB̄efaJs0d−1guyB−yB̄u, s2d

whereCBB̄ is an unknown function of the transverse momen-
tum andM0

J+P+B sjunction+Pomeron+baryond couplings
[16,20]. The predicted rapidity correlation lengthf1
−aJs0dg−1 depends upon the value of the interceptaJs0d. To
test for theM0

J componentaJs0d.0.5 requires the measure-
ment of rapidity correlations on a scaleuyB−yB̄u,2. In con-
trast, infinite range rapidity correlations are suggested if

aJs0d.1.0 [23]. It is thus important to look for rapidity cor-
relations at RHIC energies where very high statistics data are

now available, inp+p→B+B̄+X, or psdd+A→B+B̄+X.

III. NUMERICAL RESULTS

A. Transverse momentum spectrum

The nuclear modification factorsRAAd is defined as the
ratio of the hadron yield in central Au+Au collisions to that
in p+p reactions scaled by the number of binary collisions
sNcolld:

RAAsp'd =
d2NAA/dydp'

kNcollld2Npp/dydp'

, s3d

where kNcolll is the average number of binary collisions of
the event sample calculated from the nuclear overlap integral
sTAAd and the inelastic nucleon-nucleon cross section;
kNcolll=snn

inelkTAAl.
In Fig. 1 the measured[71] nuclear modification factor

sRAAd for charged hadrons in centrals0–10 %d Au+Au col-
lisons at 200 GeV are compared to the predictions ofHIJING

v1.37 andHIJING/BB̄ v2.0 models. The data show the strong
jet quenching effect that suppresses the hadrons yield by a
factor of <5 for the highestpT bins resulting in an observed
maximum inRAA at pT<2 GeV/c. Note that bothHIJING
v1.37 andHIJING/BB̄ v1.10 fail to reproduce the “baryon
bump” at moderatepT seen in theRAA factor and also fail to
account for the large transverse slopes of baryons and anti-
baryons (see Ref. [48]). The Lund string fragmentation
mechanism of hadronization inHIJING v1.37 leads to a rather
slow increase of the nuclear modification factorRAA to unity
at highpT, not observed in the data[see(a), results without
quenching and shadowing effects(nqs)]. The addition of jet
quenching and shadowing effects(yqs) in HIJING v1.37 still
fails to describe the data.

In contrast, HIJING/BB̄ v2.0 with shadowing and jet
quenching(yqs) effects with default energy loss parameter
dE/dx=1 GeV/fm(for the quark jet) describes well the data
over the full pT range. Some of the observed discrepancies
could be attributed to strange and multistrange hyperons that
are underestimated in our calculations because we do not
consider SCF effects here.

Figure 2 presents a comparison of the experimental trans-
verse mass distributions[25] of positive (left) and negative
(right) particles with the predictions ofHIJING/BB̄ v2.0 (up-
per panel) andHIJING v1.37 (lower panel). The data shows a
mass dependence in the shape of the spectra. The protonspd
and antiprotonsp̄d spectra have a shoulder-arm shape at low
pT characteristic of a radial flow. The pion spectra are well

described by both models. Introducing the correctedJJ̄ loop
algorithm inHIJING/BB̄ v2.0 results in a significant improve-
ment in the description of the protons and antiprotons in the
scenario with shadowing and jet quenching. However, only a
qualitative description is obtained for lowmT−m0 spectra
due to the presence of radial flow, not included in the model.
A similar conclusion can be drawn from the predictions of
the models for mean transverse momenta.
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Whereas the pion transverse momentum spectrum are
rather well described at highest RHIC energies, there are still
difficulties with the dynamics in the direction transverse to
the beam for strange particles. Figure 3 presents a compari-
son of the experimental transverse mass distributions of posi-
tive [25] and neutral[28,29] kaons(upper part) as well asL
(lower part) particles[28,29] with the predictions ofHIJING

v1.37 andHIJING/BB̄ v2.0. The transverse momentum slopes
of kaons-antikaons andL particles are underestimated in a
scenario with shadowing and jet quenching(yqs). This fail-
ure points towards a dynamical origin that is not included in

our present model and could be addressed by an explicit
partonic interactions in a colored medium.

B. Stopping observables

Rapidity distributions of participants(net) baryons are
very sensitive to the dynamical and statistical properties of
nucleus-nucleus collisions. The RHIC net proton distribution
is both qualitatively and quantitatively different from those at
lower AGS and SPS energies[34]. Recent results for net
protons in central(0–5 %) Au+Au interactions at a total

FIG. 1. (Color online) Comparison ofHIJING v1.37 (left part) andHIJING/BB̄ v2.0 (right part) predictions for the nuclear modification
factor sRAAd for central (0–10 %) Au+Au collisions atÎsNN=200 GeV. The results are with(solid histograms, yqs) or without (dashed
histograms, nqs) shadowing and quenching effects included. The label f3 stands for model calculations assumingFpT

=3. The data are from
PHENIX [71]. Only statistical error bars are shown. The error bars atpT=2 GeV andpT=3 GeV, include systematic uncertainties. Equiva-
lent error bars on the other points have been omitted for clarity.

FIG. 2. (Color online)
HIJING/BB̄ v2.0 (upper panel) and
HIJNG v1.37 (lower panel) predic-
tions of transverse mass distribu-
tions for positive pionssp+d and
protons spd (left part), and nega-
tive pions sp−d and antiprotons
sp̄d (right part). The solid and
dashed histograms have the same
meaning as in Fig. 1. The data are
from PHENIX [25]. The error
bars show statistical errors only.
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nucleon nucleon center of mass(c.m.) energy ÎsNN
=200 GeV show an unexpectedly large rapidity density at
midrapidity [26,34].

Figure 4 presents a comparison of the rapidity distribu-
tions of protons[Fig. 4(a)], antiprotons[Fig. 4(b)] and net
protons sp-p̄d [Fig. 4(c)] and their ratiosp/ p̄d [Fig. 4(d)]
obtained for Au+Au interactions at total c.m energyÎs
=200A GeV with the model predictions ofHIJING/BB̄ v2.0
and RQMD v2.4 [60]. Corrections for feed-down contribu-
tions have been applied to the data. We discuss here a com-
parison withRQMD v2.4 results in order to investigate if had-
ronic rescattering only and SCF effects as implemented in
RQMD, could explain the new data. The new version of
HIJING/BB̄ reproduces very well the experimental yield at
midrapidity for bothp andp̄ as well as their ratio and the net
proton yieldsp-p̄d. This agreement is improved if shadowing
and jet quenching are included. In contrastRQMD v2.4 does
not reproduce the shape of the proton rapidity distribution
near midrapidity and strongly underpredicts the antiproton
yield.

In addition, the centrality dependence of proton and anti-
proton yields at midrapidity have been also analyzed and the
results are shown in Fig. 5.HIJING/BB̄ v1.0 overpredicts the
data [26] except for very peripheral collisions. In contrast,
HIJING/BB̄ v2.0 reproduces very well the experimental yield
at all centralities.

One of the main features of the data is the observed in-
crease of net proton up to three units of rapidity away from
midrapidity [Fig. 3(c)]. This central valley could be used as
an indicator for partonic processes[72,73]. Microscopically,
the baryon number transport over 4–5 units of rapidity to the

equilibrated midrapidity region is not only due to hard pro-
cesses acting on single valence(di)quark that are described
by perturbative QCD, since this yields insufficient stopping
[46,47]. Instead, additional processes such as the nonpertur-
bative junction mechanism as implemented inHIJING/BB̄

v2.0 are able to reproduce the observed distribution. Such a
mechanism may lead to substantial stopping even at LHC
energies.

The net-baryonsB-B̄d distribution retains information
about the energy loss and allows the degree of nuclear stop-
ping to be determined. Experimentally, to obtain the net
baryons, the number of net neutrons and net hyperons has to
be estimated. In addition, the data need to be extrapolated to
full rapidity space introducing other systematic errors. In
contrast, in models we can calculate directly specific stop-
ping observable as the average rapidity loss and the energy
loss per participant nucleon as defined in Ref.[34]. The av-
erage rapidity loss is defined askdyl=yp−kyl, whereyp is the
rapidity of the incoming projectile andkyl is the mean net-
baryon rapidity after the collision

kyl =
2

Npart
E

0

yp

y
dNsB−B̄d

dy
dy, s4d

where Npart is the number of participating nucleons in the
collision.

The total energyEtot per net baryon after the collisions
can be derived using the relation

FIG. 3. (Color online) HIJNG

v1.37 (left part) and HIJING/BB̄

v2.0 (right part) predictions of
transverse mass distributions for
kaons(K+, Ks

0 upper panel) andL
particles (L, lower panel). The
solid and dashed histograms have
the same meaning as in Fig. 1.
The data areK+ from PHENIX
[25] and Ks

0,L from STAR
[28,29]. The error bars show sta-
tistical errors only.
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Etot =
1

Npart
E

−yp

yp

kmTlcoshy
dN

dy
dy, s5d

wherekmTl=kÎpT
2+m0

2l is the average transverse mass. The
energy loss per participant pair could be estimated asDE
=s100.0−Etotd GeV. The predictions of the models for these
quantities are presented in Fig. 6.

Figure 6(a) shows the net-baryon model predictions in
comparison with BRAHMS data[34] obtained from the
measured net protonsNsB-B̄d<2Nsp-p̄dd. At RHIC energies a
broad minimum has developed at midrapidity for net-baryon
spanning few units of rapidity indicating that collisions are
quite transparent. The average net-baryon rapidity loss de-
duced by BRAHMSkdyl=2.0±0.2 [34] is well reproduced
by HIJING/BB̄ v2.0. In contrast, the experimental value for the
total energy per net baryon after the collisions,Etot

exp

=28±6 GeV[34], are far from our theoretical predictions of
both HIJING models,Etot<40 GeV.

The RQMD model [60] with rescattering and SCF effects
strongly overpredicts the midrapidity net-baryon distribu-
tions and the average rapidity loss. Partly as a consequence
Etot per baryon after the collisions is underpredicted. The
extrapolation to high rapidity used in Ref.[34] to obtain their
values of kdyl and Etot may explain part of the observed
discrepencies. A precise measurement of transverse energy
per baryon[as shown in Fig. 5(c)] could help also in the
study concerning the origin of rescattering(which could in-
fluence the dynamics of the reaction at hadronic or partonic
stage). However, futher analysis and baryon rapidity distri-
bution measurements at large rapidity are needed in order to
draw a final conclusion and to use these observables as a
signature for partonic processes and for quark-guon plasma
(QGP) formation.

FIG. 4. (Color online) Calcu-
lated rapidity dependence of(a)
protons, (b) antiprotons, (c) net
protons, and(d) antiproton to pro-
ton ratio. The solid and dashed
histograms have the same mean-
ing as in Fig. 1. The dotted histo-
grams correspond toRQMD v2.4
model predictions. The data, cor-
rected for weak decays, are from
PHENIX [26] and BRAHMS
[34]. The errors bars shown in-
cludes both statistical and system-
atic uncertainties.

FIG. 5. (Color online) Comparison of
HIJING/BB̄ v1.10 (dashed lines) and HIJING/BB̄
v2.0 (soild lines) predictions for the centrality de-
pendence of proton(a) and antiproton(b) yields
at midrapidity. The data are from PHENIX[26].
The errors shown includes both statistical and
systematic uncertainties.
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FIG. 6. (Color online) Model
predictions for(a) the net-baryon
distribution and the average rapid-
ity loss kdyl; (b) the total energy
per netbaryon after the collisions;
and (c) the transverse energy per
net baryon for central(0–5 %)
Au+Au collisions at ÎsNN

=200 GeV. The solid and dashed
histograms are the results obtained
within HIJING/BB̄ v2.0 andHIJING

v1.37, respectively. The dotted
histograms are theRQMD v2.4 pre-
dictions. The data are from
BRAHMS [34]. The errors bars
include both statistical and sys-
tematic uncertainties.

FIG. 7. (Color online) Model
predictions forp̄/p− ratio in cen-
tral (0–10 %) Au+Au collisions at
200A GeV (upper part) and pe-
ripheral (60–90 %) Au+Au colli-
sions (lower part). The solid and
dashed histograms have the same
meaning as in Fig. 1. In(b) and
(d), the dotted histograms are the
predictions of HIJING/BB̄ v2.0
with FpT=1 (label f1). The data
are from PHENIX[26]. The error
bars include systematic
uncertainties.
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C. Particle ratios versuspT

In Fig. 7 thep̄/p− ratio is shown as function of transverse
momentumspTd for central (0–10 %) (upper part) and pe-
ripheral(60–90 %) collisions(lower part). The measured ra-
tios increase at lowpT and saturate at different values that
strongly increase from peripheral to central collisions. For
central collisions at moderatepT s2,pT,5 GeV/cd, the
yields of antiprotonssp̄d are comparable to that of pions. In
hard scattering processes described by PQCD and imple-
mented inHIJING, the ratiop̄/p− are determined by the frag-
mentation of energetic partons, independent of the initial col-
liding system. Therefore within the errors those ratios are
well described for peripheral collisions by both version of
the models. As expected in peripheral collisions there is little
sensitivity to the new ingredients implemented inHIJING/BB̄

v2.0. In contrast, the clear increase in thep̄/p− ratio at mod-
eratepT from peripheral to central collisions is seen to be
sensitive to the new physics as implemented inHIJING/BB̄

v2.0.HIJING v1.37 strongly underpredicts the observed ratios
at moderatepT, an effect that is corrected inHIJING/BB̄ v2.0,
which includes an improved simulation of moderatepT junc-
tion loop with a factorFpT

=3.
A similar conclusion can be drawn from the results ob-

tained for p̄/p ratio for central(0–10 %) Au+Au collisions
at 200 GeV presented in Fig. 8 and for thep/p+ ratio (not
presented here). These results show the significant contribu-
tions of proton and antiproton yields to the total particle
composition in this moderatepT region s2,pT,5 GeV/cd.
An alternative interpretation of the observed increase with
centrality is provided by the parton recombination and frag-

mentation model[12,13] while the hydrodynamics[49] and
thermal model calculations predict thatp̄/p− ratio exceeds
unity for central collisions.

In Fig. 9 the ratioL /Ks
0 is presented as function of trans-

verse momentumspTd in comparison withHIJING v1.37 and
HIJING/BB̄ v2.0 model calculations. The data forL /Ks

0 ratio
(hence baryon/meson) show a constant increase at lowpT
to a plateau value of approximately 1.8 in central(0–5 %)
collisions for moderatepT s2øpTø5 GeV/cd. For central
(0–5 %) and peripheral(60–90 %, not shown here) Au+Au
collisions at moderatepT, the ratio is underestimated within
HIJING/BB̄ v2.0 in both scenario with(yqs) and without(nqs)
shadowing and quench effects. We note, that previous theo-
retical analysis which use various mechanism for baryon
production such as recombinations[13] or HSD transport
[51] underestimated also transverse momentum spectra for
kaon-antikaon particles. In Ref.[51] this failure has been
attributed to a lack of pressure generation in the very early
phase of the heavy-ion collisions, which also shows up in the
underestimation of the eliptic flow of charged hadrons at
RHIC energies. This observation may be a signature of the
strong color field effects[65,66].

D. Nuclear modification factor versuspT

In order to better quantify the particle composition at
moderatepT we investigate the binary collision scaling ofpT
spectra for charged pions, protons(antiprotons), and kaons
(antikaons). Figure 10 shows the predicted nuclear modifica-
tion factorsRAA andRcp for the sum of protons and antipro-

FIG. 8. (Color online) Com-
parison ofHIJING v1.37 (left) and
HIJING/BB̄ v2.0 (right) model pre-
dictions for p̄/p ratio versuspT

for central(0–10 %) Au+Au col-
lisions at 200A GeV. The solid
and dashed histograms have the
same meaning as in Fig. 1. The
data are from PHENIX[26]. The
error bars include systematic
uncertainties.

FIG. 9. (Color online) Com-
parison ofHIJING v1.37 (left) and
HIJING/BB̄ v2.0 (right) model pre-
dictions for L /Ks

0 ratio versuspT

for central(0–5 %) Au+Au colli-
sions at 200A GeV. The solid and
dashed histograms have the same
meaning as in Fig. 1. The data are
from STAR [30]. The error bars
bars show statistical errors only.
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tonssp+ p̄d /2, charged pions, and kaons in comparison with
available PHENIX data[26].

Rcp is defined as the scaled yield ratio at different central-
ity such as the ratio of central to peripheral yield:

Rcpsp'd =
Yieldscentrald/kNcollscentraldl

Yieldsperiph .d/kNcollsperiph .dl
s6d

where Yield=s1/Neventsds1/2pp'dsd2N/dp'dyd and kNcolll
is defined as above.

The scaling behavior of the pions is different from those
of the sum of protons and antiprotons. The pions yield scaled
by Ncoll in central events is strongly suppressed compared to
pp reactionssRAAd and to peripheral eventssRcpd. The hadron
production inHIJING/BB̄ v2.0 is mainly from the fragmenta-
tion of energetic partons. Thus, the observed suppression in
central collisions may be a signature of the energy loss of
partons during their propagation through the hot and dense
matter (possibly QGP) created in the collisions, i.e.,jet
quenching.

HIJING/BB̄ v2.0 predicts that the sum of protons and anti-
protonssp+ p̄d /2 scales well with the number of binary col-
lisions sNcolld. On the other hand, the discrepancy seen at
pT,1.5 GeV/c indicates a sizable contribution from radial
flow. Similar trend are observed inL, KS

0 and K± measure-
ments by the STAR Collaboration[28,29]. It has been re-
cently shown that the competition between recombination
and parton fragmentation at moderatepT may also explain
[12,13] the observed features.

IV. SUMMARY AND CONCLUSIONS

The failure of the previous implementation of baryon
junction loops inHIJING/BB̄ v1.10 to reproduce the observed
pT enhancement of antibaryons and baryons motivated us to
construct a new version,HIJING/BB̄ v2.0. The new physics
ingredients implemented inHIJING/BB̄ v2.0, concentrate on

modifications of the hypothesized junctionJJ̄ loops algo-
rithm as well as adding a phenomenological simulation of
collective transverse flow. These modifications make a sig-

nificant improvement in the full event Monte Carlo descrip-
tion of a large set of observables forp and p̄. The new
version can account now for many features of the baryon
anomaly region at moderatepT, as well as for characteristic
stopping observables atÎsNN=200 GeV in Au+Au colli-
sions.

A simultaneous absence of suppression for baryons up to
pT=4–5 GeV/c and the enhancement of thep/p ratios at
moderatepT, which is a challenge for many theoretical
frameworks, is well described withinHIJING/BB̄ v2.0 with
shadowing and jet quenching effects, for an energy loss pa-
rameterdE/dx=1 GeV/fm (for quark jet) and a constant
phenomenological factorFpT

=3. One of the remaining dis-
crepancies is the energy loss per participant nucleon and
baryon rapidity measurements at forward rapiditysy.3d,
which will require futher analysis.

While this new versionHIJING/BB̄ v2.0 gives a good de-
scription of a large body of data it still cannot reproduce the
transverse mass spectra of kaons andL particles for which
the integrated yield is well predicted, but the model has no
mechanism to account for radial flow of these particles. In
string fragmentation phenomenology, the strong enhance-
ment of strange particle observables require strong color
field effects (SCF) [65,66]. The full understanding of the
production of strange particles in relativistic heavy-ion col-
lisions [51] remains an exciting open question.
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FIG. 10. (Color online) HIJING/BB̄ v2.0 predictions for binary-collision scaled nuclear modification factorRAA (a) and Rcp (b) for sp
+ p̄d /2 (solid histograms) charged pions(dashed histograms) and kaons(dotted histograms) in central(0–10 %) Au+Au collisions. The data
are from PHENIX[26]. TheKs

0 data are from STAR[28,29] at slightly different centralities[central(0–5 %) and peripheral(60–80 %)]. The
error bars are statistical only.
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