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Charged particle rapidity distributions at relativistic energies
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Using a multiphase transport model~AMPT!, which includes both initial partonic and final hadronic inter-
actions, we study the rapidity distributions of charged particles such as protons, antiprotons, pions, and kaons
in heavy ion collisions at RHIC. The theoretical results for the total charged particle multiplicity at midrapidity
are consistent with those measured by the PHOBOS Collaboration in central Au1Au collisions atAs556 and
130A GeV. We find that these hadronic observables are much more sensitive to the hadronic interactions than
to the partonic interactions.
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Collisions of nuclei at high energies offer the possibil
to subject nuclear matter to the extreme conditions of la
compression and high excitation energies. Studies base
both nonequilibrium transport models@1# and equilibrium
thermal models@2# have shown that the experimental da
from heavy ion collisions at SIS, AGS, and SPS, where
center of mass collision energies are, respectively, about
and 17A GeV, are consistent with the formation of a h
dense nuclear matter in the initial stage of collisions. W
the Relativistic Heavy Ion Collider~RHIC! at Brookhaven
National Laboratory, which can reach a center-of-mass
ergy of 200A GeV, the initial energy density is expected
exceed that for the transition from the hadronic matter to
quark-gluon plasma. Experiments at RHIC thus provide
opportunity to recreate the matter which is believed to h
existed during the first microsecond after the big bang an
study its properties.

Recently, charged particle multiplicity near midrapidi
has been measured in central Au1Au collisions atAs556
and 130A GeV at RHIC by the PHOBOS Collaboration@3#.
The observed charged particle density per participan
found to be compatible with the predictions of theHIJING

model that includes particle production from minijets pr
duced in hard-scattering processes@4#. Although theHIJING

model implements the parton energy loss via jet quench
@5#, it does not include explicit interactions among minij
partons and the final-state interactions among hadrons. O
models have also been used to understand the data from
PHOBOS Collaboration. TheLEXUS model @6#, which is
based on a linear extrapolation of ultrarelativistic nucleo
nucleon scattering to nucleus-nucleus collisions, predicts
many charged particles compared with the PHOBOS d
@7#. On the other hand, the hadronic cascade modelLUCIFER

@8# predicts a charged particle multiplicity near midrapid
that is comparable to the PHOBOS data@9#. In this Rapid
Communication, we shall use a multiphase transport mo
~AMPT! @10#, that includes both partonic and hadronic inte
actions, to study their effects not only on the total charg
particle multiplicity but also on those of kaons, protons, a
antiprotons.

In the AMPT model, the initial conditions are obtaine
from the HIJING model @4# by using a Woods-Saxon radia
shape for the colliding nuclei and including the nuclear sh
0556-2813/2001/64~1!/011902~4!/$20.00 64 0119
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owing effect on parton production via the gluon recombin
tion mechanism of Mueller-Qiu@11#. After the colliding nu-
clei pass through each other, the Gyulassy-Wang model@12#
is then used to generate the initial space-time information
partons. In the defaultHIJING, these minijet partons are a
lowed to lose energy via the gluon splitting mechanism a
transfer their energies to the nearby strings associated
initial soft interactions. Such jet quenching is replaced in
AMPT model by explicitly taking into account parton-parto
collisions via Zhang’s parton cascade~ZPC! @13#. At present,
only gluon elastic scatterings are included, so the partons
not suffer any inelastic energy loss as they traverse the d
matter. After partons stop interacting, they combine w
their parent strings and are then converted to hadrons u
the Lund string fragmentation model@14,15# after an average
proper formation time of 0.7 fm/c. Dynamics of the result-
ing hadronic matter is described by a relativistic transp
model ~ART! @16#, which has been improved to includ
baryon-antibaryon production from meson-meson inter
tions and their annihilation using cross sections given
Refs.@17,18#. Also, theK* resonances are explicitly treate
by including their production from pion-kaon and pion-rh
scatterings@19# and the inverse reactions of decay and a
sorption.

We first determine the parameters in the AMPT model
fitting the experimental data from central Pb1Pb collisions
at center-of-mass energy of 17A GeV @20#. Specifically, to
describe the measured net baryon rapidity distribution,
have included in the Lund string fragmentation model t
popcorn mechanism for baryon-antibaryon production w
equal probabilities for baryon-meson-antibaryon and bary
antibaryon configurations@10#. Also, to account for pion and
the enhanced kaon yields in the preliminary data from
same reaction, we have modified two other parameters in
Lund string fragmentation model, following the expectati
that the string tension is increased in the dense matter for
in the initial stage of heavy ion collisions.

In the Lund string fragmentation model as implemented
the JETSET/PYTHIA routine @15#, one first assumes that
string fragments into quark-antiquark pairs with a Gauss
distribution in transverse momentum. Also, a suppress
factor of 0.30 is used for strange quark-antiquark pair p
duction relative to the light quark-antiquark pair productio
©2001 The American Physical Society02-1
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Hadrons are then formed from these quarks and antiqua
For a hadron with a given transverse momentumm' deter-
mined by those of its quarks, its longitudinal momentum
given by the splitting function@14,15#,

f ~z!}z21~12z!aexp~2bm'
2 /z!, ~1!

wherez is the light-cone momentum fraction of the produc
hadron with respect to that of the fragmenting string. Ba
on the Schwinger mechanism for particle production in
strong field, the production probability is proportional
exp(2pm'

2/k), wherek is the string tension, i.e., energy in
unit length of string. The average squared transverse mom
tum of produced particle is thus proportional tok. Increasing
the string tension then leads to a broader distribution of
transverse momenta of produced quark-antiquark pairs
also a reduced suppression for strange quark-antiquark p
Since the average squared transverse momenta of prod
particles obtained from Eq.~1! is ^p'

2 &5@b(21a)#21 for
massless particles, the two parametersa and b are approxi-
mately related to the string tension byk}@b(21a)#21. In
the HIJING model, the default values fora andb are 0.5 and
0.9 GeV22, respectively. With these values, the AMP
model significantly underpredicts both the negative
charged particle@21# and kaon multiplicities in heavy ion
collisions at SPS energies. To reproduce simultaneously
measured pion and kaon multiplicities at SPS, we find t
the values ofa andb need to change to 2.2 and 0.5 GeV22,
respectively. This corresponds to a 7% increase of the st
tension, leading to a strangeness suppression factor of 0
As seen in Eq.~1!, a larger value ofa leads to a softer
splitting function, which then gives a smaller average va
for z and thus increases the particle multiplicity. Since t
kaon multiplicity depends on the string tension through
strangeness suppression factor, a smaller value ofb is needed
to increase the string tension when the value ofa is in-
creased.

Results from the AMPT model for Pb1Pb collisions at
As517A GeV, based on the above modification of t
HIJING and ART models, are shown in Fig. 1. It is seen th
our model gives a reasonable description of the data on
rapidity distributions of total and negatively charged p
ticles, net-protons and antiprotons, charged pions,
charged kaons. Since the probability for minijet production
very small in collisions at SPS energies, the partonic st
does not play any role in the collisions. We find that fin
state hadronic scatterings reduce the proton and antipr
yields, but increase the production of kaons and antikaon
about 20%. In contrast, kaon yields in the defaultHIJING

model are smaller than our final results by about 40%.
Since the number of strings associated with soft inter

tions in theHIJING model depends weakly on the collidin
energy, the parameters in the string fragmentation mode
not expected to change much with the energy. We thus
the same parameters determined from the experimental
at SPS to study heavy ion collisions at RHIC energies.
Fig. 2, the results for central Au1Au collisions at center of
mass energies of 56A GeV ~dashed curves! and 130A GeV
~solid curves! are shown together with the data from th
01190
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PHOBOS Collaboration@3#. The measured total charged pa
ticle multiplicities at midpseudorapidity at both energies a
well reproduced by our model.

The energy dependence of charged particle yields at m
rapidity from the SPS to RHIC energies is shown in Fig.
The proton yield is seen to have a minimum at energ
between SPS and the highest energy at RHIC, while antip
ton yield increases almost linearly with lns. As a result, the
p̄/p ratio increases rapidly from about 0.1 at SPS to ab
0.8 at the RHIC energy ofAs5200A GeV, indicating the
formation of a nearly baryon-antibaryon symmetric matter
high energies. Meson yields in general exhibit a faster
crease with energy; in particular, we find that theK1/p1

ratio is almost constant within this energy range, sugges
the approximate chemical equilibrium for strangeness p
duction. TheK2/K1 ratio increases gradually from 0.7 a
SPS to about 1.0 atAs5200A GeV as a result of the nearl
baryon-antibaryon symmetric matter formed at high en
gies.

To see the effects of hadronic interactions, we show
Fig. 4, by dashed curves, the rapidity distributions of charg
particles obtained from the AMPT model without the AR
model for central Au1Au collisions at 130A GeV. In this
case, there is a significant increase in the numbers of t
charged particles, pions, protons, and antiprotons at mi
pidity. The kaon number is, on the other hand, reduc
slightly. As a result, the ratios ofp̄/p and K1/p1 in the

FIG. 1. Rapidity distributions of total and negatively charg
particles~upper left panel!, net-protons and antiprotons~upper right
panel!, charged pions~lower left panel!, and charged kaons~lower
right panel! in heavy ion collisions atAs517A GeV. The circles
are the experimental data for 5% most central Pb1Pb collision from
the NA49 Collaboration, and the solid curves are the AMPT mo
calculations for impact parameters ofb<3 fm.
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absence of final-state hadronic interactions are 0.80 and 0
respectively, instead of 0.66 and 0.18 from the defa
AMPT model. We note that although the defaultHIJING @5#
gives a total charged particle multiplicity at midrapidity th
is consistent with the PHOBOS data, including hadro
scatterings would reduce its prediction appreciably.

Effects of partonic dynamics on the final hadronic obse
ables can also be studied in the AMPT model. Turning

FIG. 2. Same as Fig. 1 but for Au1Au collisions atAs556 and
130A GeV. The solid circles are the PHOBOS data for 6% m
central collisions while the curves are the AMPT calculations
b<3 fm.

FIG. 3. Energy dependence of charged particle yields at mi

pidity. The ratios ofK2/K1, p̄/p, and K1/p1 are shown in the
inset.
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the partonic cascade in the AMPT model, we find that t
leads to less than;5% change in the final charged partic
yields atAs5130A GeV. This indicates that the multiplicity
distribution of hadrons is not very sensitive to parton elas
scatterings. To take into account the effect of parton inela
collisions, which are mostly responsible for energy loss,
also include in the AMPT model the default jet quenchin
i.e., an energy loss ofdE/dx51 GeV/fm, before minijet
partons enter the ZPC parton cascade. The results with
quenching for central Au1Au collisions at 130A GeV are
shown in Fig. 4 by the dot-dashed curves. We see that
quenching effects are larger for pions than for kaons, p
tons, and antiprotons. Since the present calculations from
AMPT model without jet quenching already reproduce t
data at the energy of 130A GeV, and further inclusion of jet
quenching ofdE/dx51 GeV/fm entails a 10% increase o
the final yield of total charged particles at midrapidity, o
results for the rapidity distribution of charged particles a
thus consistent with no jet quenching or a weak jet quen
ing at this energy.

We note that without initial nuclear shadowing on part
production the charged particle multiplicity at midrapidity
130A GeV increases by about 30%. This increase can n
ertheless be offset by using different values for the para
eters in the Lund string fragmentation. Since nuclear sh
owing has negligible effects at SPS energies due
insignificant production of minijets, to reproduce both SP
and RHIC data using the same parameters requires the in
sion of nuclear shadowing on parton production.

t
r

a-

FIG. 4. Rapidity distributions of charged particles for cent
(b<3 fm) Au1Au collisions at 130A GeV from AMPT model
with default parameters~solid curves!, without hadronic scatterings
~dashed curves!, and with jet quenching ofdE/dx51 GeV/fm
~dot-dashed curves!.
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In summary, using a multiphase transport model~AMPT!,
which includes both initial partonic and final hadronic inte
actions, we have studied the rapidity distributions of charg
particles such as protons, antiprotons, pions, and kaon
heavy ion collisions at RHIC. With the model paramete
constrained by central Pb1Pb collisions atAs517A GeV at
SPS, the theoretical results on the total charged particle m
tiplicity at midrapidity in central Au1Au collisions atAs
556 and 130A GeV agree quite well with the data from th
PHOBOS Collaboration. We find that the antiproton to p
ton ratio at midrapidity increases appreciably withAs, indi-
cating the approach to a near baryon-antibaryon symme
matter in high energy collisions. Furthermore, theK1/p1

ratio is almost constant within the energy range studied h
suggesting the approximate chemical equilibrium
strangeness production in these collisions. These hadr
observables are, however, less sensitive to the initial part
interactions than the final hadronic interactions. To obse
hy
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the effects of the partonic matter formed in the initial sta
thus requires measurements of other observables such aJ/c
suppression@22#, the elliptic flow @23#, and highp' spectra
@24#. The magnitude of elliptic flow has been shown to
sensitive to the parton-parton cross sections in the ZPC
ton cascade model@25#, and theJ/c suppression results us
ing the AMPT model indicate that the partonic matter pla
a much stronger role than the hadronic matter@26#.
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