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Systematic study of highpT hadron spectra in pp, pA, and AA collisions
at ultrarelativistic energies

Xin-Nian Wang
Nuclear Science Division, Mailstop 70-319, Lawrence Berkeley National Laboratory, Berkeley, California 94720

~Received 22 January 1999; revised manuscript received 27 January 2000; published 23 May 2000!

High-pT particle spectra inp1p ( p̄1p), p1A, andA1B collisions are calculated in a parton model with
QCD-inspired hard scattering and evolution in which intrinsic transverse momentum, its broadening due to
initial multiple parton scattering, and jet quenching due to parton energy loss inside a dense medium are
included phenomenologically. The intrinsickT and its broadening inp1A andA1B collisions due to initial
multiple parton scattering are found to be very important at low energies (As,50 GeV!. Comparisons with
S1S, S1Au, and Pb1Pb data with different centrality cuts show that the differential cross sections of largepT

pion production (pT.1 GeV/c) in A1B collisions scale very well with the number of binary nucleon-nucleon
collisions~modulo effects of multiple initial scattering!. This suggests that hard parton scattering is the domi-
nant particle production mechanism underlying the hadron spectra atpT;2 –10 GeV/c. However, there is no
evidence of jet quenching or parton energy loss. Assuming this model of parton scattering, nuclear broadening
and parton energy loss, one can exclude an effective parton energy lossdEq /dx.0.01 GeV/fm and a mean
free pathlq,7 fm from the experimental data ofA1B collisions at the SPS energies. Predictions for highpT

particle spectra inp1A andA1A collisions with and without jet quenching at the RHIC energy are also given.
Uncertainties due to initial multiple scattering and nuclear shadowing of parton distributions are also discussed.

PACS number~s!: 25.75.2q, 12.38.Mh, 13.87.2a, 24.85.1p
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I. INTRODUCTION

Large-ET partons or jets are good probes of the den
matter formed in ultrarelativistic heavy-ion collisions@1,2#,
since they are produced in the earliest stage of heavy
collisions and their production rates are calculable in per
bative QCD. If a dense partonic matter is formed during
initial stage of a heavy-ion collision with a large volume a
a long lifetime ~relative to the confinement scale 1/LQCD),
the produced largeET parton will interact with this dense
medium and, according to many recent theoretical stud
@3–6#, will lose its energy via induced radiation. The ener
loss is shown to depend on the parton density of the medi
Therefore, the study of parton energy loss can shed ligh
the properties of the dense matter in the early stage of he
ion collisions. It is also a crucial test whether there is a
thermalization going on in the initial stage of heavy-ion c
lisions.

Even though one cannot measure directly the energy
suffered by a high-energy parton propagating through
dense medium, its effective fragmentation functions m
change and leading particles must be suppressed due t
parton energy loss. This can be measured directly in de
inelastic e1A collisions ~for jets going through a norma
nuclear matter! @7,8# and direct-photon-tagged jets in high
energy heavy-ion collisions@8,9#. Since the largepT single-
inclusive particle spectra in nuclear collisions are a dir
consequence of jet fragmentation as in hadron-hadron
hadron-nucleus collisions, they are also shown@10# to be
sensitive to parton energy loss or modification of jet fra
mentation functions inside a dense medium.

Because of the extremely small cross sections of largepT

particle production at the CERN SPS energy (As'20 GeV!,
0556-2813/2000/61~6!/064910~13!/$15.00 61 0649
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measurements of particle spectra in heavy-ion collisions
large pT have not become available before recent exp
ments @11,12#. In a recent paper@13#, the author used a
QCD-inspired parton model calculation to analyze the la
pT spectra and found that there is no evidence of par
energy loss in high-energy heavy-ion collisions. From t
analysis of the spectra, one can limit the effective energy l
to less thandE/dx,0.01 GeV/fm. Since experimental da
have shown evidences of an interacting hadronic matte
heavy-ion collisions at the CERN SPS energy, one can a
conclude that the hadronic matter does not cause appare
energy loss.

In this paper, we will conduct a systematic study of hi
pT hadron spectra inpp, pA, andAB collisions, since the
reliability of the determination of a small effective parto
energy loss in high-energy heavy-ion collisions crucially d
pends on how well we understand the spectra without pa
energy loss. Since we deal with largepT particle production,
it is necessary to incorporate QCD hard parton scatterin
the model. Without QCD hard processes, such as in a p
string model, one cannot describe the hadron spectra eve
moderatepT.2 GeV/c. There are many models availab
for such a study, e.g.,PYTHIA @14# or HIJING @15# which
combine QCD hard processes with a string model for s
particle production at lowpT,1 GeV/c. These models in
general describe experimental data on hadron spectra
well at both low and highpT in very high-energypp( p̄)
collisions. However, at lower energies~e.g., CERN SPS!,
they fail unless larger partonic intrinsic transverse mom
tum of the order of 1 –2 GeV/c is used. Furthermore, no
model exists which can correctly take into account of t
nuclear broadening or Cronin effect@16# in pA collisions.
Even though a simple model of nuclear broadening is int
©2000 The American Physical Society10-1
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XIN-NIAN WANG PHYSICAL REVIEW C 61 064910
duced in HIJING @15# by associating each nucleon-nucle
scattering with a transverse momentum kick to the e
points of the strings, it still cannot describe the effect
nuclear broadening consistently inpA and AB collisions.
The agreement betweenHIJING and experimental data of cen
tral Pb1Pb collisions found by Gyulassy and Levai@17#
seems to be a coincidence, because it underestimate
high pT hadron spectra in all other collisions (pp, pA, light
ion-ion, and noncentral Pb1Pb collisions!. This motivates
one to construct a simpler model with the essential ba
QCD hard parton scattering.

Such a QCD-inspired model might not be compliant w
the most recent development of PQCD, it, however, provi
a useful starting point to study medium modification of t
hadron spectra, e.g., parton energy loss. In this model,
will include both the intrinsickT in p1p collisions andkT
broadening due to multiple initial-state scattering inp1A
andA1A collisions in a phenomenological manner, which
necessary to describe largepT particle production at energie
below As,50 GeV. We will compare the calculations wit
the experimental data for S1S, S1Au, and Pb1Pb collisions
at the CERN SPS with different centrality cuts and verify t
scaling behavior characteristic of hard processes. Using
same parton model we will then predict the highpT spectra
in pA collisions at the RHIC energy and then calculate sa
spectra inAA collisions with and without effects of parto
energy loss. The goal of this paper is to provide a pract
and phenomenological description of the highpT hadron
spectra inp1p and p1A collisions. This will provide a
baseline prediction for high-energyA1A collisions against
which we can study the effects of the parton energy l
caused by the dense medium.

II. p¿p COLLISIONS: INITIAL kT

Large pT particle production in high-energy hadron
hadron collisions has been shown to be a good test of
QCD parton model@18#. Assuming partons inside the collid
ing hadrons only have longitudinal momenta, the largepT
particle production cross section can be calculated as a
volution of elementary parton-parton scattering cross s
tions, parton distributions inside the hadron and parton fr
mentation functions. The factorization theorem ensures
the parton distributions and fragmentation functions are u
versal and can be measured in other hard processes,
e1e2 annihilation, deeply inelasticep collisions. With high
precision data, parton distributions and fragmentation fu
tions have been parametrized including their QCD evolut
with the momentum scaleQ of the hard processes@19,20#
which in turn can be used to calculate particle production
many other hard processes. This parton model with collin
approximation has been rather successful so far in descri
large pT particle production in high-energypp̄ collisions
@21# with As.50 GeV.

The above described collinear parton model fails to
count for the experimental data on angular correlation
produced heavy quarks and the total transverse momen
distribution of the heavy quark pairs@23# or the Drell-Yan
lepton pairs@22#. In terms of parton models one natural
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expects that partons inside a hadron carry at least an ave
intrinsic transverse momentum of about a few hundred Me
reflecting the hadron size via the uncertainty principle. F
thermore, higher order PQCD processes such as initial s
radiation or 2→3 subprocesses with additional radiated g
ons can also give rise to large initial transverse momen
for the colliding partons. However, even within next leadi
order ~NLO! PQCD collinear parton model, experiment
data of Dell-Yan lepton pairs production@22#, heavy quark
pair production@24#, and direct photon production@25# all
indicate that an average initial parton transverse momen
of about 1 GeV is needed to describe the data. Such a l
value is an indication of its perturbative nature. Theoreti
techniques have been developed to include all high or
contributions@26–28#, though it is still problematic to differ-
entiate what is true intrinsic and what is PQCD genera
initial transverse momentum. One can resum all the radia
corrections into a ‘‘Sudakov’’ form factor up to a scaleQ0
and define~nonperturbative! contributions below this scale
as ‘‘true’’ intrinsic, even though such an ‘‘intrinsic’’ averag
transverse momentum still depends on colliding energyAs
and the momentum scaleQ of the hard processes. Suc
schemes have been developed for processes, such as
Yan @26–28# and heavy quark production@29# where two
scales are involved, with only minimum phenomenologic
success in limited kinematic region. The problem in pr
cesses such as direct photon and single inclusive hadron
duction, where there is only a single scale, is even m
difficult @30#.

In this paper, we will adopt a more phenomenologic
approach by introducing initial parton transverse moment
with a Gaussian form of distribution as has been done
Drell-Yan @31#, heavy quark@24#, direct photon@25#, and
single inclusive hadron production@25,32,33#. Since it is dif-
ficult to extend the NLO calculation top1A andA1A col-
lisions where multiple collisions occur and our main purpo
is to provide an effective description of single inclusive ha
ron spectra not only inp1p but also inp1A and A1A
collisions, we will use lowest order~LO! parton model with
a simple scheme of including the intrinsic transverse m
mentum with a Gaussian distribution. The inclusion of init
transverse momentum can be considered as a parametriz
of both higher order and nonperturbative corrections. T
predictive power of this model then lies in the energy a
flavor dependence of the hadron spectra. Similar comm
can be made for our modeling of multiple parton scatter
effect in p1A andA1A collisions.

One can define parton distributions in both fractional lo
gitudinal momentumx and initial transverse momentumkT
in a factorized form

dxd2kTgN~kT ,Q2! f a/N~x,Q2!, ~1!

wheregN(kT ,Q2) is the transverse momentum distributio
and f a/N(x,Q2) are the normal parton distribution function
for which we will use the MRS D-’ parametrization@19#.
The inclusive particle production cross section inpp colli-
sions will then be given by@18#
0-2
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SYSTEMATIC STUDY OF HIGHpT HADRON SPECTRA . . . PHYSICAL REVIEW C 61 064910
dspp
h

dyd2pT

5K (
abcd

E dxadxbd2kaTd2kbT

3gp~kaT ,Q2!gp~kbT ,Q2!

3 f a/p~xa ,Q2! f b/p~xb ,Q2!

3
Dh/c

0 ~zc ,Q2!

pzc

ds

d t̂
~ab→cd!, ~2!

whereDh/c
0 (zc ,Q2) is the fragmentation function of partonc

into hadronh as parametrized in Refs.@20,34# from e1e2

data,zc is the momentum fraction of a parton jet carried by
produced hadron. TheK'2 ~unless otherwise specified! fac-
tor is used to account for higher order QCD corrections
the jet production cross section@35#.

We define the momentum fractionx in terms of the light-
cone variablesxa5(Ea1pia)/As for partons in the forward
beam direction andxb5(Eb2pib)/As in the backward beam
direction. The four-vector momenta for the colliding parto
are thenpa5(Ea ,kTa ,pia), pb5(Eb ,kTb ,pib) with

Ea5S xaAs1
kTa

2

xaAs
D Y2,

pia5S xaAs2
kTa

2

xaAs
D Y2,

Eb5S xbAs1
kTb

2

xbAs
D Y2,

pib5S 2xbAs1
kTb

2

xbAs
D Y2. ~3!

In principle, one should also include the transverse m
mentum smearing from the jet fragmentation. We negl
this in our calculation of particle spectra in the central rap
ity region and consider it been effectively included in t
calculation by adjusting the initialkT distribution. In this
case, particles are produced in the same direction of the f
menting jet. The Mandelstam variables for the element
parton-parton scattering processes are then

ŝ5xaxbAs1
kTa

2 kTb
2

xaxbAs
22kTakTb cos~fa2fb!,

t̂52
pT

zc
S xaAse2y1

kTa
2

xaAs
22kTa cosfaD ,

û52
pT

zc
S xbAsey1

kTb
2

xaAs
22kTb cosfbD , ~4!

wherepT andy are the transverse momentum and rapidity
the produced particle, cosfa5kTa•pT /kTapT , and cosfb
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5kTb•pT /kTbpT . The momentum fraction of the produce
hadronzc is then given by the identity for massless two-bo
scattering,ŝ1 t̂1û50.

In Eq. ~2!, one should also restrict the initial transver
momentumkTa,xaAs andkTb,xbAs such that the partons
longitudinal momenta in Eq.~3! have the same signs as the
parent hadrons. In addition, one of the Mandelstam variab
can approach to zero if the initialkT is too large and then the
parton cross section could diverge. To avoid these proble
we introduce a regulatorm2 in the denominators of the
parton-parton cross sectionsds/d t̂(ab→cd). We choose
m50.8 GeV in our following calculations. The resulta
spectra are sensitive to the choice ofm only at pT aroundm
where we believe that this QCD-inspired parton model c
culation becomes unreliable.

We assume the initialkT distribution gN(kT) to have a
Gaussian form

gN~kT ,Q2!5
1

p^kT
2&N

e2kT
2/^kT

2&N. ~5!

Since our initialkT includes both the intrinsic and PQCD
radiation-generated transverse momentum, the varianc
the Gaussian distribution̂kT

2&N should depend on the mo
mentum scaleQ of the hard processes. As pointed out
Owen and Kimel@33#, in addition to the leading log contri
bution from initial-state radiation that is included in theQ2

dependence of the parton distributions, the recoil effect
large-angle gluon emission can lead toQ-dependent̂kT

2&N in
this approach of QCD-inspired parton model. In the follo
ing we shall consider both a constant^kT

2&N and one that
depends on the momentum scale of the hard processes
the Q-dependent case, we choose the following form@33# in
our model:

^kT
2&N~Q2!51.2~GeV2!10.2as~Q2!Q2. ~6!

The form of theQ dependence and the parameters are cho
to reproduce the experimental data. Following the same
proach as in Ref.@32#, we chooseQ2 to be Q252ŝt̂ û/( ŝ2

1 t̂21û2).
Shown in Figs. 1–4 are our calculated spectra for char

pions as compared to the experimental data@16,36# for p
1p collisions atElab5200, 300, 400, 800 GeV. As one ca
see from the figures that our model calculations with
initial kT smearing~solid lines! as given in Eq.~6! fit the
experimental data very well over all energy range. Howev
without the initialkT smearing~dot-dashed lines forp2) the
calculations significantly underestimate the experimen
data, as much as a factor of 20 atElab5200 GeV. This is
because the QCD spectra are very steep at low energies
even a small amount of initialkT could make a big increas
to the final spectra. As the energy increases, the QCD spe
become flatter and small amount of initialkT does not
change the spectra much, as we can already see by com
ing the spectra forElab5800 GeV~Fig. 4! to that of 200 GeV
~Fig. 1!. This is further demonstrated in Fig. 5 where w
compare the LO calculation to experimental data in hig
0-3
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XIN-NIAN WANG PHYSICAL REVIEW C 61 064910
energypp̄ collisions. Here we have used aK51.5 factor.
One can see that at higher collider energies, the initialkT
does not make much difference to the spectra at high tr
verse momentum. In the case of no intrinsickT , we did not
use the regulatorm in our calculation. Instead, we used th
pT of particle as a cutoff of the phase integral in Eq.~2!. This

FIG. 1. Single-inclusive pion spectra inp1p collisions atElab

5200 GeV. The solid lines are QCD-inspired parton model cal
lations with Q-dependent intrinsickT and the dot-dashed line i
without. The dashed line is for a constant intrinsic^kT

2&N

51.5 GeV2. Experimental data are from Ref.@16#. The inserted
figure shows the correspondingp2/p1 ratio.

FIG. 2. Single-inclusive pion spectra inp1p collisions atElab

5300 GeV. The solid lines are QCD-inspired parton model cal
lations with Q-dependent intrinsickT and the dot-dashed line i
without. Experimental data are from Ref.@16#. The inserted figure
shows the correspondingp2/p1 ratio.
06491
s-

is why the spectra~dot-dashed lines! increase faster a
smallerpT than the ones with initialkT smearing in which a
regulator ofm50.8 GeV is used.

In Fig. 1, we also show as a dashed line the calcula
spectrum ofp2 with a constant average initial transver
momentum^kT

2&N51.5 GeV2. At large pT such a constan
intrinsic ^kT

2&N underestimates the experimental data. T
demonstrates phenomenologically why theQ dependence of
^kT

2&N is needed to fit the experimental data in particular
large values ofxT52pT /As for the choice ofQ2 we used.
One can also use an alternative choice forQ25PT

jet2

5(pT /zc)
2. In this case we found that one does not ne

Q-dependent̂kT
2&N to fit the data inpp collisions. However,

-

-

FIG. 3. The same as Fig. 2, except atElab5400 GeV.

FIG. 4. The same as Fig. 2, except atElab5800 GeV and the
experimental data are from Ref.@36#.
0-4
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SYSTEMATIC STUDY OF HIGHpT HADRON SPECTRA . . . PHYSICAL REVIEW C 61 064910
one needs to use an energy-dependent initial parton tr
verse momentum distribution. We also checked that as
ergy increases such aQ-dependent̂kT

2&N is not needed any
more to fit the experimental data. However, the availa
experimental data at collider energies are only limited to
nite pT range wherexT52pT /As is not so large as compare
to the low energy data. In the following we will use th
Q-dependent initial momentum distribution for our study
high pT spectra inp1A andA1A collisions.

In the inserted boxes in Figs. 1–4, we also plotp2/p1

ratio as a function ofpT . At higher pT , particle production
is more dominated by the leading hadrons from vale
quark scattering. Since there are more up-quarks than do
quarks inp1p system, one should expect the ratio to b
come smaller than 1 and decrease withpT . The QCD-
inspired parton model calculations describe this isos
dependence of the spectra very well. For other flavors
hadrons, we show in Figs. 5–8 the calculated kaon spect
different energies. We see that the agreement with exp
mental data is very good, except at largepT at low energies
which may be improved by using better fragmentation fu
tions for kaons. One can also notice thatK2 spectra at large
pT are about a factor of 10 smaller thanK1. This is because
the content of strange quarks in a nucleon is much sma
than up~down! quarks which are responsible for leadingK1

(K0) hadron production. We did not calculate and comp
the spectra of produced protons and antiprotons bec
there is no very accurate parametrization of the correspo
ing fragmentation functions.

III. p¿A COLLISIONS: kT BROADENING

Since single-inclusive particle spectra at highpT in p
1A collisions have been shown, both experimentally@16#

FIG. 5. Single-inclusive spectra of charged hadrons inp1 p̄
collisions atAs5200, 900, 1800 GeV. The solid lines are QCD
inspired parton model calculations with intrinsickT and the dot-
dashed lines are without. Experimental data are from Refs.@37,38#.
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and theoretically@39#, to be sensitive to multiple initial-state
scattering, or Cronin effect, it is important that we take in
account this effect here in order to have a quantitative st
of the change of particle spectra at highpT in nucleus-
nucleus collisions. One can study the Cronin effect in
model of multiple parton scattering@39#. In such a model,
one uses Glauber multiple scattering formula to treat par
scattering between beam and target partons which is esse
to incorporate the interference effect. For example, wh
contribution from double scattering is considered, one m
also include the absorptive part of the single scattering wh
has a negative contribution. This absorptive part then can

FIG. 6. Single-inclusive spectra of charged kaons inp1p col-
lisions atElab5200 GeV. The lines are QCD-inspired parton mod
calculations with intrinsickT and data are from Ref.@16#.

FIG. 7. The same as Fig. 6, except atElab5300 GeV.
0-5
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XIN-NIAN WANG PHYSICAL REVIEW C 61 064910
part of the contribution from double scattering. Cons
quently, the enhancement of particle spectra becaus
double scattering decreases withpT in the form of 1/pT

2 and
in general withAs @40#. One can also find that the domina
contribution in double scattering comes from the case wh
one of the scattering is soft and large part of the finalpT of
the produced jet comes from just one hard scattering.
much lowerpT the absorptive correction is much larger th
the double scattering contribution and the spectra ther
even suppressed. So the integrated cross section or av
particle multiplicity at largepT are not affected by multiple
parton scattering even though the spectra are modified
observed in the DY case@41#. This will provide us a justifi-
cation for our following phenomenological treatment of mu
tiple parton scattering inp1A andA1A collisions.

In this paper we assume that the inclusive differen
cross section for largepT particle production is still given by
a single hard parton-parton scattering. However, due to m
tiple parton scattering prior to the hard processes, we c
sider the initial transverse momentumkT of the beam partons
is broadened. Assuming that each scattering provide akT
kick which also has a Gaussian distribution, we can in eff
just change the width of the initialkT distribution. Then the
single inclusive particle cross section in minimum-biasedp
1A collisions is

dspA
h

dyd2pT

5K (
abcd

E d2btA~b!E dxadxbd2kaTd2kbT

3gA~kaT ,Q2,b!gp~kbT ,Q2! f a/p~xa ,Q2!

3 f b/A~xb ,Q2,b!
Dh/c

0 ~zc ,Q2!

pzc

ds

d t̂
~ab→cd!,

~7!

wheretA(b) is the nuclear thickness function normalized

FIG. 8. The same as Fig. 6, except atElab5400 GeV.
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*d2btA(b)5A. We will use Woods-Saxon form of nuclea
distribution for tA(b) throughout this paper unless specifie
otherwise. The parton distribution per nucleon inside
nucleus~with atomic mass numberA and charge numberZ)
at an impact parameterb,

f a/A~x,Q2,b!5Sa/A~x,b!FZ

A
f a/p~x,Q2!

1S 12
Z

AD f a/n~x,Q2!G , ~8!

is assumed to be factorizable into the parton distribution i
nucleon f a/N(x,Q2) and the nuclear modification facto
Sa/A(x,b) which we take the parametrization used inHIJING

@15# for now. The initial parton transverse momentum dist
bution inside a projectile nucleon going through the tar
nucleon at an impact parameterb is then

gA~kT ,Q2!5
1

p^kT
2&A

e2kT
2/^kT

2&A, ~9!

with a broadened variance

^kT
2&A~Q2!5^kT

2&N~Q2!1d2~Q2!@nA~b!21#. ~10!

The broadening is assumed to be proportional to the num
of scatteringnA(b) the projectile suffers inside the nucleu
For the purpose of considering the impact-parameter dep
dence of thekT broadening, we will simply assume a ha
sphere nuclear distribution. Therefore,

nA~b!5sNNtA~b!5sNN

3A

2pRA
2
A12b2/RA

2, ~11!

where RA51.12A1/3 fm and sNN is the inelastic nucleon-
nucleon cross section.

We also assume thatkT broadening during each nucleon
nucleon collisiond2 also depends on the hard momentu
scale Q5PT

jet , the transverse momentum of the produc
parton jet. Such a dependence is easy to understand by
paring the role ofPT

jet in the multiple parton scattering cas
to that in the initial and final state radiation associated wit
hard jet production. For example, unless the multiple scat
ings are far separated in space-time such that the propag
parton becomes on-shell, the interaction cross of the pro
gating parton will depend on its virtuality which in retur
depends on the scale of the hard scattering. In Ref.@42#, the
kT broadening in a multiple parton scattering scenario is
lated to the ratio of the leading-twist parton distributions a
higher-twist multiple parton distributions which apparen
depends on the momentum scale of the hard parton sca
ing. In this paper, we will use the following scale-depende
kT broadening per nucleon-nucleon collision:

d2~Q2!50.225
ln2~Q/GeV!

11 ln~Q/GeV!
GeV2/c2. ~12!
0-6
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SYSTEMATIC STUDY OF HIGHpT HADRON SPECTRA . . . PHYSICAL REVIEW C 61 064910
Such a functional form is chosen to best fit the experime
data in p1A collisions. For Q52 – 3 GeV, d250.064
;0.129 GeV2/c2, which is consistent with the value ob
tained from the analysis ofkT broadening forJ/C produc-
tion in p1A collisions@43,44#. We should point out that this
value can be different from what one gets from the analy
of kT broadening of Dell-Yan lepton pairs inp1A colli-
sions, where mainly quarks and antiquarks are involved
the hard processes and there is no collision effect after
Dell-Yan production point.

Using the above assumptions, we calculate the largepT
particle spectra inp1A collisions and compare to the spe
tra in p1p collisions. As we show in the last section, pa
ticle spectra has a strong isospin dependence in the pa
model. In order to minimize this known isospin dependen
of the spectra in our study of nuclear dependence of
spectra, we compare the spectra ofp1A for heavy target
with that for a very light nuclear target. Shown in Fig. 9 a
our calculated ratios of charged pion spectra~solid lines for
p1 and dot-dashed lines forp2) in p1W over that ofp
1Be each normalized by the atomic number of the tar
nucleus. The experimental data are from Refs.@16,45#. If
there was no nuclear dependence due to multiple scatte
the ratios would have a flat value of 1, modulo the resid
isospin dependence because of the small isospin asymm
of the target nucleus. The difference between our calcula
ratios forp1 andp2 gives the order of this isospin asym
metry effect. One can get rid of this effect by using the rat
of p11p2 spectra. As shown in the figure, our model c
roughly describe the general feature of the nuclear dep
dence of the spectra at largepT due to multiple parton scat
tering. The ratios should become smaller than 1 at very sm
pT because of the absorptive processes as we have
tioned. But here our perturbative calculation will eventua

FIG. 9. Ratios of charged pions spectra inp1W over p1Be
each normalized by the atomic number of the target nucleus.
lines are the QCD-inspired parton model calculation withkT broad-
ening due to multiple parton scattering. The dot-dashed line in
third panel is the calculated result with a constantkT broadening
d250.1 GeV2. Experimental data are from Refs.@16,45#.
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break down because of the small momentum scale. At la
pT , the spectra are enhanced because of multiple parton
tering. AspT increases further, the ratios decrease again
saturate at about 1. The decrease follows the form of 1pT

2

consistent with the general features of high twist proces
Since the transverse momentum broadening due to mul
parton scattering is finite, its effect will eventually becom
smaller and disappear. Therefore, thepT location of the
maximum enhancement can give us the scale of ave
transverse momentum broadening. We also show in the t
panel as dot-dashed line our calculation with a constantkT
broadening,d250.1 GeV2. While the result has the genera
feature of the experimental data, the fit is not as good as
scale-dependentkT broadening.

At low energies,Elab5200 GeV for example, the full
structure of multiple scattering cannot be revealed becaus
the finite phase space constrained by the kinetic limit. F
thermore, the ratio will increase at largexT52pT /As be-
cause of the so-called EMC effect@46# on nuclear structure
function at largex which is incorporated into the parametr
zation of the nuclear modification factor for parton distrib
tions inside a nucleus. One word of caution should also
given here. Our calculation might not be reliable anymo
near the boundary of the available phase space (pT;As/2)
where overall energy and momentum conservation is v
important which is not imposed in the QCD-inspired part
model.

We have also calculated the kaon spectra inpA collisions.
Shown in Fig. 10 are the ratios of the kaon spectra inp
1W over p1Be collisions~normalized by the atomic num
ber!. The agreement with the experimental data is quite go
for K1. However, forK2 there is quite sizable discrepanc
between the calculation and the data. This is might be du
the flavor dependence of thekT broadening suffered by the
quarks. It is quite possible thatū quarks have larger scatte

e

e

FIG. 10. Ratios of charged kaons spectra inp1W over p1Be
each normalized by the atomic number of the target nucleus.
solid ~dot-dashed! lines are the QCD-inspired parton model calc
lation for K1 (K2) with kT broadening due to multiple parton sca
tering. Experimental data are from Refs.@16,45#.
0-7
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XIN-NIAN WANG PHYSICAL REVIEW C 61 064910
ing cross sections as they propagate through the nucleus
therefore experience largerkT broadening thans̄ quarks.
Such effects will result in the observed difference in nucl
enhancement betweenK2 andK1.

IV. A¿A COLLISIONS: JET QUENCHING?

It is straightforward to incorporate the initialkT broaden-
ing due to multiple parton scattering inA1A collisions.
Since partons from projectile and target beam both su
multiple scattering before the hard process, their initial tra
verse momentum distributions are broadened as given by
~9!. In addition, the produced parton jets have to propag
through a dense medium and interact with other produ
particles in the medium. Theoretical studies@3–5# show that
a fast parton propagating inside a dense partonic med
will suffer considerable amount of energy loss. Since la
pT particles are produced through the fragmentation of p
ton jets with large transverse energy, parton energy loss
definitely lead to the suppression of largepT particles. One
can describe this suppression phenomenologically via ef
tive fragmentation functions which are modified from the
original forms in the vacuum@8–10#. In this approach one
can then calculate the single inclusive particle spectra
largepT in A1B collisions as

dsAB
h

dyd2pT

5K (
abcd

E d2bd2rt A~r !tB~ ub2r u!

3E dxadxbd2kaTd2kbTgA~kaT ,Q2,r !

3gB~kbT ,Q2,ub2r u!

3 f a/A~xa ,Q2,r ! f b/B~xb ,Q2,ub2r u!

3
Dh/c~zc ,Q2,DL !

pzc

ds

d t̂
~ab→cd!, ~13!

whereDh/c(zc ,Q2,DL) is the modified effective fragmenta
tion function for produced partonc which has to travel an
average distanceDL inside a dense medium. We will no
elaborate on the modeling of the modified fragmentat
functions@8–10# here, except pointing out that it depends
two parameters: the energy loss per scatteringec and the
mean free pathlc for a propagating partonc. The energy
loss per unit length of distance is thendEc /dx5ec /lc . We
also assume that a gluon’s mean free path is half of a qu
and then the energy lossdE/dx is twice that of a quark. In
principle, the energy lossdE/dx should depend on local par
ton density or temperature, the parton’s initial energy,
total distance and whether there is expansion@47#. These
possible features will influence the final hadron spectra
their phenomenological consequences have been studie
detail in a previous publication@10#. In this paper, we will
simply assume a constant energy loss and study the ave
effect of parton energy loss in dense matter.

After integration over the impact parameter space,
~13! will give us the inclusive hadron spectra for minimum
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biased events ofA1B collisions. If one neglects nuclea
effects~parton shadowing,kT broadening and jet quenching!,
the resultant spectra should be exactly proportional toAB
which is the averaged number of binary nucleon-nucle
collisions. Very often experimentalists also measure inc
sive hadron spectra for certain classes of events with dif
ent centrality cuts~total transverse energyET or charged
multiplicity in the central region!. Since one cannot directly
measure the impact parameters in each class of centrali
theoretical model of correlation between impact parameteb
and the total transverse energyET ~or charged multiplicity!
has to be introduced in order to calculate the inclusive cr
section for events with different centrality cuts. In this pap
we will use the correlation functionPAB(ET ,b) @normalized
to *dETPAB(ET ,b)51# introduced in Ref.@48# which as-
sumes a wounded nucleon model for transverse energy
duction. The differential cross section

dsAB

dET
5E d2b@12e2sNNTAB(b)#PAB~ET ,b! ~14!

has been shown to reproduce the experimental data of N
and NA49 @50# very well, whereTAB(b)5*d2rt A(r )tB(b
2r ) is the overlap function forA1B collisions at impact
parameterb. We refer readers to Ref.@48# for the details of
this model.

After incorporating the correlation function between im
pact parameter and transverse energy in Eq.~13!, the inclu-
sive cross section of largepT hadron production in event
with centrality cut ETP(ET

min ,ET
max) can be shown to be

roughly proportional to

^Nbinary&[E d2bE
ET

min

ET
max

dETPAB~ET ,b!TAB~b! ~15!

which is just the average number of binary nucleon-nucle
collisions. For minimum-biased events, this number is j
AB. Since the actualdsAB /dET distribution depends on
each experiment’s coverage of phase space and the dete
calibration, we will choose the values ofET

min and ET
max so

that the fraction of the integrated cross section in Eq.~14!
within the ET range matches the experimental value of
given centrality cut.

Shown in Fig. 11 are the calculated inclusive spectra
the producedp0 in S1S, S1Au, and Pb1Pb collisions, both
minimum-biased and central events. The QCD-inspired p
ton model calculations with thekT broadening due to initial
multiple scattering~solid lines! agree with the experimenta
data ~WA80 and WA98! @11,12# well very at pT above
1 GeV/c. No parton energy loss has been assumed in
calculations. The dashed lines are the spectra inpp collisions
at the same energy multiplied by the nuclear geometr
factor as given in Eq.~15!. The difference between the soli
and dashed lines is simply caused by effects ofkT broaden-
ing and nuclear modification of parton distributions insi
nuclei. These effects are similar as inp1A collisions and are
more important in collisions of heavier nuclei. Without the
nuclear effects the highpT hadron spectra inA1B collisions
are exactly proportional to the average number of binary c
0-8
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SYSTEMATIC STUDY OF HIGHpT HADRON SPECTRA . . . PHYSICAL REVIEW C 61 064910
lisions as shown by the dashed lines. This is a common c
acteristic of hard processes inp1A and A1B collisions.
Because of absorptive processes, lowpT particle production,
which can be considered as coherent over the dimensio
nuclear size, has much weakerA dependence. In the
wounded-nucleon model, soft particle production cross s
tion is proportional to the average number of wounded nu
ons which is much smaller than the number of binary co
sions. By studying the transition of the scaling property
the hadron spectra from low to highpT values, one can then
determine at whatpT value the underlying mechanism o
hadron production become dominated by hard proces
This will be the subject of another study.

In our model calculations presented so far, effects of p
ton energy loss have not been considered yet. If ther
parton energy loss and the radiated gluons become inco
ent from the leading parton, the resultant leading had
spectra at largepT from the parton fragmentation should b
suppressed as compared top1p andp1A collisions. As we
have shown, however, the parton model calculations with
parton energy loss fit the experimental data very well.
find out the consequences of an effective parton energy
in the hadron spectra and how the experimental data c
strain its value at the CERN SPS energy, we show in Fig
as the dot-dashed line the calculatedp0 spectra in centra
Pb1Pb collisions withdE/dx50.01 GeV/fm. In the calcu-
lation ~dot-dashed line! we have assumed the energy loss p
scatteringeq50.02 GeV and the mean free pathlq52 fm
(dEq /dx5eq /lq). In our model@8,9#, the modification of
the fragmentation function is sensitive to both paramet
The mean free path is a measure of the strength of the in
action between the leading parton and medium while ene

FIG. 11. Single-inclusive spectra ofp0 in S1S, S1Au, and
Pb1Pb collisions~both minimum-biased and central events! at the
CERN SPS energies. The solid lines are QCD-inspired pa
model calculations withkT broadening due to initial multiple parto
scattering and the dashed lines are without. Experimental data
from Refs.@11,12#.
06491
r-

of

c-
-

-
f

s.

r-
is
er-
n

ut
o
ss
n-
2

r

s.
r-
y

lossdE/dx reflects the degree of attenuation induced by
interaction. Shown as the dashed line in Fig. 12 is a calc
tion with the samedEq /dx50.01 GeV/fm but with a mean
free pathlq57 fm which is about the average total length
parton will travel through in a cylindrical system with a ra
dius of a Pb nucleus. Such a scenario of weak interaction
small energy loss is barely consistent with the systematic
the experimental data. It is clear that the largepT spectra in
Pb1Pb collisions at the CERN SPS energy can put v
stringent limits on the interaction of energetic partons w
dense medium and the induced energy loss. Assuming
model of simple parton scattering, nuclear broadening
parton energy loss, one can exclude from the observed
ron spectra a parton energy loss larger thandEq /dx50.01
GeV/fm and a mean free path shorter thanlq57 fm. This is
much smaller than the most conservative estimate of pa
energy loss in a dense medium@3–5#. According to the most
conservative estimate in Ref.@5#, a quark should still have an
energy lossdE/dx'0.2 GeV/fm in a cold nuclear matter o
10 fm in transverse size. Our constraint is 20 times sma
than this conservative limit, even though the dense matte
AA collisions should at least consist of hot hadronic mat
which is much denser than the normal cold nuclear matte
is interesting to point out that the effect of parton energy lo
due to initial state multiple scattering in Drell-Yan dilepto
production inpA collisions is recently studied experimen
tally by the E866 experiment@49# at the Fermilab. They
conclude that the data show essentially no energy loss e
after corrected for the nuclear shadowing of parton distri
tions. The upper limit on the energy loss from this expe
ment dE/dx,0.46(L/10 fm! GeV/fm is somewhat consis
tent with the conservative estimate by BDMPS@5# but is still
about 40 times larger than the limit we obtain in this ana
sis. This is because the pion spectra at the CERN SPS en

n

re

FIG. 12. Parton model calculations of single-inclusive spectra
p0 with different values of parton energy lossdEq /dx and mean
free pathlq in central Pb1Pb collisions atElab5158A GeV. The
experimental data are from Ref.@12#.
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XIN-NIAN WANG PHYSICAL REVIEW C 61 064910
are more sensitive to parton energy loss and the experime
errors are much smaller than that in the E866 experimen

There are several implications one can draw from t
analysis. Most of the recent theoretical estimates of pa
energy loss are based on a scenario of a static and infin
large dense parton gas. If the system produced in a ce
Pb1Pb collision only exists for a period of time shorter th
the interaction mean free path of the propagating parton,
then should not expect to see any significant parton ene
loss. Using the measured transverse energy produc
dET /dh'405 GeV@50# and a Bjorken scaling picture, on
can indeed estimate@13# that the lifetime of the dense syste
in central Pb1Pb collisions is only about 2 –3 fm/c before
the density drops below a critical value ofec'1 GeV/fm3.
Even if we assume that a dense partonic system is forme
central Pb1Pb collisions, this optimistic estimate of the life
time of the system could still be smaller than the mean f
path of the propagating parton inside the medium. Thus,
does not have to expect a significant effect of parton ene
loss on the final hadron spectra at largepT . Otherwise, it
will be difficult to reconcile the absence of parton ener
loss with the strong parton interaction which maintains
long-lived partonic system.

Another conclusion one can also make is that the de
hadronic matter which has existed for a period of time in
final stage of heavy-ion collisions does not cause any ap
ent parton energy loss or jet quenching. A highpT physical
pion from jet fragmentation has a very long formation tim
One does not have to worry about its scattering with ot
soft hadrons in the system which could cause suppressio
high pT pion spectra. We still do not understand the reas
why a fragmenting parton does not lose much energy whe
propagates through a dense hadronic matter. Howeve
might be related to the absence of energy loss to the qu
and antiquarks prior to Drell-Yan hard processes inp1A
and A1A collisions @49#. This observation will make je
quenching a better probe of a long-lived partonic ma
since one does not have to worry about the complicati
arising from the hadronic phase of the evolution. If one o
serves a dramatic suppression of highpT hadron spectra a
the BNL RHIC energy as predicted@2,8–10#, then it will
clearly indicate an initial condition very different from wha
has been reached at the CERN SPS energy.

V. PREDICTIONS AT RHIC: IMPORTANCE OF p¿A
EXPERIMENTS

As we have seen in the calculation of largepT particle
spectra inp1p( p̄) collisions, the initialkT smearing is most
important at low energies where the original particle spec
from jet production falls off very rapidly withpT . The effect
of kT broadening due to multiple parton scattering inp1A
collisions follows the same line. At higher energies (As
.50 GeV!, when the original jet spectra become much fl
ter, the effects of both the initial or intrinsickT and nuclear
kT broadening will become smaller, as we can clearly se
both our calculation and the experimental data in Figs. 8
5. At the BNL RHIC collider energy, the nuclear enhanc
ment of largepT spectra will then become smaller. Shown
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Fig. 13 are the calculated ratios of charged hadron spectr
p1Au over that inp1p normalized to the averaged numb
of binary nucleon collisions

RAB~pT![
dsAB

h /dyd2pT

^Nbinary&dspp
h /dyd2pT

, ~16!

where^Nbinary&5A for minimum-biased events ofp1A col-
lisions. We can see that the enhancement due to mult
parton scattering will not disappear at the RHIC ener
There is still about 20–50 % enhancement at largepT around
4 GeV/c. It then disappears very quickly at largerpT .

At the BNL RHIC energy,As5200 GeV, nuclear modi-
fication of the gluon distribution will become important fo
hadron spectra at largepT . Such modifications for quark
distributions have been measured in deeply inelastic lep
nucleus collisions@51#. However, the nuclear effects on th
gluon distribution have not been directly measured. In
calculation shown as the dashed line in Fig. 13 we have u
a recent parametrization of the nuclear modification fact
Sa/A(x,Q2) @Eq. ~8!# by Eskola, Kolhinen, and Salgado@51#
which is based on global fits to the most recent collection
data available and some model on nuclear modification
gluon distribution. This result is quite different from the ca
culation using theHIJING @15# parametrization. In the EKS98
parametrization, QCD evolution equation has been use
take into account theQ2 scale dependence of the nucle
modification which is absent in theHIJING parametrization.
Because of QCD evolution, the nuclear shadowing effect
small x become smaller with increasingQ2. This is why the
hadron spectrum inp1A collisions using the EKS param
etrization is larger than that using theHIJING parametrization.
The EKS98 parametrization also has a gluon antishadow
which is larger than any parametrizations before. Had
spectra in a largepT range at the BNL RHIC energy mainl
come from fragmentation of gluon jets. This is why th
EKS98 result in Fig. 13 is larger than that without nucle

FIG. 13. Predictions for the ratio of single charged hadron sp
tra in p1Au over p1p collisions normalized by the average num
ber of binary collisions~or A! at As5200 GeV. Different lines are
for different parametrizations of shadowing or nuclear modificat
of parton distributions.
0-10
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SYSTEMATIC STUDY OF HIGHpT HADRON SPECTRA . . . PHYSICAL REVIEW C 61 064910
modification of parton distributions~solid line! in the pT

range where antishadowing becomes relevant. In addit
the impact parameter dependence of the nuclear modifica
of parton distributions is not implemented in the calculati
using the EKS98 parametrization. Though the EKS98
rametrization has taken into account information ab
nuclear shadowing of gluon distribution from the measu
scale evolution of the structure functions of different nucl
such a procedure is also model dependent. The result
depend on whether one includes the higher gluon-den
terms in the QCD evolution equation. Before a direct m
surement of the nuclear effect on gluon distribution insid
nucleus, one should consider it one of the uncertaintie
predicting the hadron spectra inp1A collisions at the BNL
RHIC energy.

As pointed out in Sec. II, the shape of the nuclear mo
fication of hadron spectra at largepT is a result of multiple
parton scattering inside a nucleus and their correspon
absorptive corrections. The shape is remarkably simila
the nuclear modification of parton distributions. In fa
nuclear modification of parton distributions in smallx region
~shadowing and antishadowing! can be explained in a mul
tiple scattering model@52#. Therefore, one could have doub
counted the same effect if he includes both the Cronin ef
~or kT broadening! and nuclear modification of the parto
distributions in the calculation of hadron spectra inp1A
collisions. Given these uncertainties, it is therefore extrem
important to have a systematic study ofp1A collisions at
the BNL RHIC energy. Such an effort is pivotal to unrav
any other effects in the hadron spectra caused by the for
tion of dense partonic matter inA1A collisions.

Shown in Fig. 14 are predictions for the ratio of hadr
spectra in central Au1Au collisions over that inp1p @as
defined in Eq.~16!#, with and without parton energy loss. I
both cases, uncertainties in the nuclear modification of p
ton distributions are still important. If there is significa
parton energy loss in the dense medium at the BNL RH
energy, leading hadrons from jets which are produced in
center of a overlapped region will be suppressed. As we
see this is where the Cronin effect and the effect of nuc
modification of parton distributions are the strongest. This
why the relative uncertainty caused by nuclear parton dis
butions is reduced compared to the case when there i
parton energy loss. In the calculations, we also included p
sible contribution to hadron production from soft proces
at low pT as implemented in Ref.@10#. When hadrons from
hard parton scattering are suppressed, these soft cont
tions might become dominant at intermediatepT . This is
why the spectra ratio increases again whenpT,2 GeV/c in
Fig. 14. The spectra at lowerpT could also be broadened du
to the rescattering effect which also drives the system
local equilibrium. We should emphasize that the soft parti
spectra we use here are extremely schematic and qualita
This is another uncertainty one should keep in mind wh
could affect the shape of spectra at intermediatepT . Never-
theless, the spectra at largepT is most sensitive to parton
energy loss in dense medium. Therefore, one should s
hadron spectra inp1A very carefully and pin down the un
certainty due to multiple scattering and parton~anti!shadow-
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ing as much as possible. Only then one can draw more
curate conclusions about parton energy loss from the sin
inclusive hadron spectra in heavy-ion collisions at the BN
RHIC energy.

VI. CONCLUSIONS AND DISCUSSIONS

In this paper, we have analyzed systematically largepT
hadron spectra inp1p, p1A, and A1A collisions from
CERN SPS to BNL RHIC energies within a QCD-inspire
parton model. We found that both the initialkT in p1p
collisions and thekT broadening due to multiple parton sca
tering in p1A collisions are important to describe the e
perimental data within the model calculations. The value
initial kT in order to fit the data is found to be larger than t
conventional value of 300–500 MeV for intrinsickT accord-
ing to the uncertainty principle. This finding is also cons
tent with analysis of Drell-Yan data@31# and recent study
@25# of direct photon and pion production at around CER
SPS energy range. In both studies, one found that an intri
kT of the order of 1 GeV/c is needed to describe the da
within NLO parton model calculations. Since we only us
LO PQCD calculation, we have to introduce someQ2 depen-
dence of the initialkT induced by initial-state radiation pro
cesses in order to fit the experimental data at low colli
energies. This QCD-inspired parton model with phenome
logically included intrinsickT describes very well the energ
and isospin dependence of the hadron spectra.

The QCD-inspired parton model calculation can also
scribe the largepT pion spectra in heavy-ion collisions at th
CERN SPS energies very well, both theA or centrality and

FIG. 14. Predictions for the ratio of single charged hadron sp
tra in central Au1Au over p1p collisions normalized by the av
erage number of binary collisions atAs5200 GeV. Different lines
are for different parametrizations of shadowing or nuclear mod
cation of parton distributions. The upper set of lines is witho
parton energy loss and the lower set is with parton energy
dEq /dx50.25 GeV/fm and mean free pathlq52 fm.
0-11
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XIN-NIAN WANG PHYSICAL REVIEW C 61 064910
energy dependence. There is no evidence of proposed p
energy loss caused by dense partonic matter. Based on r
theoretical estimates@3–5# of parton energy loss in dens
partonic matter, one should expect a parton energy loss in
order ofdE/dx;224 GeV/fm. The absence of such ener
loss in largepT hadron spectra implies that either there is
such dense partonic matter formed or the lifetime of su
medium is smaller than the mean free path of the par
interaction inside such a medium. It also tells us that
hadronic matter which must have existed for a period of ti
in heavy-ion collisions at the CERN SPS will not cause a
parent energy loss or jet quenching effect. Therefore, if
observes suppression of highpT hadrons at the BNL RHIC
energy, it will unambiguously reflect an initial condition ve
different from what has been achieved at the CERN SPS

As pointed out in a recent paper by Gyulassy and Le
@17#, even though theHIJING @15# Monte Carlo model fails to
reproduce the hadron spectra inp1p, p1A, and S1S ~and
S1Au) data at the CERN SPS energy, it accidentally rep
duces the central Pb1Pb data very well because som
unique form of transverse momentum kick introduced
HIJING to the end-points of strings each time they suffer
interaction. A hydrodynamic model calculation@53# with
significant transverse expansion can also be used to fit
high pT hadron spectra. So one should wonder how one
make sure that the highpT hadron production inA1B col-
lisions is indeed dominated by hard parton scattering. As
have proposed earlier@13,54#, measurement of two-particl
correlation in azimuthal angle in the transverse plane sho
be able to distinguish these models from parton model. In
parton model, jets are always produced in pairs and back
back in the transverse plane. HighpT particles from jet frag-
mentation should then have strong back-to-back correlat
Neither hydrodynamical model nor multiple scattering
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string end-points can give such correlation. If such corre
tion is seen, one can then study thepT dependence of the
correlation to find out at whatpT value the correlation dis-
appears. One can then at least quantify above whatpT value
thermal-hydro model can be ruled out as the underlying p
ticle production mechanism. Such a study is underway
will be reported elsewhere.

At the BNL RHIC energy, things will become a little
cleaner. As pointed out by Gyulassy and Levai@17#, most of
hadron production at largepT will be dominated by gluon
production and are not influenced by the fate of strings
valence quarks~except net baryons!. The spectra should be
more sensitive to parton energy loss. Moreover, the had
spectra inp1A andA1A collisions without parton energy
loss will have a unique shape similar to those shown in F
13 at high energies which cannot be fully revealed at
CERN SPS energies. This unique shape will be hard to
plain by any thermal-hydrodynamic models. However, as
have demonstrated in the previous section, there are
some uncertainties related to nuclear modification of par
distributions. It is therefore very important to have a syste
atic study ofp1p, p1A, andA1A collisions at the BNL
RHIC energy in order to make more quantitative conclusio
about parton energy loss in dense medium from the sin
hadron spectra at largepT .
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