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Interplay of soft and hard processes and hadronpT spectra in pA and AA collisions
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Motivated by a schematic model of multiple parton scattering within the Glauber formalism, the transverse
momentum spectra inpA andAA collisions are analyzed in terms of a nuclear modification factor with respect
to pp collisions. The existing data at the CERN Super Proton Synchrotron energies are shown to be consistent
with the picture of Glauber multiple scattering in which the interplay between soft and hard processes and the
effect of absorptive processes lead to nontrivial nuclear modification of the particle spectra. Relative to the
additive model of incoherent hard scattering, the spectra are enhanced at largepT ~hard! by multiple scattering
while suppressed at lowpT ~soft! by absorptive correction with the transition occurring at around a scalep0

;122 GeV/c that separates soft and hard processes. Around the same scale, thepT spectra inpp collisions
also change from an exponential form at lowpT to a power-law behavior at highpT . At very largepT@p0, the
nuclear enhancement is shown to decrease as 1/pT

2 . Implications of these nuclear effects on the study of jet
quenching, parton thermalization, and collective radial flow in high-energyAA collisions are discussed.

DOI: 10.1103/PhysRevC.64.034901 PACS number~s!: 11.80.La, 25.75.2q, 12.38.Mh, 24.85.1p
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I. INTRODUCTION

Hadron yields, spectra and correlations have been the
cus of many experiments in relativistic heavy-ion collision
They provide a snapshot of the state of matter when had
stopped interacting with each other, a stage often referre
as freeze-out in heavy-ion collisions. One can then infer
condition in the early stage prior to the freeze-out. Suc
procedure relies crucially on our understanding of the
namical evolution of the system. On the other hand, kno
edge of the initial condition at the beginning of thermaliz
tion will also help one to unravel the history of evolutio
This is especially the case when a complete thermaliza
cannot be achieved in certain regions of phase space~large
pT , for example!. Therefore, it is important to study th
hadron spectra inp1p andp1A collisions that will help us
to understand the initial condition of the dense matter
high-energy heavy-ion collisions.

Hadron production at large transverse momentum inp
1p collisions is relatively well understood within the pertu
bative QCD ~PQCD! parton model. Because of the larg
transverse momentum scale, the hard parton-parton sca
ing processes can be calculated in PQCD, while the non
turbative effects can be factorized into universal parton d
tributions and parton fragmentation functions. These par
distributions and fragmentation functions can be indep
dently measured in deep-inelastic electron-nucleon sca
ing, e1e2 annihilation, and other processes. The calcula
inclusive hadron spectra either in leading order@1# or next-
to-leading order@2# agree very well with experimental data

In pA collisions, one should take into account multip
scatterings inside the nucleus. Because of the interfere
effect, these multiple scatterings will give rise to differe
A-scaling behavior of the spectra at different values ofpT .
Generalizing toAA collisions, one should expect similar be
havior for the spectra of initially produced partons. The
produced partons would undergo further interactions, po
bly leading to thermalization~or partial thermalization! and
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expansion, which would be reflected in the final hadron sp
tra. Therefore, one should understand first the nuclear m
fication of the hadron spectra fromp1p to p1A and toA
1A due to initial multiple scattering. Only then can on
reliably extract information about the freeze-out condition
e.g., temperature and flow velocity@3,4#, and parton energy
loss @5# from the final hadron spectra.

In this paper, we will analyze the nuclear modification
the hadronpT spectra inp1A collisions motivated by a
schematic model of multiple parton scattering in which c
herence and absorptive corrections are included via
Glauber multiple scattering formalism. Multiple scatterin
generally enhance the largepT spectra relative to the additiv
model of hard scattering. It can be shown@6# that absorptive
corrections and the power-law behavior of perturbative p
ton cross section are the main reasons why the nuclear
hancement at highpT decreases as 1/pT

2 . We will also show
that the same absorptive processes suppress the spectra
tive to the additive model at lowpT , where soft processe
dominate and thepT spectra deviate from a power-law be
havior. By analyzing the experimental data in terms of t
proposed nuclear modification factor, we can phenome
logically determine thepT scale that separates soft and ha
processes by the transition from nuclear suppression
nuclear enhancement of thepT spectra.

II. MULTIPLE PARTON SCATTERING IN p¿A
COLLISIONS

Multiple hard parton scatterings in QCD are considered
high-twist processes and their contributions to the cross
tion of hadronic collisions are generally suppressed by 1/Q2,
whereQ is the momentum scale of the processes. The co
ficients of the these contributions are generally related to
multiple parton correlation functions inside a hadron@7#. In
collisions involving a nucleus, such high-twist contributio
are enhanced byA1/3 due to the large nuclear size. For ce
tain quantities like the transverse momentum imbalance
©2001 The American Physical Society01-1
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ENKE WANG AND XIN-NIAN WANG PHYSICAL REVIEW C 64 034901
dijets in photon-nucleus collisions@8#, parton energy loss in
deep-inelastic lepton-nucleus scattering@9#, broadening of
the jet transverse momentum in deep-inelastic lepton-nuc
scattering@10#, and Drell-Yan pairs inp1A collisions @11#,
these high-twist terms are the leading contributions. Ho
ever, such QCD treatment of multiple parton collisions is
far limited to the parton level and has not yet been exten
to hadron spectra. In this paper, we will use instead a sc
matic Glauber model@12# of multiple parton scattering to
motivate our analysis.

Let us denotehiN
j as the differential cross section for

parton-nucleon scatteringi 1N→ j 1X,

hiN
j 5(

b,c
E dxbf b/N~xb!

ŝ

p

dŝ ib→ jc

d t̂
d~ ŝ1 t̂1û!, ~1!

where f b/N(xb) is the parton distribution function inside
target nucleon,ŝ, t̂ , and û are Mandelstam variables, an
dŝ ib→ jc /d t̂ are the differential parton-parton cross sectio
In terms ofhiN

j , we define the effective parton-nucleon tot
cross section as

s iN~pi !5
1

2 (
j
E d3pj

Ej
hiN

j ~pi ,pj !, ~2!

and the differential nucleon-nucleon cross section for par
production as

E
dsNN

j

d3p
5(

i
E dxi

xi
f i /N~xi !hiN

j ~pi ,p!. ~3!

The effective parton-nucleon and nucleon-nucleon cross
tions are only finite after one introduces some effective
frared cutoff in the parton-parton scattering processes.
will discuss this cutoff later. Following the approach by Re
@12,6#, in which the Glauber approximation is used for mu
tiple parton scattering, one can find the parton spectra inpA
collisions up to double scattering approximation as

E
dsNA

j

d3pd2b
'E

d3sNN
j

d3p
TA~b!1

1

2
TA

2~b!(
i
E dxi

xi
f i /N~xi !

3F(
k
E d3pk

Ek
hiN

k hkN
j 2~s iN1s jN!hiN

j G , ~4!

whereTA(b) is the nuclear thickness function with norma
ization *d2bTA(b)5A. We take the nucleus to be a ha
sphere of radiusr A5r 0A1/3 with r 051.14 fm. One can then
obtain the ratio of the differential cross sections ofN1A
→ j 1X andN1N→ j 1X,
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RA[
Ed3sNA

j /d3p

AEd3sNN
j /d3p

511
9A1/3

16pr 0
2EdsNN

j /d3p
(

i
E dxi

xi
f i /N~xi !

3F(
k
E d3pk

Ek
hiN

k hkN
j 2~s iN1s jN!hiN

j G . ~5!

Compared to the additive model of parton scattering wh
givesRA51, the second term in the above equation gives
the nuclear modification of the parton spectrum due to m
tiple parton scattering inside a nucleus. This term conta
contributions from both the double parton scattering and
absorptive correction to the single scattering processes.
tice that the absorptive contribution at this order is negati
As we will demonstrate, it is the cancellation by the abso
tive correction that leads to many interesting and nontriv
features of the nuclear modification of the particle spectr

III. NUCLEAR MODIFICATION: A SCHEMATIC STUDY

As a demonstration of the consequences of multiple p
ton scattering, absorptive correction and the resultant in
play between low and highpT behavior of the particle spec
tra in pA collisions, we illustrate the nuclear modification o
parton spectra in a schematic model. Assuming part
hadron duality, the conclusions can be applied qualitativ
to hadron spectra.

For a schematic study, let us assume that all partons
identical and the differential parton-nucleon cross secti
have a simple regularized power-law form inpT ,

hiN
j [h~pT!5

C

~pT
21p0

2!n
~ uyu,DY/2!, ~6!

with the total parton-nucleon cross section

s iN[s5E dyd2pT

C

~pT
21p0

2!n
5

pDYC

~n21!p0
2n22

. ~7!

Such a form is motivated by the fact that both the PQC
calculation and experimentally measured differential jet p
duction cross sections show such a power-law behavior.
parameterp0 is introduced as an infrared cutoff. It can b
regarded phenomenologically as a scale that separates
and hard processes, because forpT,p0 the parton spectra
deviate significantly from a power-law behavior.

Using this schematic parton-nucleon cross section,
nuclear modification factor can be simplified as

RA511
9

16
A1/3

s

pr 0
2 H ~n21!

p S 11
pT

2

p0
2D n

3E d2yT~11yT
2!2n@11~pW T /p02yW T!2#2n22J .

~8!
1-2
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INTERPLAY OF SOFT AND HARD PROCESSES AND . . . PHYSICAL REVIEW C64 034901
This modification factor as a function ofpT /p0 for different
values ofn is shown in Fig. 1, where we plotRA21 in units
of the modification strength 9A1/3s/(16pr 0

2). One can also
evaluate the nuclear modification factor analytically at t
different limits of pT ,

RA511
9

16
A1/3

s

pr 0
2 F 2n2

n22

p0
2

pT
2

1OS p0
4

pT
4D G

~pT@p0!,

RA511
9

16
A1/3

s

pr 0
2 F2

3n21

2n21
1

n~n21!~2n13!

2~4n221!

pT
2

p0
2

1OS pT
4

p0
4D G ~pT!p0!. ~9!

As one can see from both Fig. 1 and the above asympt
behavior, the parton spectra are enhanced at largepT due to
contribution from double scattering. However, due to t
cancellation by the absorptive correction to the single s
tering, the enhancement decreases asp0

2/pT
2 at largepT . This

asymptotic behavior will never occur if one does not inclu
the absorptive corrections which are embedded in
Glauber formalism employed in this model. At lowpT , con-
tributions from double scattering become smaller than
absorptive correction, so that the effective parton spectra
reduced (RA,1) relative to the additive model. For ver
large values of thepp cross section and the size of th
nucleusA, we notice that the modification factorRA could
become negative in Eq.~9! at pT50, signaling the break-
down of the double scattering approximation. In this ca
one would have to include triple and other multiple scatt
ings. One can show along the same line as the double s
tering, the contribution from the sum of triple scattering a
the corresponding absorptive correction is positive atpT50
and is proportional to (A1/3s)2. Assuming one can exponen

FIG. 1. The nuclear modification factor as a function ofpT for
different values ofn in a schematic model of multiple parton sca
tering with a simple form of parton-nucleon cross section 1/(pT

2

1p0
2)n.
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tiate the sum of all multiple scatterings and absorptive c
rections, the modification factor atpT50 would take the
form

RA~pT50!'
1

AsE d2b@12e2csTA(b)#. ~10!

In this regime, the absorptive parts dominate andRA
}1/A1/3. This is consistent with the wounded nucleon mod
for soft particle production. The coefficientc<1 is a result
of partial cancellation by contributions from multiple scatte
ing.

It is clear that the shape of the nuclear modification of
inclusive spectra results from the interplay between multi
scattering and absorptive corrections. This is especially
at low pT . Even though it gives the apparent broadening
the effective spectra inpA relative topp collisions, the un-
derlying physics is very different from the random-wa
model @13# for the pT broadening of soft hadrons. One ca
expect the same behavior inA1A collisions if there is no
additional nuclear effect, such as final state rescattering o
quenching due to radiative parton energy loss. Analyzing
experimental data in this framework with respect to t
above baseline behavior would allow one to identify a
study new effects caused by the presence of dense mat

Another important feature of the modification factor is
sensitivity to the form of particle spectra inpp collisions. At
low pT , its behavior is not very sensitive to the form o
differential parton-nucleon cross section. If a Gaussian fo
of the spectrum is used, the modification factor rema
roughly the same atpT;0. In contrast, the high-pT behavior
of the enhancement;1/pT

2 is strictly the consequence of th
power-law form of the parton-nucleon cross section. In fa
with a Gaussian form, the enhancement will increase withpT

2

exponentially. Therefore, the observed largepT behavior of
the Cronin enhancement@14# is consistent with the power
law form of the jet production cross section and with t
picture of multiple parton scattering inp1A collisions. The
nuclear modification factor at largepT also depends on the
powern of the pp spectra. Since the powern decreases with
energy, one should expectRA to decrease with energy. Thi
trend has been observed in experiments@15# in the energy
rangeAs520–40 GeV.

Overall the nuclear modification factorRA has nontrivial
and interestingpT dependence. It is smaller than 1 at lowpT
and larger than 1 at intermediatepT . The transition (RA

51) occurs at aroundpT;p0 /An;A^pT
2&. It approaches 1

again at very largepT@p0. The modification strength at bot
low and highpT is proportional to the size of the nucleus. A
we will see in the next section, this is qualitatively consiste
with the experimental data of inclusive hadron spectra inpA
collisions. Sincep0 is a momentum scale that set the onset
power-law-like spectra inpp collisions, one can consider it
scale separating soft and hard processes. According to
schematic model, one should be able to determine indep
dently this scale from the nuclear modification factor of t
hadron spectra.
1-3
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IV. ANALYSIS OF EXPERIMENTAL DATA

To facilitate the analysis ofpA andAA spectra in terms of
the nuclear modification factorRA , one needs to know the
pp spectra at the same energy. Since we will have to t
ratios of hadron spectra from different experiments with d
ferent pT bins, this can only be achieved by parametrizi
the baseline spectra. Shown in Fig. 2 are the measured n
tive hadron spectra@16,17# and the parametrization inpp
collisions atElab5200 GeV. We use a two-component p
rametrization

f ~pT!5C0e2mT /T01C
~122pT /As!a

~pT
21p0

2!n
. ~11!

The fit parameters are listed in Table I for different spectra
different energies. The parameters in the exponential fo
are mainly determined by the spectra belowpT,1 GeV/c
while those in the power-law form are mainly determined

FIG. 2. Negative hadron spectra inpp collisions at Elab

5200 GeV from Refs.@16,17# and the fit~solid line! according to
Eq. ~11! with fit parameters given in Table I. The dashed line is t
underlying exponential component. Theh0

2 is defined ash0
2

5(p11p2)/21K21 p̄. The upper inserted box shows the ratio
parametrizations~solid line! at Elab5158 and 200 GeV and the
corresponding PQCD parton model calculation~dot-dashed line!.
The lower box shows the ratio ofh2/p6 andh0

2/p6.
03490
e
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the largepT region. Shown as a dashed line is the contrib
tion from the exponential component. It is clear that atpT
.2 GeV/c, the spectrum is already dominated by t
power-law behavior. The power-law form we use for t
CERN-SPS energy range contains a factor (122pT /As)a

that is caused by the rapid decrease of quark distribution
largex;1. This factor will become negligible at higher en
ergies when 2pT /As!1.

In the original UA1 parametrization@18#, a power-law
form A0 /(pT1p0)n is used to fit the hadron spectra over
large range of energies. While this single power-law is s
ficient to fit the spectra forpT.0.2 GeV/c, an exponential
term is necessary to fit the spectra at low transverse mom
tum pT,0.2 GeV/c.

In order to compare to the spectra inpA and AA colli-
sions for near isospin symmetrical nuclei, the data shown
Fig. 2 at largepT are for ‘‘negative’’ hadrons with thep2

contribution being replaced by an isospin averaged va
h0

25(p11p2)/21K21 p̄. Since particle production a
large pT is dominated by the leading hadrons from valen
quark scattering and there are more upquarks than do
quarks in app system, one should see morep1 thanp2 at
largepT . Shown in the inserted box at the lower-left corn
are the ratios ofh2/p6 and h0

2/p6 @p65(p11p2)/2#.
Note that h2/p6 decreases withpT as expected while
h0

2/p6 remains relatively constant. At lowpT , h2 andh0
2

are approximately the same within a few percent accura
This isospin dependence can be described well by the PQ
parton model@23#. With h0

2 and h2, one will be able to
estimate the isospin effect inpA and AA collisions. In the
inserted box at the upper-right corner we also plot the ra
of the hadron spectra inpp collisions atElab5158 and 200
GeV. Since there are no experimental data forpp collisions
at Elab5158 GeV, we parametrize the spectrum atElab
5158 GeV to fit the ratio~dot-dashed line! obtained from a
PQCD parton model calculation@23#.

At the BNL Relativistic Heavy-ion Collider~RHIC! en-
ergy, we expect the power-law contribution to become m
important. Shown in Fig. 3 is the charged hadron spectrum
pp̄ collisions atAs5200 GeV@18# and the parametrization
The power law is indeed more prominent than at the CER
SPS energy. It becomes dominant already at aroundpT
51.5 GeV/c. There is a general trend that bothp0 andn of
the power-law component decrease with colliding ener
However, the underlying exponential term remains the sa

With these parametrizations of hadron spectra inpp col-
lisions, we can analyze the hadron spectra inpA and AA
collisions in terms of a nuclear modification factor which
defined in general as
9
2
9
2

TABLE I. Fit parameters of the hadron spectra inpp collisions.

C0 (mb GeV22) T0 ~MeV! C (mb GeV22) a p0 (GeV/c) n

h2(pp,Elab5158 GeV) 169.6 154 24565 9.3 2.43 6.2
h0

2(pp,Elab5200 GeV) 174.7 154 13653 9.1 2.27 6.2
h2(pp,Elab5200 GeV) 174.7 154 17653 9.8 2.27 6.2
p6(pp,Elab5200 GeV) 150.3 154 13653 9.1 2.37 6.2

h6(pp̄,As5200 GeV) 440 154 653 0 1.75 4.98
1-4
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RAB~pT!5
dsAB /dyd2pT

^Nbinary&dsNN /dyd2pT

~12!

for AB collisions, wherê Nbinary&5*d2bTAB(b) is the num-
ber of binary collisions averaged over the impact-param
range of the corresponding centrality. HereTAB(b) is the
nuclear overlap function forAB collisions at impact param
eter b. For minimum-biased events,^Nbinary&5AB. For the
purpose of the study in this paper, we will select event c
trality according to the geometrical cross sections.

Shown in Figs. 4 and 5 are the nuclear modification f
tors for hadron spectra inpA andAB collisions with differ-
ent centralities at CERN-SPS energies. One can see that
pA and AB data have features very similar to those sho
by the schematic model. The nuclear modification factors
smaller than 1 at lowpT . According to Eq.~10!, the modi-
fication factor atpT50, RAB(0), should decrease with in
creasing nuclear size. This is indeed seen in the data. ApT
increases,RAB also increases and becomes larger than 1
about pT5122 GeV/c. According to the physical picture
depicted by the schematic model, this momentum scale
resents the onset of hard processes underlying the ha
spectra. The increase ofRAB is then due to the onset of th
hard component of incoherent parton scattering underly
the hadron production mechanism aspT increases. The dat
then indicate that atpT5122 GeV/c, the hard componen
becomes completely dominant. Indeed, such a value is
sistent with the momentum scale around which the had
spectra inpp collisions begin to be dominated by a powe
law behavior of hard parton scatterings. In principle, t
nuclear modification factor should peak at intermediate v
ues ofpT and decrease again to approach 1 at very largepT .
However, atpT54 GeV/c, one is already close to the k

FIG. 3. Charged hadron spectra inpp̄ collisions at As
5200 GeV from Ref.@18# and the fit~solid line! according to Eq.
~11! with fit parameters given in Table I. The dashed line is t
underlying exponential component and the dot-dashed line is
power-law component.
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netic limit of As/2 at the CERN-SPS energy. Near the kine
limit the spectra become sensitive to other nuclear effe
such as the Fermi motion that will increase the parton dis
bution function atx;1, leading to increase ofRAB again. In
pA collisions at the RHIC energy, one will certainly see t
decrease ofRA again at largepT@2 GeV/c.

The increase of the nuclear modification factor withpT
due to the onset of hard parton scatterings appears very s
lar to the broadening of hadron spectra due to collective
dial flow in a hydrodynamic picture. If there are strong i
teractions among partons in the early stage and hadron
the late stage of heavy-ion collisions, the system will
driven to local thermal equilibrium. The information of in

e

FIG. 4. The nuclear modification factorRAB(pT) for hadron
spectra inpA and AB collisions atElab5200 GeV. The data are
from Refs.@16,17,19#.

FIG. 5. The nuclear modification factorRAB(pT) for hadrons in
AB collisions atElab5158 GeV. The data are from Refs.@20–22#.
The line is the PQCD parton model calculation.
1-5
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ENKE WANG AND XIN-NIAN WANG PHYSICAL REVIEW C 64 034901
tial multiple parton scattering contained in the initial part
spectra could be partially or completely erased by the th
malization. Collective flow then will be developed and ha
ron spectra will become broader than inpp and pA colli-
sions due to the boost by a collective flow velocity@24#.
Such an effect essentially will also increaseRAB as a func-
tion of pT . The question is how one can distinguish the
two apparently different dynamics that produce the same
nal hadron spectra. Mass dependence of the hadron sp
has been proposed as a unique measure of the collective
effect in heavy-ion collisions@25#. Since a collective flow
provides a common velocity boost for all particles, hea
particles will then acquire more transverse momentum in
nonrelativistic region (pT&mh). One then should see a linea
mass dependence of the slope parameter from an expone
fit of the measured hadron spectra@25#. In the current parton
model @23#, one cannot exclude the mass dependence of
nuclear modification factor. It is therefore important to p
form the current analysis for different hadron species inpp
and pA collisions to find out whether nuclear modificatio
factors have a mass dependence. Only then can one fin
whether there is complete or partial thermalization and
what extent the effect of initial multiple parton scatterin
has survived the final state interaction and contributed to
apparent collective radial flow.

V. HIGH pT SPECTRA AND PARTON ENERGY LOSS

Since the interaction for an energetic parton inside a m
dium is dominated by small angle forward scatterings, th
malization will be less complete for highpT partons. Hydro-
dynamic description will then become less relevant. La
pT hadron spectra will be determined by how an energ
parton propagates inside the medium. Since the largepT had-
ron spectra are calculable in the pQCD parton model, t
are good probes of the parton dynamics in dense matter.
nuclear modification factor at largepT is a convenient and
efficient way to determine the effects of the final state int
action of energetic partons inside a medium.

To demonstrate whether the experimental data at
CERN-SPS are consistent with the picture of multiple par
scattering, we also plot in Fig. 5 the PQCD-inspired par
model calculation of the nuclear modification factor@23#. In
such a model, one extends the collinear factorized pa
model to include intrinsic transverse momentum and
broadening due to multiple scattering in nuclear matter. T
value of the intrinsic transverse momentum and its nuc
broadening are adjusted once and the model can repro
most of the experimental data inpp andpA collisions @23#.
In AA collisions, the effect of parton energy loss is mode
by the modification of parton fragmentation functions@26# in
which the distribution of leading hadrons from parton fra
mentation is suppressed due to parton energy loss. We
not describe the model here and refer readers to Ref.@23# for
detail. We note that the behavior of the nuclear modificat
factor at pT.2.0 GeV/c in Pb1Pb collisions is well de-
scribed by the model without any additional final state m
dium effect such as the parton energy loss or jet quench
@5#. Since the PQCD parton model cannot deal with s
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processes, the calculations are only reliable forpT

.2 GeV/c. ThepT broadening due to multiple parton sca
tering is essential to account for thepT dependence of the
nuclear modification factor. Different variations of the part
model studies@27# give the same conclusion. Such a go
agreement is not just a coincidence. The calculated abso
differential cross section for different colliding system
~S1S, S1Au, and Pb1Pb! and for different centralities also
agree well with the experimental data@23#. Shown in Fig. 6
are the calculated nuclear modification factors forp0 spectra
in Pb1Pb collisions with different centrality cuts, assumin
no parton energy loss. Though thepT dependences of the
modification factors are similar, the magnitudes increa
with centrality. The impact-parameter ranges for differe
centralities are determined by the fractions of geometr
nuclear cross sections.

Recent theoretical studies of parton propagation in
dense medium predict a substantial parton energy loss du
induced gluon radiation as the parton interacts with the de
medium@28–32#. If a dense medium is produced in heav
ion collisions, largepT jets will lose energy as they propa
gate through the medium. This will lead to suppression
large pT hadrons@5#. However, as shown by Fig. 5, the ex
perimental data of central Pb1Pb collisions at the CERN-
SPS are consistent with the picture of initial multiple part
scattering without any parton energy loss in the final sta
Careful analysis of the data against the PQCD parton mo
can actually exclude effects of any significant amount of p
ton energy loss in central Pb1Pb collisions at the CERN-
SPS@33#. To be consistent with the current theoretical es
mates of parton energy loss in a dense medium, these
imply that the initial energy density would be small and t
lifetime of the dense system is very short in Pb1Pb colli-
sions at the CERN-SPS. On the other hand, preliminary d
from RHIC experiments@34# have shown significant sup
pression of highpT hadron spectra. Combined with the nu
results on hadron suppression in heavy-ion collisions at
CERN-SPS, RHIC data would imply the onset of parton e
ergy loss due to the increasing initial energy density and
lifetime of the dense system created in heavy-ion collisio
at RHIC energies. Study of the nuclear modification fact
for hadron spectra at largepT will help to determine the

FIG. 6. The predicted nuclear modification factorRAB(pT) for
p0 spectra in Pb1Pb collisions atElab5158 GeV with different
centrality cuts.
1-6
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average parton energy loss in the medium produced
heavy-ion collisions@5#.

The nuclear modification factor will also help us to u
derstand the energy dependence of the parton energy
Earlier theoretical studies@28–30# gave a constant or a
weakly energy-dependent parton energy lossdE/dx. How-
ever, more recent studies in an opacity expansion appro
@31,32# predict a stronger energy dependence fordE/dx
when the parton energy is small (E,10m, m being the De-
bye screening mass in the medium!. Parametrization of the
numerical results of Ref.@31# gives dE/dx}E1.5/(10
1E)1.25 for m50.5 GeV. The coefficient depends linear
on the initial parton density and the system size. This fo
has a strong energy dependence forE&10 GeV and a weak
dependence at largeE.

Shown in Fig. 7 are the nuclear modification factors c
culated in a PQCD parton model@23# for different forms of
parton energy loss. The nuclear modification factor is s
pressed to become smaller than 1 for nonvanishing pa
energy loss. For a constantdE/dx, the modification factor
increases withpT after the initial drop. This is because th
constant energy loss becomes relatively less important
higher initial parton energy. For asymptotically largepT , the
finite and constant energy loss would become negligible
the modification factorRAB would approach 1. However, fo
an energy loss that has a strong energy dependence
shape of the modification factor is very different. If this is t
case, the energy loss for a parton in the smallpT region is
still very small and only becomes sizable at largepT . Con-
sequently, the effect of energy loss is also very small. T
modification factor will then increase, following the trend
the initial parton spectra due to the transition from soft
hard scatterings. However, when larger energy loss sets
higher pT , the hadron spectra are strongly suppressed le
ing to much smaller values ofRAB . We should note that the
dE/dx used in these calculations is only representative o
value averaged over the entire evolution of the dense sys
Since the energy loss is directly proportional to the par
density of the medium which decreases very fast due to ra

FIG. 7. The parton model calculation of nuclear modificati
factor RAB(pT) for hadrons in central Au1Au collisions at As
5130 GeV with different forms of parton energy loss.lq is the
value of mean free path for a propagating quarks used in the ca
lation.
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expansion, a small averageddE/dx still corresponds to large
initial energy loss and large initial parton density.

Similar to the interplay between soft and hard proces
in the initial parton production, there should also be a smo
transition between effects of hydrodynamic evolution at lo
pT and parton energy loss at highpT . The hydrodynamic
picture is relevant only if there is local thermalization, whic
is more likely for low pT partons. It breaks down for very
largepT partons because the small angle scatterings in Q
are not sufficient to bring these partons in equilibrium w
the rest of the system. These highpT partons will suffer
energy loss as they propagate through the medium leadin
suppression of largepT hadrons. However, at intermedia
pT , one cannot neglect the effect of partial thermalization
the detailed balance. For example, one should consider
gluon absorption and radiation by a propagating parton.
far all theoretical studies have only considered gluon rad
tion. If gluon absorption is also included, the effective part
energy loss will be reduced@35#. Since the effect of gluon
absorption will be small for high energy partons (pT@T, T
being the temperature of the thermal medium!, the absorp-
tion will further increase the energy dependence of the eff
tive parton energy loss. ThepT dependence of the nuclea
modification factorRAB(pT) at intermediatepT will then
provide useful information about the thermalization of t
dense medium.

VI. CONCLUSIONS

In this paper we have proposed to analyze the had
transverse momentum spectra in terms of the nuclear m
fication factorRAB(pT) which is defined in such a way that
naive additive model of incoherent hard parton scatter
would giveRAB51. We demonstrated in a schematic mod
of Glauber multiple parton scattering that the modificati
factor RAB(pT) has a nontrivialpT dependence due to th
absorptive processes and the interplay between soft and
parton scattering, excluding final state scatterings. Beca
of the absorptive processes, the hadron production at s
pT;0 is coherent and the hadron spectra inAB collisions
are proportional to the number of participant nucleons, le
ing to RAB,1. At large pT the hard parton scatterings be
come incoherent. Multiple parton scatterings then enha
the hadron spectra so thatRAB.1. The momentum scalep0
at which the transition occurs@RAB(p0)51# can be identi-
fied as the scale that separates soft and hard processes u
lying both pp and AB collisions. Analyses of the existing
experimental data onpp, pA, and AB collisions indicate
that p0'122 GeV/c.

We pointed out that such analyses of future experime
data are important to study the effect of final state inter
tions. At low pT , collective radial flow from hydrodynamic
expansion gives similarpT dependence ofRAB . Disentan-
gling the effects of initial multiple scattering and the rad
flow would require a careful study of the modification fact
in pA collisions, especially its dependence on the had
mass. At largepT , parton energy loss will lead to suppre
sion of the hadron spectra. Experimental measuremen
RAB will provide important information on the initial parton

u-
1-7



er

on
.

ar
-
a

-
bu
o

n

y-

se

ut
was
ce

ar
ion
der
al

os.

ENKE WANG AND XIN-NIAN WANG PHYSICAL REVIEW C 64 034901
density that is produced in heavy-ion collisions. At the int
mediatepT , we have shown that thepT dependence ofRAB
is sensitive to the energy dependence ofdE/dx. This in turn
is related to gluon absorption by the propagating part
reflecting the detailed balance in an equilibrating system

Although experimental data at the CERN-SPS@33# do not
indicate any sign of parton energy loss, recent prelimin
experimental data from RHIC@34# show significant suppres
sion of largepT hadrons. Detailed studies of the nucle
modification factorRAB(pT) over the whole range ofpT in
both pA and AA collisions, will help us not only to deter
mine the parton energy loss or the initial parton density
also to find out the degree of thermalization and radial c
lective flow. Recent studies@36# also pointed out that parto
energy loss can also lead to azimuthal anisotropy in highpT
hadron spectra which is significantly different from hydrod
r-

J

y

or

03490
-

s
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namic behavior. A combination of studies onRAB and the
azimuthal anisotropy at highpT will provide a window to the
initial condition and dynamics of early evolution of the den
matter that was never possible before.
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