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Motivated by a schematic model of multiple parton scattering within the Glauber formalism, the transverse
momentum spectra ipA 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 qildhged by multiple scattering
while suppressed at lowy (soft) by absorptive correction with the transition occurring at around a ggale
~1-2 GeV/c that separates soft and hard processes. Around the same scale siectra inpp collisions
also change from an exponential form at lpwto a power-law behavior at highy . At very largept>p, the
nuclear enhancement is shown to decrease [é Implications of these nuclear effects on the study of jet
guenching, parton thermalization, and collective radial flow in high-enAmy\collisions are discussed.
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[. INTRODUCTION expansion, which would be reflected in the final hadron spec-
tra. Therefore, one should understand first the nuclear modi-
Hadron yields, spectra and correlations have been the fdication of the hadron spectra frop+p to p+A and toA
cus of many experiments in relativistic heavy-ion collisions.+A due to initial multiple scattering. Only then can one
They provide a snapshot of the state of matter when hadrorreliably extract information about the freeze-out conditions,
stopped interacting with each other, a stage often referred te.g., temperature and flow velocit,4], and parton energy
as freeze-out in heavy-ion collisions. One can then infer thdoss[5] from the final hadron spectra.
condition in the early stage prior to the freeze-out. Such a In this paper, we will analyze the nuclear modification of
procedure relies crucially on our understanding of the dythe hadronp; spectra inp+A collisions motivated by a
namical evolution of the system. On the other hand, knowlschematic model of multiple parton scattering in which co-
edge of the initial condition at the beginning of thermaliza-herence and absorptive corrections are included via the
tion will also help one to unravel the history of evolution. Glauber multiple scattering formalism. Multiple scatterings
This is especially the case when a complete thermalizatiogenerally enhance the large spectra relative to the additive
cannot be achieved in certain regions of phase sflacge = model of hard scattering. It can be sho{#} that absorptive
pr, for example. Therefore, it is important to study the corrections and the power-law behavior of perturbative par-
hadron spectra ip+p andp+ A collisions that will help us  ton cross section are the main reasons why the nuclear en-
to understand the initial condition of the dense matter inhancement at high; decreases asf?. We will also show
high-energy heavy-ion collisions. that the same absorptive processes suppress the spectra rela-
Hadron production at large transverse momentunpin tive to the additive model at oy, where soft processes
+ p collisions is relatively well understood within the pertur- dominate and thg; spectra deviate from a power-law be-
bative QCD (PQCD parton model. Because of the large havior. By analyzing the experimental data in terms of the
transverse momentum scale, the hard parton-parton scattgroposed nuclear modification factor, we can phenomeno-
ing processes can be calculated in PQCD, while the nonpefegically determine the scale that separates soft and hard
turbative effects can be factorized into universal parton disprocesses by the transition from nuclear suppression to
tributions and parton fragmentation functions. These partomuclear enhancement of tipg spectra.
distributions and fragmentation functions can be indepen-
dently measured in deep-inelastic electron-nucleon scatter-
ing, e"e~ annihilation, and other processes. The calculated
inclusive hadron spectra either in leading orfEf or next-
to-leading ordef2] agree very well with experimental data. ~ Multiple hard parton scatterings in QCD are considered as
In pA collisions, one should take into account multiple high-twist processes and their contributions to the cross sec-
scatterings inside the nucleus. Because of the interferengimn of hadronic collisions are generally suppressed )1/
effect, these multiple scatterings will give rise to differentwhereQ is the momentum scale of the processes. The coef-
A-scaling behavior of the spectra at different valuegpef  ficients of the these contributions are generally related to the
Generalizing toAA collisions, one should expect similar be- multiple parton correlation functions inside a hadfa@h In
havior for the spectra of initially produced partons. Thesecollisions involving a nucleus, such high-twist contributions
produced partons would undergo further interactions, possiare enhanced b due to the large nuclear size. For cer-
bly leading to thermalizatioffor partial thermalizationand  tain quantities like the transverse momentum imbalance of

Il. MULTIPLE PARTON SCATTERING IN  p+A
COLLISIONS
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dijets in photon-nucleus collisiori8], parton energy loss in EdSol,/d%p

deep-inelastic lepton-nucleus scatterif®j, broadening of R\=——"———

the jet transverse momentum in deep-inelastic lepton-nucleus AEdal/d%p

scattering[10], and Drell-Yan pairs irp+ A collisions[11], s

these high-twist terms are the leading contributions. How- —14 9A f%f (%)
ever, such QCD treatment of multiple parton collisions is so 167r3Edol,/d3p x; VN

far limited to the parton level and has not yet been extended
to hadron spectra. In this paper, we will use instead a sche-
matic Glauber mode[12] of multiple parton scattering to
motivate our analysis.
Let us denotenl as the differential cross section for a Compared to the additive model of parton scattering which
parton-nucleon scatteringr N— j + X, givesR,=1, the second term in the above equation gives us
the nuclear modification of the parton spectrum due to mul-
tiple parton scattering inside a nucleus. This term contains
ibojc on o~ A contributions from both the double parton scattering and the
di o(stt+u), (1) absorptive correction to the single scattering processes. No-
tice that the absorptive contribution at this order is negative.
As we will demonstrate, it is the cancellation by the absorp-
where f,n(X,) is the parton distribution function inside a tive correction that leads to many interesting and nontrivial
target nucleons, T, andi are Mandelstam variables, and features of the nuclear modification of the particle spectra.

dfrlb_,JC/df are the differential parton-parton cross sections.
In terms ofhly,, we define the effective parton-nucleon total
cross section as

®

[2 f hlthkN (U|N+0'1N)h|N

s do

s
hly= bE,:‘: f dxbfb/N(Xb);

IIl. NUCLEAR MODIFICATION: A SCHEMATIC STUDY

As a demonstration of the consequences of multiple par-
ton scattering, absorptive correction and the resultant inter-
play between low and high; behavior of the particle spec-
tra in pA collisions, we illustrate the nuclear modification of
parton spectra in a schematic model. Assuming parton-
hadron duality, the conclusions can be applied qualitatively
to hadron spectra.
and the differential nucleon-nucleon cross section for parton For a schematic study, let us assume that all partons are
production as identical and the differential parton-nucleon cross sections
have a simple regularized power-law formpn,

(P = f P (P, @

hiy=h(py)= (lyl<AY/2), (6)

fin(x)hly(pi,p). ©)

da’NN 2 f
(P7+pp)"
with the total parton-nucleon cross section
The effective parton-nucleon and nucleon-nucleon cross sec-
tions are only finite after one introduces some effective in- c mAYC
frared cutoff in the parton-parton scattering processes. We (p2~|—p2)” (n— 1)p2n 2"
will discuss this cutoff later. Following the approach by Refs. v
[12,6], in which the Glauber approximation is used for mul- Such a form is motivated by the fact that both the PQCD
tiple parton scattering, one can find the parton spect@An  calculation and experimentally measured differential jet pro-
collisions up to double scattering approximation as duction cross sections show such a power-law behavior. The
parametem, is introduced as an infrared cutoff. It can be
regarded phenomenologically as a scale that separates soft
and hard processes, because figrp, the parton spectra
deviate significantly from a power-law behavior.
Using this schematic parton-nucleon cross section, the
nuclear modification factor can be simplified as

9 n—-1 2\ "
Ra=1+ 75A— 2[( )(1+p—;)
Tl ™ Po

O'iNEO':f dyd®py (7)

dokia d®oiy 1, dx
d3pd2b~ d*p TA(b)+§TA(b)Ei fx_lfi/N(Xi)

®p
X[Ek Ekkh:(NhkN (UIN+UJN)h=N}’ 4

whereT,(b) is the nuclear thickness function with normal-
ization [d?bTA(b)=A. We take the nucleus to be a hard
sphere of radius,=r,AY3 with ry=1.14 fm. One can then

obtain the ratio of the differential cross sections N A
—j+XandN+N—j+X,

><f dZyT<1+y$>“[1+<5T/po—§T>2]“—2].

)
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4 r tiate the sum of all multiple scatterings and absorptive cor-
rections, the modification factor aiy=0 would take the
3 F form
N
o2 1
P Ra(Pr=0)= 7 f d?b[1-e TA®]. (10
R :
(L
eo | In this regime, the absorptive parts dominate aRgd
E | «1/AY3. This is consistent with the wounded nucleon model
.1 for soft particle production. The coefficien 1 is a result
of partial cancellation by contributions from multiple scatter-
ing

It is clear that the shape of the nuclear modification of the
inclusive spectra results from the interplay between multiple
scattering and absorptive corrections. This is especially true
at low pt. Even though it gives the apparent broadening of
the effective spectra ipA relative topp collisions, the un-
+p2\n derlying physics is very different from the random-walk
Po)" model[13] for the p broadening of soft hadrons. One can
expect the same behavior &+ A collisions if there is no
additional nuclear effect, such as final state rescattering or jet
gquenching due to radiative parton energy loss. Analyzing the
experimental data in this framework with respect to the
above baseline behavior would allow one to identify and
study new effects caused by the presence of dense matter.

FIG. 1. The nuclear modification factor as a functionpeffor
different values oh in a schematic model of multiple parton scat-
tering with a simple form of parton-nucleon cross sectiorpi/(

This modification factor as a function @f /p, for different
values ofn is shown in Fig. 1, where we pl&®,— 1 in units

of the modification strength 8%0/(167r2). One can also
evaluate the nuclear modification factor analytically at two
different limits of pr,

9 o | 2n? p?, pg‘
_ 1/3
Ra=1+ —ZA""— mp—?r-FO =

167 arf Pr
(Pr>po),

9 3n—1 n(n—1)(2n+3) p?
Ra=1+ AL — LU )p—;
16 mr3| 2n—-1 2(4n%>-1) p3

4

Pt

+O—41 (PT<<Po)-
Po

©)

Another important feature of the modification factor is its
sensitivity to the form of particle spectra pp collisions. At
low pr, its behavior is not very sensitive to the form of
differential parton-nucleon cross section. If a Gaussian form
of the spectrum is used, the modification factor remains
roughly the same gi;~ 0. In contrast, the higlp behavior
of the enhancement 1/p$ is strictly the consequence of the
power-law form of the parton-nucleon cross section. In fact,
with a Gaussian form, the enhancement will increase péth
exponentially. Therefore, the observed lamebehavior of
the Cronin enhancemefi4] is consistent with the power-
law form of the jet production cross section and with the

As one can see from both Fig. 1 and the above asymptotiicture of multiple parton scattering jm+ A collisions. The
behavior, the parton spectra are enhanced at lafggue to ~ nhuclear modification factor at large; also depends on the
contribution from double scattering. However, due to thepowern of the pp spectra. Since the powardecreases with
cancellation by the absorptive correction to the single scatenergy, one should expeB, to decrease with energy. This
tering, the enhancement decreasepZp? at largepr. This  trend has been observed in experimelii§] in the energy
asymptotic behavior will never occur if one does not includerangeys=20-40 GeV.
the absorptive corrections which are embedded in the Overall the nuclear modification factét, has nontrivial
Glauber formalism employed in this model. At Iqw¢, con-  and interesting; dependence. It is smaller than 1 at Ipw
tributions from double scattering become smaller than th@nd larger than 1 at intermediafe;. The transition R,
absorptive correction, so that the effective parton spectra are 1) occurs at aroung;~ po/+/n~ \/<pT2>. It approaches 1
reduced Rp<1) relative to the additive model. For very again at very larg@+> po. The modification strength at both
large values of thepp cross section and the size of the low and highp+ is proportional to the size of the nucleus. As
nucleusA, we notice that the modification factét, could  we will see in the next section, this is qualitatively consistent
become negative in Eq9) at p;t=0, signaling the break- with the experimental data of inclusive hadron spectrpAn
down of the double scattering approximation. In this casecollisions. Sincey, is a momentum scale that set the onset of
one would have to include triple and other multiple scatterjpower-law-like spectra ipp collisions, one can consider it a
ings. One can show along the same line as the double scageale separating soft and hard processes. According to the
tering, the contribution from the sum of triple scattering andschematic model, one should be able to determine indepen-
the corresponding absorptive correction is positiveat 0 dently this scale from the nuclear modification factor of the
and is proportional toA°¢)2. Assuming one can exponen- hadron spectra.
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— the largep+ region. Shown as a dashed line is the contribu-
] tion from the exponential component. It is clear thatpat
S >2 GeVlc, the spectrum is already dominated by the
__(158)/(200)—; power-law behavior. The power-law form we use for the
g leswlsnan, ] CERN-SPS energy range contains a factor-@p//s)?
0

2 4 A that is caused by the rapid decrease of quark distributions at
1 pr ( GeV/¢) largex~ 1. This factor will become negligible at higher en-
ehy” o h (p+p) ergies when P/+/s<1.

In the original UA1 parametrizatiofl8], a power-law
form Ag/(pt+po)" is used to fit the hadron spectra over a
large range of energies. While this single power-law is suf-
ficient to fit the spectra fopt>0.2 GeVk, an exponential
term is necessary to fit the spectra at low transverse momen-
tum p;<<0.2 GeVk.

In order to compare to the spectra A and AA colli-
sions for near isospin symmetrical nuclei, the data shown in
Fig. 2 at largep; are for “negative” hadrons with ther™
contribution being replaced by an isospin averaged value
2 3 4 5 hg =(m*+7)/2+ K™ +p. Since particle production at
pr (GeV/c) large pt is dominated by the leading hadrons from valence
quark scattering and there are more upquarks than down-
quarks in app system, one should see moré than= at
largept. Shown in the inserted box at the lower-left corner
are the ratios oh™ /7~ and hy /7~ [7n"=(7="+77)/2].

Note thath /7= decreases withp; as expected while

ho /7= remains relatively constant. At low;, h™ andhg

are approximately the same within a few percent accuracy.
This isospin dependence can be described well by the PQCD
parton model[23]. With hy and h™, one will be able to
estimate the isospin effect ipA and AA collisions. In the
inserted box at the upper-right corner we also plot the ratio

To facilitate the analysis qf A andAA spectra in terms of  Of the hadron spectra ipp collisions atE,,,=158 and 200
the nuclear modification factdR,, one needs to know the GeV. Since there are no experimental dataggrcollisions
pp spectra at the same energy. Since we will have to tak@t En=158 GeV, we parametrize the spectrum B,
ratios of hadron spectra from different experiments with dif-= 158 GeV to fit the ratiddot-dashed lingobtained from a
ferent p; bins, this can only be achieved by parametrizing?QCD parton model calculatidi23].

the baseline spectra. Shown in Fig. 2 are the measured nega- At the BNL Rehlativistic Ireavy-ioanqllide(IR;)HIC) en-
tive hadron spectr§l6,17] and the parametrization ipp ¢ 9% W€ expect the power-law contribution to become more

collisions atEj,=200 GeV. We use a two-component pa- important. Shown in Fig. 3 is the charged hadron spectrum in

0) ( mbc’/GeV?)

Fs=200 GeV 1

Ed’c/d’p(y

FIG. 2. Negative hadron spectra ipp collisions at Ey,
=200 GeV from Refs[16,17] and the fit(solid line) according to
Eq. (12) with fit parameters given in Table |. The dashed line is the
underlying exponential component. ThHe, is defined ashg
=(m*+77)/2+K™ +p. The upper inserted box shows the ratio of
parametrizationgsolid line) at E,;,=158 and 200 GeV and the
corresponding PQCD parton model calculati@wot-dashed ling
The lower box shows the ratio &f /7= andhgy /7.

IV. ANALYSIS OF EXPERIMENTAL DATA

rametrization pp collisions atys=200 GeV[18] and the parametrization.
The power law is indeed more prominent than at the CERN-
(1—2I0T/Jg)a SPS energy. It becomes dominant already at aroppd
f(pr)=Coe M/To+ C—F 5 — (1) =15 GeVk. There is a general trend that bgip andn of
(pT+po)" the power-law component decrease with colliding energy.

However, the underlying exponential term remains the same.
The fit parameters are listed in Table | for different spectra at With these parametrizations of hadron spectramcol-
different energies. The parameters in the exponential fornisions, we can analyze the hadron spectrgpi and AA
are mainly determined by the spectra belppw<l1 GeV/c collisions in terms of a nuclear modification factor which is
while those in the power-law form are mainly determined bydefined in general as

TABLE |. Fit parameters of the hadron spectrapip collisions.

Co(mbGev? Ty(MeV) C(mbGeV? a p,(GeVi) n

h™(pp,E=158 GeV) 169.6 154 24565 9.3 2.43 6.29
hy (PP, Ejap=200 GeV) 174.7 154 13653 9.1 2.27 6.22
h™(pp,E=200 GeV) 174.7 154 17653 9.8 2.27 6.29
7 (pp,Ey=200 GeV) 150.3 154 13653 9.1 2.37 6.22
h*(pp,\5=200 GeV) 440 154 653 0 1.75 4.98

034901-4



INTERPLAY OF SOFT AND HARD PROCESSES AND . .. PHYSICAL REVIEW @1 034901

o2y T T =200 AGeV
: o (h"+h™) /2 (UAT) ] T T T T —
f [ _ ] L O h™ central 6.3%(NA35)
> 10 L p+p vs=200 GeV | A 7° central 7.7%(WA80)
(G_.')) Eo E A 7° min bias(WA80)
~ [~
oot 1k %A -
E 10’} L —b=_| 5 :
A R o, S+Au ]
—~ 2 e —
© 10 - J& [0 h central 357%(NA35) ) |
Il : — A 7° central 25%(WASO) !
% 10‘3; /? A 7° min bias(WAS0) i
2] ? 2
© 53
N~ 51 F ]
o 10 ¢ = i ]
T Vv o0~ Q
- 105? = -O-OoOo} STS: ,
F m Lo 7T min bias p+W(Cronin et al) J
10'6" T ST R + O h™ central 67% p+Au(NA35) Al
o 1 2 3 4 5 6 7 = - L art
pr (GeV/c) © ot
_ 1k % :
FIG. 3. Charged hadron spectra ipp collisions at s C 3 ]
=200 GeV from Ref[18] and the fit(solid line) according to Eq. [ o —o—o—oO¢ # ]
(11) with fit parameters given in Table I. The dashed line is the 1 e
underlying exponential component and the dot-dashed line is the 10 1
power-law component. Pr (GGV/C)
d Jdve? FIG. 4. The nuclear modification factdRag(ps) for hadron
Rag(py) = Tas/0YCOPT (12) spectra inpA and AB collisions atE,,=200 GeV. The data are
ABLET (Npinar Ao /dy cPpy from Refs.[16,17,19.

for AB collisions, whergNpiyan) = [d?b Tag(b) is the num-  netic limit of \/s/2 at the CERN-SPS energy. Near the kinetic
ber of binary collisions averaged over the impact-parametelimit the spectra become sensitive to other nuclear effects
range of the corresponding centrality. Hefgg(b) is the  such as the Fermi motion that will increase the parton distri-
nuclear overlap function foAB collisions at impact param- pution function atx~ 1, leading to increase @, again. In
eter b. For minimum-biased event$Nyn.) =AB. For the  pA collisions at the RHIC energy, one will certainly see the
purpose of the study in this paper, we will select event cendecrease oR, again at larggpr>2 GeV/c.
trality according to the geometrical cross sections. The increase of the nuclear modification factor wjith
Shown in Figs. 4 and 5 are the nuclear modification facdue to the onset of hard parton scatterings appears very simi-
tors for hadron spectra ipA andAB collisions with differ-  |ar to the broadening of hadron spectra due to collective ra-
ent centralities at CERN-SPS energies. One can see that badifal flow in a hydrodynamic picture. If there are strong in-
pA and AB data have features very similar to those shownteractions among partons in the early stage and hadrons in
by the schematic model. The nuclear modification factors aréhe late stage of heavy-ion collisions, the system will be
smaller than 1 at lowr. According to Eq.(10), the modi-  driven to local thermal equilibrium. The information of ini-
fication factor atpr=0, Rag(0), should decrease with in-
creasing nuclear size. This is indeed seen in the dat@As
increasesR,g also increases and becomes larger than 1 at
aboutpr=1—-2 GeV/c. According to the physical picture
depicted by the schematic model, this momentum scale rep-
resents the onset of hard processes underlying the hadron
spectra. The increase &,z is then due to the onset of the
hard component of incoherent parton scattering underlying
the hadron production mechanism@sincreases. The data

—
=)

Ew=158 AGeV Pb+Pb

A 7° 10% central (WA98)
® h” 5% central (NA49)
A 1™ 8% central Pb+Au (CERES)

0(A+B)/ <Naiary> (P +P Jpara
T

then indicate that gpt=1—2 GeV/c, the hard component _A__A_ﬂﬁi‘é.
becomes completely dominant. Indeed, such a value is con- L e e

sistent with the momentum scale around which the hadron 5 w
spectra inpp collisions begin to be dominated by a power- 10 o (GeV/cl)

law behavior of hard parton scatterings. In principle, the

nuclear modification factor should peak at intermediate val- FIG. 5. The nuclear modification fact®,g(py) for hadrons in
ues ofpr and decrease again to approach 1 at very largge  AB collisions atE,,,=158 GeV. The data are from Ref20-27.
However, atpt=4 GeV/c, one is already close to the ki- The line is the PQCD parton model calculation.
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tial multiple parton scattering contained in the initial parton 4 N
spectra could be partially or completely erased by the ther- 35 F Pb+Pb En=158 AGeV E
malization. Collective flow then will be developed and had- v 3 ]
ron spectra will become broader than pp and pA colli- =

sions due to the boost by a collective flow veloci®4]. /\;;25 E
Such an effect essentially will also increaRgg as a func- 22 ]
tion of py. The question is how one can distinguish these ﬁl.s ]
two apparently different dynamics that produce the same fi- T 3
nal hadron spectra. Mass dependence of the hadron spectra =

has been proposed as a unique measure of the collective flow 05 F ]

0

effect in heavy-ion collision$25]. Since a collective flow T A S A
provides a common velocity boost for all particles, heavy pr (Gev/c)

particles will then acquire more transverse momentum in the
nonrelativistic region fr=m;). One then should see a linear
mass dependence of the slope parameter from an exponenti%ln
fit of the measured hadron specfgb]. In the current parton
model[23], one cannot exclude the mass dependence of the
nuclear modification factor. It is therefore important to per-processes, the calculations are only reliable fpg

form the current analysis for different hadron speciepn  >2 GeV/c. The p; broadening due to multiple parton scat-
and pA collisions to find out whether nuclear modification tering is essential to account for tipg dependence of the
factors have a mass dependence. Only then can one find ouiiclear modification factor. Different variations of the parton
whether there is complete or partial thermalization and tanodel studie§27] give the same conclusion. Such a good
what extent the effect of initial multiple parton scatterings agreement is not just a coincidence. The calculated absolute
has survived the final state interaction and contributed to thgiﬂ’erentigd cross section for different Co|||d|ng Systems

FIG. 6. The predicted nuclear modification fac®gg(py) for
spectra in Pb-Pb collisions atE,,=158 GeV with different
trality cuts.

apparent collective radial flow. (S+S, StAu, and Pb-Pb) and for different centralities also
agree well with the experimental ddta3]. Shown in Fig. 6
V. HIGH p; SPECTRA AND PARTON ENERGY LOSS are the calculated nuclear modification factors#8rspectra

in Pb+Pb collisions with different centrality cuts, assuming

Since the interaction for an energetic parton inside a meno parton energy loss. Though tipg dependences of the
dium is dominated by small angle forward scatterings, thermodification factors are similar, the magnitudes increase
malization will be less complete for highy partons. Hydro-  with centrality. The impact-parameter ranges for different
dynamic description will then become less relevant. Largecentralities are determined by the fractions of geometrical
pt hadron spectra will be determined by how an energetiquclear cross sections.
parton propagates inside the medium. Since the Ipsdead- Recent theoretical studies of parton propagation in a
ron spectra are calculable in the pQCD parton model, thegiense medium predict a substantial parton energy loss due to
are good probes of the parton dynamics in dense matter. Theduced gluon radiation as the parton interacts with the dense
nuclear modification factor at large; is a convenient and medium[28-32. If a dense medium is produced in heavy-
efficient way to determine the effects of the final state interion collisions, largept jets will lose energy as they propa-
action of energetic partons inside a medium. gate through the medium. This will lead to suppression of

To demonstrate whether the experimental data at théarge p; hadrong5]. However, as shown by Fig. 5, the ex-
CERN-SPS are consistent with the picture of multiple partorperimental data of central RdPb collisions at the CERN-
scattering, we also plot in Fig. 5 the PQCD-inspired partonSPS are consistent with the picture of initial multiple parton
model calculation of the nuclear modification facf@8]. In  scattering without any parton energy loss in the final state.
such a model, one extends the collinear factorized parto@areful analysis of the data against the PQCD parton model
model to include intrinsic transverse momentum and itscan actually exclude effects of any significant amount of par-
broadening due to multiple scattering in nuclear matter. Theon energy loss in central P#Pb collisions at the CERN-
value of the intrinsic transverse momentum and its nucleaBPS[33]. To be consistent with the current theoretical esti-
broadening are adjusted once and the model can reprodueeates of parton energy loss in a dense medium, these data
most of the experimental data pp andpA collisions[23].  imply that the initial energy density would be small and the
In AA collisions, the effect of parton energy loss is modelediifetime of the dense system is very short in4FBb colli-
by the modification of parton fragmentation functig2$] in sions at the CERN-SPS. On the other hand, preliminary data
which the distribution of leading hadrons from parton frag-from RHIC experimentd34] have shown significant sup-
mentation is suppressed due to parton energy loss. We wifiression of highpt hadron spectra. Combined with the null
not describe the model here and refer readers to[R8ffor  results on hadron suppression in heavy-ion collisions at the
detail. We note that the behavior of the nuclear modificationCERN-SPS, RHIC data would imply the onset of parton en-
factor atpy>2.0 GeVk in Pb+Pb collisions is well de- ergy loss due to the increasing initial energy density and the
scribed by the model without any additional final state medifetime of the dense system created in heavy-ion collisions
dium effect such as the parton energy loss or jet quenchingt RHIC energies. Study of the nuclear modification factors
[5]. Since the PQCD parton model cannot deal with softfor hadron spectra at large; will help to determine the
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P ,,‘.A‘,JfAf’,(,t,’fQ)‘ VE=130 GeV expansion, a small averagdd/dx still corresponds to large
' T initial energy loss and large initial parton density.

Similar to the interplay between soft and hard processes
in the initial parton production, there should also be a smooth
transition between effects of hydrodynamic evolution at low
pr and parton energy loss at higlhy. The hydrodynamic
picture is relevant only if there is local thermalization, which
is more likely for low p; partons. It breaks down for very
large pt partons because the small angle scatterings in QCD
are not sufficient to bring these partons in equilibrium with

no energy loss

A=z fm the rest of the system. These high partons will suffer
L B N N S cu T energy loss as they propagate through the medium leading to
pr (GeV/c) suppression of larget hadrons. However, at intermediate

pt, one cannot neglect the effect of partial thermalization or
FIG. 7. The parton model calculation of nuclear modification the detailed balance. For example, one should consider both
factor Rag(py) for hadrons in central AttAu collisions at /s gluon absorption and radiation by a propagating parton. So
=130 GeV with different forms of parton energy loss, is the  far all theoretical studies have only considered gluon radia-
value of mean free path for a propagating quarks used in the calcyion. If gluon absorption is also included, the effective parton
lation. energy loss will be reducelB5]. Since the effect of gluon
absorption will be small for high energy partons;&T, T
average parton energy loss in the medium produced ibeing the temperature of the thermal medjuthe absorp-
heavy-ion collisiong5]. tion will further increase the energy dependence of the effec-
The nuclear modification factor will also help us to un- tive parton energy loss. The; dependence of the nuclear
derstand the energy dependence of the parton energy losaodification factorRag(py) at intermediatepr will then
Earlier theoretical studie§28—-30 gave a constant or a provide useful information about the thermalization of the
weakly energy-dependent parton energy Id&&dx. How-  dense medium.
ever, more recent studies in an opacity expansion approach

[31,32 predict a stronger energy dependence @/ dx VI. CONCLUSIONS
when the parton energy is smalE£ 10w, u being the De-
bye screening mass in the mediurParametrization of the In this paper we have proposed to analyze the hadron

numerical results of Ref[31] gives dE/dxxE¥(10 transverse momentum spectra in terms of the nuclear modi-
+E)*?® for n=0.5 GeV. The coefficient depends linearly fication factorRg(pt) Which is defined in such a way that a
on the initial parton density and the system size. This forrnaive additive model of incoherent hard parton scattering
has a strong energy dependenceBesz10 GeV and a weak would giveR,g=1. We demonstrated in a schematic model
dependence at large of Glauber multiple parton scattering that the modification
Shown in Fig. 7 are the nuclear modification factors cal-factor Ryg(pt) has a nontrivialpr dependence due to the
culated in a PQCD parton modgd3] for different forms of  absorptive processes and the interplay between soft and hard
parton energy loss. The nuclear modification factor is supparton scattering, excluding final state scatterings. Because
pressed to become smaller than 1 for nonvanishing partoaf the absorptive processes, the hadron production at small
energy loss. For a constadE/dx, the modification factor pt~0 is coherent and the hadron spectraAiB collisions
increases withpy after the initial drop. This is because the are proportional to the number of participant nucleons, lead-
constant energy loss becomes relatively less important fang to Rag<1. At large p; the hard parton scatterings be-
higher initial parton energy. For asymptotically lange, the ~ come incoherent. Multiple parton scatterings then enhance
finite and constant energy loss would become negligible anthe hadron spectra so thajg>1. The momentum scaig,
the modification factoR,g would approach 1. However, for at which the transition occulsRag(po)=1] can be identi-
an energy loss that has a strong energy dependence, tfied as the scale that separates soft and hard processes under-
shape of the modification factor is very different. If this is the lying both pp and AB collisions. Analyses of the existing
case, the energy loss for a parton in the smpallregion is  experimental data opp, pA, and AB collisions indicate
still very small and only becomes sizable at lamge Con-  thatpg~1—-2 GeV/c.
sequently, the effect of energy loss is also very small. The We pointed out that such analyses of future experimental
modification factor will then increase, following the trend of data are important to study the effect of final state interac-
the initial parton spectra due to the transition from soft totions. At low py, collective radial flow from hydrodynamic
hard scatterings. However, when larger energy loss sets in akpansion gives similap; dependence oR,g. Disentan-
higherpy, the hadron spectra are strongly suppressed leadyling the effects of initial multiple scattering and the radial
ing to much smaller values &,5. We should note that the flow would require a careful study of the modification factor
dE/dx used in these calculations is only representative of itsh pA collisions, especially its dependence on the hadron
value averaged over the entire evolution of the dense systermass. At largepr, parton energy loss will lead to suppres-
Since the energy loss is directly proportional to the partorsion of the hadron spectra. Experimental measurement of
density of the medium which decreases very fast due to rapiB,g will provide important information on the initial parton
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density that is produced in heavy-ion collisions. At the inter-namic behavior. A combination of studies &g and the
mediatept, we have shown that ther dependence dR,g  azimuthal anisotropy at highy will provide a window to the
is sensitive to the energy dependencel&fdx. This in turn initial condition and dynamics of early evolution of the dense
is related to gluon absorption by the propagating partonsnatter that was never possible before.
reflecting the detailed balance in an equilibrating system.
Although experimental data at the CERN-SBS] do not
indicate any sign of parton energy loss, recent preliminary
experimental data from RHIC34] show significant suppres- We thank M. Gyulassy and I. Vitev for discussions about
sion of largept hadrons. Detailed studies of the nuclearthe energy dependence of parton energy loss. This work was
modification factorRag(pt) over the whole range gbt in  supported by the Director, Office of Energy Research, Office
both pA and AA collisions, will help us not only to deter- of High Energy and Nuclear Physics, Division of Nuclear
mine the parton energy loss or the initial parton density buPhysics, and by the Office of Basic Energy Science, Division
also to find out the degree of thermalization and radial col-of Nuclear Science, of the U.S. Department of Energy under
lective flow. Recent studig86] also pointed out that parton Contract No. DE-AC03-76SF00098, and by the National
energy loss can also lead to azimuthal anisotropy in pigh Natural Science Foundation of China under Project Nos.
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