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High-pt particle spectra ip+p (H+ p), p+A, andA+B 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 intrindig and its broadening ip+A and A+ B collisions due to initial
multiple parton scattering are found to be very important at low energ@s 60 Ge\). Comparisons with
S+S, S+Au, and Pbh-Pb data with different centrality cuts show that the differential cross sections ofgarge
pion production p;>1 GeV/c) in A+ B collisions scale very well with the number of binary nucleon-nucleon
collisions(modulo effects of multiple initial scatteringThis suggests that hard parton scattering is the domi-
nant particle production mechanism underlying the hadron specpa~a2—-10 GeVt. 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 energyHgsdx>0.01 GeV/fm and a mean
free pathh <7 fm from the experimental data éf+ B collisions at the SPS energies. Predictions for fpgh
particle spectra ip+ A andA+ A 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 numbses): 25.75-q, 12.38.Mh, 13.8%a, 24.85+p

[. INTRODUCTION measurements of particle spectra in heavy-ion collisions at
large pr have not become available before recent experi-
LargeE partons or jets are good probes of the densements[11,12. In a recent papefl13], the author used a
matter formed in ultrarelativistic heavy-ion collisiofi,2], = QCD-inspired parton model calculation to analyze the large
since they are produced in the earliest stage of heavy-iop; spectra and found that there is no evidence of parton
collisions and their production rates are calculable in perturenergy loss in high-energy heavy-ion collisions. From the
bative QCD. If a dense partonic matter is formed during theanalysis of the spectra, one can limit the effective energy loss
initial stage of a heavy-ion collision with a large volume andto less thardE/dx<0.01 GeV/fm. Since experimental data
a long lifetime (relative to the confinement scaleAldcp), have shown evidences of an interacting hadronic matter in
the produced larg& parton will interact with this dense heavy-ion collisions at the CERN SPS energy, one can also
medium and, according to many recent theoretical studiesonclude that the hadronic matter does not cause apparent jet
[3-6], will lose its energy via induced radiation. The energyenergy loss.
loss is shown to depend on the parton density of the medium. In this paper, we will conduct a systematic study of high
Therefore, the study of parton energy loss can shed light op; hadron spectra ipp, pA, andAB collisions, since the
the properties of the dense matter in the early stage of heavyeliability of the determination of a small effective parton
ion collisions. It is also a crucial test whether there is anyenergy loss in high-energy heavy-ion collisions crucially de-
thermalization going on in the initial stage of heavy-ion col- pends on how well we understand the spectra without parton
lisions. energy loss. Since we deal with large particle production,
Even though one cannot measure directly the energy logéis necessary to incorporate QCD hard parton scattering in
suffered by a high-energy parton propagating through dhe model. Without QCD hard processes, such as in a pure
dense medium, its effective fragmentation functions musstring model, one cannot describe the hadron spectra even at
change and leading particles must be suppressed due to tAwderatepr>2 GeV/c. There are many models available
parton energy loss. This can be measured directly in deeplfipr such a study, e.gRYTHIA [14] or HIIING [15] which
inelastice+ A collisions (for jets going through a normal combine QCD hard processes with a string model for soft
nuclear matter[7,8] and direct-photon-tagged jets in high- particle production at lowpr<1 GeV/c. These models in
energy heavy-ion collisiongs,9]. Since the largey single-  general describe experimental data on hadron spectra very
inclusive particle spectra in nuclear collisions are a directvell at both low and highp; in very high-energypp(p)
consequence of jet fragmentation as in hadron-hadron ancbllisions. However, at lower energié¢s.g., CERN SPS
hadron-nucleus collisions, they are also sholf] to be they fail unless larger partonic intrinsic transverse momen-
sensitive to parton energy loss or modification of jet frag-tum of the order of 1-2 Ge\¢/ is used. Furthermore, no
mentation functions inside a dense medium. model exists which can correctly take into account of the
Because of the extremely small cross sections of lgsge nuclear broadening or Cronin effeft6] in pA collisions.
particle production at the CERN SPS energfs< 20 GeV), Even though a simple model of nuclear broadening is intro-
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duced inHIJING [15] by associating each nucleon-nucleon expects that partons inside a hadron carry at least an average
scattering with a transverse momentum kick to the endintrinsic transverse momentum of about a few hundred MeV,
points of the strings, it still cannot describe the effect ofreflecting the hadron size via the uncertainty principle. Fur-
nuclear broadening consistently A and AB collisions.  thermore, higher order PQCD processes such as initial state
The agreement betweeinING and experimental data of cen- radiation or 2-3 subprocesses with additional radiated glu-
tral Pb+Pb collisions found by Gyulassy and Levidi7] ons can also give rise to large initial transverse momentum
seems to be a coincidence, because it underestimates tfar the colliding partons. However, even within next leading
high p hadron spectra in all other collisionpf, pA, light  order (NLO) PQCD collinear parton model, experimental
ion-ion, and noncentral PbPb collisions. This motivates data of Dell-Yan lepton pairs productid22], heavy quark
one to construct a simpler model with the essential basipair production[24], and direct photon productiof25] all
QCD hard parton scattering. indicate that an average initial parton transverse momentum
Such a QCD-inspired model might not be compliant withof about 1 GeV is needed to describe the data. Such a large
the most recent development of PQCD, it, however, providesalue is an indication of its perturbative nature. Theoretical
a useful starting point to study medium modification of thetechniques have been developed to include all high order
hadron spectra, e.g., parton energy loss. In this model, weontributiongd26—28, though it is still problematic to differ-
will include both the intrinsick; in p+p collisions andk;  entiate what is true intrinsic and what is PQCD generated
broadening due to multiple initial-state scatteringgr-A  initial transverse momentum. One can resum all the radiative
andA+ A collisions in a phenomenological manner, which is corrections into a “Sudakov” form factor up to a scalk
necessary to describe large particle production at energies and define(nonperturbative contributions below this scale
below /s<50 GeV. We will compare the calculations with as “true” intrinsic, even though such an “intrinsic” average
the experimental data forSS, S+Au, and Pb-Pb collisions ~ transverse momentum still depends on colliding eneygy
at the CERN SPS with different centrality cuts and verify theand the momentum scal® of the hard processes. Such
scaling behavior characteristic of hard processes. Using thgchemes have been developed for processes, such as Drell-
same parton model we will then predict the highspectra  Yan [26—2§ and heavy quark productiof29] where two
in pA collisions at the RHIC energy and then calculate samecales are involved, with only minimum phenomenological
spectra inAA collisions with and without effects of parton success in limited kinematic region. The problem in pro-
energy loss. The goal of this paper is to provide a practicat€sses such as direct photon and single inclusive hadron pro-
and phenomenological description of the high hadron duction, where there is only a single scale, is even more
spectra inp+p and p+A collisions. This will provide a difficult [30].

baseline prediction for high-energy+ A collisions against In this paper, we will adopt a more phenomenological
which we can study the effects of the parton energy los@pproach by introducing initial parton transverse momentum
caused by the dense medium. with a Gaussian form of distribution as has been done in
Drell-Yan [31], heavy quark{24], direct photon[25], and
IIl. p+p COLLISIONS: INITIAL Ky single inclusive hadron producti¢25,32,33. Since it is dif-

ficult to extend the NLO calculation tp+A andA+ A col-

Large pr particle production in high-energy hadron- lisions where multiple collisions occur and our main purpose
hadron collisions has been shown to be a good test of thig to provide an effective description of single inclusive had-
QCD parton modef18]. Assuming partons inside the collid- ron spectra not only irp+p but also inp+A and A+A
ing hadrons only have longitudinal momenta, the lapge collisions, we will use lowest ordg€i.O) parton model with
particle production cross section can be calculated as a coa- simple scheme of including the intrinsic transverse mo-
volution of elementary parton-parton scattering cross secmentum with a Gaussian distribution. The inclusion of initial
tions, parton distributions inside the hadron and parton fragtransverse momentum can be considered as a parametrization
mentation functions. The factorization theorem ensures thasf both higher order and nonperturbative corrections. The
the parton distributions and fragmentation functions are unipredictive power of this model then lies in the energy and
versal and can be measured in other hard processes, e.flavor dependence of the hadron spectra. Similar comments
e*e” annihilation, deeply inelastiep collisions. With high  can be made for our modeling of multiple parton scattering
precision data, parton distributions and fragmentation funceffect inp+ A andA+ A collisions.
tions have been parametrized including their QCD evolution One can define parton distributions in both fractional lon-
with the momentum scal® of the hard processg49,200  gitudinal momentunx and initial transverse momentuks
which in turn can be used to calculate particle production inn a factorized form
many other hard processes. This parton model with collinear
approximation has been rather successful so far in describing

large p; particle production in high-energpp collisions
[21] with \/s>50 GeV.

The above described collinear parton model fails to acwheregy(kt,Q?) is the transverse momentum distribution
count for the experimental data on angular correlation ofand f,,\(x,Q?) are the normal parton distribution functions
produced heavy quarks and the total transverse momentufar which we will use the MRS D-' parametrizatigri9].
distribution of the heavy quark paif3] or the Drell-Yan The inclusive particle production cross sectionpip colli-
lepton pairs[22]. In terms of parton models one naturally sions will then be given by18]

dxdPkrgn(kr, Q) fan(x,Q?), Y
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doh =K1p-pr/Ktpp7. The momentum fraction of the produced
% =K >, | dx.dx,d?k,rd?kyt hadronz, is then given by the identity for massless two-body
dyd’pr  abed scatterings+t+u=0.

In Eq. (2), one should also restrict the initial transverse

X gp(Kar, Q) gp(Kyr,Q?
Gp(kar: Q") Gp(koT, Q%) momentunks,<X,+/s andks,<X,/s such that the partons’

X f a/p(Xa Q) Forp(Xp . Q?) longitudinal momenta i_n'Ec{S) have the same signs as their
parent hadrons. In addition, one of the Mandelstam variables
Dﬁ,c(zC ,Q%) do can approach to zero if the initi& is too large and then the
XT E(ab—wd), (2)  parton cross section could diverge. To avoid these problems,

we introduce a regulatop? in the denominators of the

whereD?, (z.,Q?) is the fragmentation function of partan ~ Parton-parton cross sectiortr/dt(ab—cd). We choose
into hadronh as parametrized in Ref§20,34 from ete-  #=0.8 GeV in our following calculations. The resultant
data,z, is the momentum fraction of a parton jet carried by aSPectra are sensitive to the choicexobnly at pr aroundu
produced hadron. THé~2 (unless otherwise specifiethc-  Where we believe that this QCD-inspired parton model cal-

tor is used to account for higher order QCD corrections tcPulation becomes unreliable.

We define the momentum fractionin terms of the light- Gaussian form
cone variablex,= (E;+ pHa)/\/E for partons in the forward
beam direction and,= (E,— pr)/\/g in the backward beam gn(Kr, Q)=
direction. The four-vector momenta for the colliding partons o
are thenpa= (Ea vaa ’ pHa)v Pp= (Eb vab vab) with

e Dy, (5)

Since our initialkt includes both the intrinsic and PQCD
%a)/ radiation-generated transverse momentum, the variance in
2!

k
the Gaussian distributiotk?)y should depend on the mo-
Xa\/g mentum scaleQ of the hard processes. As pointed out by
) Owen and Kimel33], in addition to the leading log contri-
. KTa bution from initial-state radiation that is included in tQ#
p|a—(xa\/§— X_\/g) /2’ dependence of the parton distributions, the recoil effect of
2 large-angle gluon emission can leadQedependentk2)y in

Xo\/s+

E,=

K2 this approach of QCD-inspired parton model. In the follow-
Ep=| Xp\/s+ T )/2 ing we shall consider both a constafi), and one that
Xb\/g depends on the momentum scale of the hard processes. For
the Q-dependent case, we choose the following f¢&8] in
( G k2, ) /2 . our model:
Pib=| —XpVS+ —= .
| XV (kHn(Q?)=1.2GeV?) +0.2a4(Q*) Q% (6)

In principle, one should also include the transverse moThe form of theQ dependence and the parameters are chosen

mentum smearing from the jet fragmentation. We neglect, reproduce the experimental data. Following the same ap-
this in our calculation of particle spectra in the central rapid- roach as in Ref[32], we choosed? to be Q2= 2810/ (&2
ity region and consider it been effectively included in theP'S '

"2
calculation by adjusting the initiaky distribution. In this Tto+u )-. .

case, particles are produced in the same direction of the frag- Shown in Figs. 1-4 are our calculated spectra for charged
menting jet. The Mandelstam variables for the elementarPions as compared to the experimental dat6,36 for p

parton-parton scattering processes are then + p collisions atE,,=200, 300, 400, 800 GeV. As one can
see from the figures that our model calculations with the
2 12 initial ky smearing(solid lines as given in Eq.(6) fit the
~ Taka .
S=XXp\/S+ ———= — 2k1 KT, COS a— ), experimental data very well over all energy range. However,
XaXb\/g without the initialkt smearing(dot-dashed lines fofr™) the

calculations significantly underestimate the experimental
A T B Ta data, as much as a factor of 20 Bt,=200 GeV. This is
t=- Z Xa\s€ Y+ s —2kr5C08¢, |, because the QCD spectra are very steep at low energies and
a even a small amount of initidd; could make a big increase
0 2 to the final spectra. As the energy increases, the QCD spectra
A FT b become flatter and small amount of initiy does not
! c (xb\Eeer xa\/g 2kacos¢b) ' @ change the spectra much, as we can already see by compar-
ing the spectra foE,,= 800 GeV(Fig. 4) to that of 200 GeV
wherept andy are the transverse momentum and rapidity of(Fig. 1). This is further demonstrated in Fig. 5 where we
the produced particle, c@s=Kr,-pr/krapr, @and cosp, compare the LO calculation to experimental data in high-

2
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FIG. 1. Single-inclusive pion spectra p p collisions atE,y, FIG. 3. The same as Fig. 2, exceptij,=400 GeV.

=200 GeV. The solid lines are QCD-inspired parton model calcu-

lations with Q-dependent intrinsik; and the dot-dashed line is g why the spectra(dot-dashed linesincrease faster at

without. The dashed line is for a constant intrins{&%)y  smallerp; than the ones with initigk; smearing in which a

=1.5Ge\’. Experimental data are from Refl6]. The inserted regulator ofu=0.8 GeV is used.

figure shows the corresponding /" ratio. In Fig. 1, we also show as a dashed line the calculated
spectrum of7r~ with a constant average initial transverse

energypp collisions. Here we have usedk=1.5 factor. momentum(k?)y=1.5Ge\’. At large p; such a constant

One can see that at higher collider energies, the iniial intrinsic (k3)y underestimates the experimental data. This

does not make much difference to the spectra at high translemonstrates phenomenologically why Qaelependence of

verse momentum. In the case of no intrinkic, we did not (k3 is needed to fit the experimental data in particular at

use the regulatop in our calculation. Instead, we used the |arge values of;=2p+/+/s for the choice ofQ? we used.

pr of particle as a cutoff of the phase integral in E&). This  One can also use an alternative choice 1QF=PS?
=(pr/zg)?. In this case we found that one does not need

1 E® Q-dependentk?)y, to fit the data inpp collisions. However,
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B 05 |- o0 10
10 ¢ I E
E -2F
B NN e 107}
4 \ pr( GeV/c) af

pp—> " +X

Ed’6/d’p(y=0) (mbGeV>c?)
=
T

o
_5; \\ % 10- ?
-6 -5F
10 & Ew’L
7F =) g
10 ¢ L0
8f &L
10 | o T
9f L10F
10 ¢ = gf
g 3|
-10F 10 3
10 ¢ of
(-)11 o\ 10 ¢
1 0 1 2 3 4 5 6 7 8 1(-)103_
pr (GeV/c)
11k
FIG. 2. Single-inclusive pion spectra p p collisions atE,y, 10 0' -
=300 GeV. The solid lines are QCD-inspired parton model calcu- py (GeVie)
lations with Q-dependent intrinsidk; and the dot-dashed line is
without. Experimental data are from R¢L6]. The inserted figure FIG. 4. The same as Fig. 2, exceptE&},=800 GeV and the
shows the corresponding™ /=" ratio. experimental data are from R¢B86].

064910-4



SYSTEMATIC STUDY OF HIGHp; HADRON SPECTRA . .. PHYSICAL REVIEW C61 064910

"'I"“““““I""“"I""I""I""““é 1 E“"I““IIIH TrrTTTTTTTTTTT T T T T T

9 CDF v&=1.8 TeV i
A UAT vE=0.9 Tev (X107 ]
%, O UAT vE=0.2Tev (X107) -
p+p —> (h'+h)/2 ]

N
3

0) (mbGeV2c?)
=

—
<

N
3
'~

>
&10 ¢
N
[s] -8f 2 .
CwE Ty A ]
9 ‘\.\.\\.\ E 10 : y _
10 ¢ S 10f  Ew=200GCeV ]
1(_)10:\\||||\H‘HH‘HH| il |I||||I||||I||||\uu: 1(_)11? (? \\’\ _g
23456 7 8 9101112 10 oiﬁ§i§$§8
GeV/c
pr ( /c) o (GV/c)

FIG. 5. Single-inclusive spectra of charged hadronginp
collisions at+/s=200, 900, 1800 GeV. The solid lines are QCD-
inspired parton model calculations with intrindi¢ and the dot-
dashed lines are without. Experimental data are from R8%38|.

FIG. 6. Single-inclusive spectra of charged kaonpinp col-
lisions atE,,;,= 200 GeV. The lines are QCD-inspired parton model
calculations with intrinsid; and data are from Ref16].

one needs to use an energy-dependent initial parton tran@nd theoretically39), to be sensitive to multiple initial-state
cattering, or Cronin effect, it is important that we take into

verse momentum distribution. We also checked that as ergcco nt this effect here in order to have a quantitative stud
ergy increases such@dependen(k?)N is not needed any- u ! ' Ve a quantitative study

more to fit the experimental data. However, the availableOf the change of particle spectra at hig in nucleus-

: : : g . hucleus collisions. One can study the Cronin effect in a
experimental data at collider energies are only limited to fi-

nit range wherec,— 2p./\s is not so lar mpared model of multiple parton scattering9]. In such a model,
€ Prrangeé wher&y = 2pr/yS 1S Not So 1arge as compared o\ sa5 Glauber multiple scattering formula to treat parton
to the low energy data. In the following we will use the

_dependent initial momentum distribution for our study of scattering between beam and target partons which is essential
Q. P . o Y Ot incorporate the interference effect. For example, when
high pt spectra inp+A andA+ A collisions.

In the ed b in Fias. 1-4 | it contribution from double scattering is considered, one must

t'n € w;sertg oxesArt] h'lghs. - Wet_also pité 7: also include the absorptive part of the single scattering which
ratio as a function opr. Igherpr, particie production - 54 5 negative contribution. This absorptive part then cancels
is more dominated by the leading hadrons from valence

quark scattering. Since there are more up-quarks than down-
quarks inp+p system, one should expect the ratio to be-

1

come smaller than 1 and decrease wgh. The QCD- 10 E
inspired parton model calculations describe this isospin 2f
dependence of the spectra very well. For other flavors of ~10 F
hadrons, we show in Figs. 5-8 the calculated kaon spectra at < 10k
different energies. We see that the agreement with experi- 3k
mental data is very good, except at lafgeat low energies Q10 |
which may be improved by using better fragmentation func- \-E/IO_ i
tions for kaons. One can also notice tiat spectra at large ~ F
pr are about a factor of 10 smaller th& . This is because Cn) 10 |
the content of strange quarks in a nucleon is much smaller \2 -7F
than up(down) quarks which are responsible for leadig o 10
(K° hadron production. We did not calculate and compare e 10’85
the spectra of produced protons and antiprotons because "’B of
there is no very accurate parametrization of the correspond- 10
ing fragmentation functions. 10 i
ll. p+A COLLISIONS: k; BROADENING 0 T2 3% 5 6 7%
. S . o pr (GeV/c)
Since single-inclusive particle spectra at high in p
+ A collisions have been shown, both experimentéllg] FIG. 7. The same as Fig. 6, exceptBjf,=300 GeV.
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| ETTTT T T T T [d?bty(b)=A. We will use Woods-Saxon form of nuclear

i ] distribution fort,(b) throughout this paper unless specified
E otherwise. The parton distribution per nucleon inside the
1 nucleus(with atomic mass numbek and charge numbet)

] at an impact parametér,

Z
fa/A(X!Qzlb) = Sa/A(X!b) Kfa/p(Xsz)

0) (mbGeVv?c?)
S

+ , ®

Z 2
1_ K fa/n(XaQ )

N T
rgg 10 E
S0l ] is assumed to be factorizable into the parton distribution in a
”’B of ] nucleon fn(x,Q%) and the nuclear modification factor
10 3 3 S.a(X,b) which we take the parametrization usedHinING
10 B =400 GeV NN [15] for now. The initial parton transverse momentum distri-
1k LN bution inside a projectile nucleon going through the target
o b b b b b by L B H -
10 D R R B RS S B nucleon at an impact parameteis then
py (GeV/c)
. 2 . —K2I(K2)
FIG. 8. The same as Fig. 6, exceptijf,=400 GeV. galks, Q%)= We TKTIA, 9
T KT/ A

part of the contribution from double scattering. Conse- )

quently, the enhancement of particle spectra bzecause #fith a broadened variance

double scattering decreases wh in the form of 1p7 and

in general with\/s [40]. One can also find that the dominant (K a(Q)=(kD)n(Q?) + 6(Q*)[va(b)~1]. (10
contribution in double scattering comes from the case where o ]

one of the scattering is soft and large part of the fimalof The broac_ienlng is assum_ed to be propo_rthnal to the number
the produced jet comes from just one hard scattering. APf scatteringrva(b) the pr_OJeqtlle suffers inside the nucleus.
much lowerp; the absorptive correction is much larger than FOr the purpose of considering the impact-parameter depen-
the double scattering contribution and the spectra there idénce of thekr broadening, we will simply assume a hard
even suppressed. So the integrated cross section or averagjdiere nuclear distribution. Therefore,

particle multiplicity at largep are not affected by multiple

parton scattering even though the spectra are modified, as 3A

observed in the DY cagel]. This will provide us a justifi- VA(b):UNNtA(b):“NNmVl_bz/R/ZA' (11
cation for our following phenomenological treatment of mul- A

tiple parton scattering ip+A and A+ A collisions.

In this paper we assume that the inclusive differentialrlucleon cross section
cross section for largpy particle production is still given by We also assume th.ktr broadening during each nucleon-
a single hard parton-parton scattering. However, due to mu'ﬁucleon collisions? also depends on the hard momentum
tiple parton scattering prior to the hard processes, we con- leO= P the t i f th dquced
sider the initial transverse momentus of the beam partons scaeQ_ T+ [N€ lransverse momentum of the produce
is broadened. Assuming that each scattering provide a parton jet. Such a dependence is easy to understand by com-

kick which also has a Gaussian distribution, we can in effecParing _the ro!e,(,)ipjTEt in Fhe multiple par_ton scattgring case
just change the width of the initid; distribution. Then the to that in the initial and final state radiation associated with a

single inclusive particle cross section in minimum-biaged _hard jet production. Fo_r example_, unless the multiple scatter-
+ A collisions is ings are far separated in space-time such that the propagating
parton becomes on-shell, the interaction cross of the propa-

where R,=1.12A"% fm and o is the inelastic nucleon-

doh gating parton will depend on its virtuality which in return
PA _k E J’ dzbtA(b)J dx,d %02k, 702Kyt depends on the scale of the hard scattering. In R&i, the
dyd’py  dbed k+ broadening in a multiple parton scattering scenario is re-

lated to the ratio of the leading-twist parton distributions and

X ga(kar,Q?0)gp(knt,Q?) farp(Xa, Q%) higher-twist multiple parton distributions which apparently
Do 2) ¢ depends on the momentum scale of the hard parton scatter-
X fp/a(Xp ,inb)M _‘f(abﬂcd)' ing. In this paper, we will use the following scale-dependent
T dt kt broadening per nucleon-nucleon collision:
(7 2
In“(Q/GeV)
. . . . 2(Q%)=0.225—————— 2,
wheret,(b) is the nuclear thickness function normalized to 0°(Q7)=0.22 1+In(Q/GeV) GeVie (12)
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FIG. 9. Ratios of charged pions spectrapr-W over p+Be
each normalized by the atomic number of the target nucleus. Th
lines are the QCD-inspired parton model calculation wittbroad-
ening due to multiple parton scattering. The dot-dashed line in th
third panel is the calculated result with a constlntbroadening
5°=0.1 Ge\?. Experimental data are from Refd6,45.

FIG. 10. Ratios of charged kaons spectrpii W over p+ Be
each normalized by the atomic number of the target nucleus. The
Solid (dot-dashefllines are the QCD-inspired parton model calcu-
lation for K™ (K ™) with k; broadening due to multiple parton scat-
?ering. Experimental data are from Ref&6,45.

break down because of the small momentum scale. At larger

Such a functional form is chosen to best fit the experimentaPT: e Spectra are enhanced because of multiple parton scat-
data in p+A collisions. For Q=2—-3 GeV, 52=0.064 tering. Aspt increases further, the ratios decrease again and
~0.129 GeV}/c2, which is consistent with the value ob- saturate at about 1. The decrease follows the form p¥ 1
tained from the analysis dé; broadening ford/¥ produc- cqnsistent with the general features of high twist processes.
tion in p+ A collisions[43,44). We should point out that this SINCe the tfransverse momentum broadening due to multiple
value can be different from what one gets from the analysié)arton scatterlng is finite, its effect will eventgally become
of k; broadening of Dell-Yan lepton pairs ip+A colli- sma!ler and disappear. Therefpre, the location of the
sions, where mainly quarks and antiquarks are involved ijn@ximum enhancement can give us the scale of average
the hard processes and there is no collision effect after thé@nsverse momentum broadening. We also show in the third
Dell-Yan production point. panel as dot—zdashed line our calculation with a conskant
Using the above assumptions, we calculate the large broadening,6-=0.1 (_Se\/z. While the re_SL_JIt has the general
particle spectra ip+A collisions and compare to the spec- feature of the experlmenta! data, the fit is not as good as the
tra in p+p collisions. As we show in the last section, par- SC@le-dependerit: broadening.
ticle spectra has a strong isospin dependence in the parton At low energies,Ej,,=200 GeV for example, the full
model. In order to minimize this known isospin dependencestructure of multiple scattering cannot be revealed because of
of the spectra in our study of nuclear dependence of th&he finite phase space cpnstramed by the kinetic limit. Fur-
spectra, we compare the spectrapf A for heavy target thermore, the ratio will increase at large=2p+/+/s be-
with that for a very light nuclear target. Shown in Fig. 9 are cause of the so-called EMC effegt6] on nuclear structure
our calculated ratios of charged pion spedsalid lines for ~ function at largex which is incorporated into the parametri-
7+ and dot-dashed lines for~) in p+W over that ofp z_at|on_ of_ the nuclear modification factor f(_)r parton distribu-
+Be each normalized by the atomic number of the targeE'?”S inside a nucleus. Qne wprd of caution _should also be
nucleus. The experimental data are from Réi6,45. If given here. Our calculation might not be reliable anymore
there was no nuclear dependence due to multiple scattering€ar the boundary of the available phase spaee-(,/s/2)
the ratios would have a flat value of 1, modulo the residuévhere overall energy and momentum conservation is very
isospin dependence because of the small isospin asymmetipportant which is not imposed in the QCD-inspired parton
of the target nucleus. The difference between our calculateflodel. o
ratios for = and =~ gives the order of this isospin asym-  We have also calculated the kaon spectrpAncollisions.
metry effect. One can get rid of this effect by using the ratiosShown in Fig. 10 are the ratios of the kaon spectrgpin
of "+ spectra. As shown in the figure, our model can+W overp+Be collisions(normalized by the atomic num-
roughly describe the general feature of the nuclear deperf€d. The agreement with the experimental data is quite good
dence of the spectra at large due to multiple parton scat- for K*. However, forK™ there is quite sizable discrepancy
tering. The ratios should become smaller than 1 at very smaffetween the calculation and the data. This is might be due to
pr because of the absorptive processes as we have meffe flavor dependence of the broadening suffered by the
tioned. But here our perturbative calculation will eventually quarks. It is quite possible thatquarks have larger scatter-
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ing cross sections as they propagate through the nucleus abthsed events oA+ B collisions. If one neglects nuclear

therefore experience largde; broadening thars quarks.  effects(parton shadowingsr broadening and jet quenching
Such effects will result in the observed difference in nucleaithe resultant spectra should be exactly proportionahB

enhancement betwedqi- andK ™. which is the averaged number of binary nucleon-nucleon
collisions. Very often experimentalists also measure inclu-
IV. A+A COLLISIONS: JET QUENCHING? sive hadron spectra for certain classes of events with differ-

ent centrality cuts(total transverse energ(r or charged

It is straightforward to incorporate the initigh broaden- — multiplicity in the central region Since one cannot directly
ing due to multiple parton scattering iA+ A collisions.  measure the impact parameters in each class of centrality, a
Since partons from projectile and target beam both suffetheoretical model of correlation between impact paramieter
multiple scattering before the hard process, their initial transand the total transverse energy (or charged multiplicity
verse momentum distributions are broadened as given by E@as to be introduced in order to calculate the inclusive cross
(9). In addition, the produced parton jets have to propagatsection for events with different centrality cuts. In this paper,
through a dense medium and interact with other producede will use the correlation functioR ,z(E+ ,b) [normalized
particles in the medium. Theoretical studj@s-5] show that to [dE;Pg(Et,b)=1] introduced in Ref[48] which as-
a fast parton propagating inside a dense partonic mediusumes a wounded nucleon model for transverse energy pro-
will suffer considerable amount of energy loss. Since largaduction. The differential cross section
pt particles are produced through the fragmentation of par-
ton jets with large transverse energy, parton energy loss will % _
definitely lead to the suppression of large particles. One dEr
can describe this suppression phenomenologically via effec-
tive fragmentation functions which are modified from their has been shown to reproduce the experimental data of NA35
original forms in the vacuuni8—10. In this approach one and NA49[50] very well, whereTag(b)= fd?rta(r)tg(b
can then calculate the single inclusive particle spectra atr) is the overlap function foA+B collisions at impact

f d?b[1—e onWTAB® P, L(Er b))  (14)

large p1 in A+ B collisions as parameteb. We refer readers to Reff48] for the details of
this model.
dofg o o After incorporating the correlation function between im-
dyPpr = Ka%d d*bd?rta(r)tg(|b—r]) pact parameter and transverse energy in(£8), the inclu-

sive cross section of large; hadron production in events
m

. , with centrality cutEre (ET™,ET™™) can be shown to be
XJ dXadXd°Ka1d“Kp1ga(KaT, Q%) roughly proportional to
X gg(kpr, Q% [b—r]) <meary>zf dzben;n dErPag(E7,b)Tag(b) (15
Er

X faa(Xa, Q% 1) fiyp(Xy, Q%[ b—r])
) which is just the average number of binary nucleon-nucleon
XDh/c(anQ JAL) d—U(ab—>cd) 13 collisions. For minimum-biased events, this number is just
TZ dt ' AB. Since the actuabloag/dE; distribution depends on
each experiment’s coverage of phase space and the detector’s
whereDy,.(z.,Q% AL) is the modified effective fragmenta- calibration, we will choose the values & and ET® so
tion function for produced parton which has to travel an that the fraction of the integrated cross section in B
average distancaL inside a dense medium. We will not within the E; range matches the experimental value of a
elaborate on the modeling of the modified fragmentationgiven centrality cut.
functions[8—10Q] here, except pointing out that it depends on  Shown in Fig. 11 are the calculated inclusive spectra for
two parameters: the energy loss per scatteépgand the  the producedr, in S+S, St+Au, and Pi+-Pb collisions, both
mean free path\. for a propagating partoe. The energy minimum-biased and central events. The QCD-inspired par-
loss per unit length of distance is thdiE,/dx=¢€./\.. We  ton model calculations with thie; broadening due to initial
also assume that a gluon’s mean free path is half of a quarkultiple scatteringsolid lineg agree with the experimental
and then the energy losi=/dx is twice that of a quark. In data (WA80 and WA98 [11,12 well very at py above
principle, the energy los$E/dx should depend on local par- 1 GeV/c. No parton energy loss has been assumed in the
ton density or temperature, the parton’s initial energy, thecalculations. The dashed lines are the spectggpigollisions
total distance and whether there is expandiéi]. These at the same energy multiplied by the nuclear geometrical
possible features will influence the final hadron spectra andiactor as given in Eq(15). The difference between the solid
their phenomenological consequences have been studied &md dashed lines is simply caused by effect&-obroaden-
detail in a previous publicatiofl0]. In this paper, we will ing and nuclear modification of parton distributions inside
simply assume a constant energy loss and study the averagaclei. These effects are similar aspr- A collisions and are
effect of parton energy loss in dense matter. more important in collisions of heavier nuclei. Without these
After integration over the impact parameter space, Eqnuclear effects the highr hadron spectra iA+ B collisions
(13) will give us the inclusive hadron spectra for minimum- are exactly proportional to the average number of binary col-
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FIG. 12. Parton model calculations of single-inclusive spectra of

FIG. 11. Single-inclusive spectra af® in S+S, StAu, and =0 with different values of parton energy los&, /dx and mean
Pb+P llisi h mini -bi I : . q
b collisions(both minimum-biased and central everas the free path\, in central PB-Pb collisions atE,,=158A GeV. The
q

CERN SPS energies. The solid lines are QCD-inspired parton . tal dat f RA12
model calculations withk; broadening due to initial multiple parton experimental data are from R¢1.2].

scattering and the dashed lines are without. Experimental data are o
from Refs.[11,12]. lossdE/dx reflects the degree of attenuation induced by the

interaction. Shown as the dashed line in Fig. 12 is a calcula-

lisions as shown by the dashed lines. This is a common chation with the samelE,/dx=0.01 GeV/fm but with a mean
acteristic of hard processes pr+A and A+B collisions.  free pathh =7 fm which is about the average total length a
Because of absorptive processes, lowparticle production, parton will travel through in a cylindrical system with a ra-
which can be considered as coherent over the dimension afius of a Pb nucleus. Such a scenario of weak interaction and
nuclear size, has much weakeék dependence. In the small energy loss is barely consistent with the systematics of
wounded-nucleon model, soft particle production cross seche experimental data. It is clear that the lapespectra in
tion is proportional to the average number of wounded nuclePb+ Pb collisions at the CERN SPS energy can put very
ons which is much smaller than the number of binary colli-stringent limits on the interaction of energetic partons with
sions. By studying the transition of the scaling property ofdense medium and the induced energy loss. Assuming our
the hadron spectra from low to higi values, one can then model of simple parton scattering, nuclear broadening and
determine at whapt value the underlying mechanism of parton energy loss, one can exclude from the observed had-
hadron production become dominated by hard processeson spectra a parton energy loss larger tidg, /dx=0.01
This will be the subject of another study. GeV/fm and a mean free path shorter thap=7 fm. This is

In our model calculations presented so far, effects of parmuch smaller than the most conservative estimate of parton
ton energy loss have not been considered yet. If there isnergy loss in a dense mediliB+5]. According to the most
parton energy loss and the radiated gluons become incohetenservative estimate in R¢6], a quark should still have an
ent from the leading parton, the resultant leading hadromnergy lossgdE/dx~0.2 GeV/fm in a cold nuclear matter of
spectra at larg@+ from the parton fragmentation should be 10 fm in transverse size. Our constraint is 20 times smaller
suppressed as comparedaté p andp+ A collisions. As we  than this conservative limit, even though the dense matter in
have shown, however, the parton model calculations withouBA A collisions should at least consist of hot hadronic matter
parton energy loss fit the experimental data very well. Towhich is much denser than the normal cold nuclear matter. It
find out the consequences of an effective parton energy logs interesting to point out that the effect of parton energy loss
in the hadron spectra and how the experimental data cordue to initial state multiple scattering in Drell-Yan dilepton
strain its value at the CERN SPS energy, we show in Fig. 1droduction inpA collisions is recently studied experimen-
as the dot-dashed line the calculateg spectra in central tally by the E866 experiment49] at the Fermilab. They
Pb+Pb collisions withdE/dx=0.01 GeV/fm. In the calcu- conclude that the data show essentially no energy loss effect
lation (dot-dashed linewe have assumed the energy loss perafter corrected for the nuclear shadowing of parton distribu-
scatteringe;=0.02 GeV and the mean free patQ=2 fm  tions. The upper limit on the energy loss from this experi-
(dEq/dx=¢€q/\q). In our model[8,9], the modification of ~mentdE/dx<0.46(L/10 fm) GeV/fm is somewhat consis-
the fragmentation function is sensitive to both parameterstent with the conservative estimate by BDMP but is still
The mean free path is a measure of the strength of the inteabout 40 times larger than the limit we obtain in this analy-
action between the leading parton and medium while energgis. This is because the pion spectra at the CERN SPS energy
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are more sensitive to parton energy loss and the experimental 1.6 —
errors are much smaller than that in the E866 experiment. .
There are several implications one can draw from this 14
analysis. Most of the recent theoretical estimates of parton I
energy loss are based on a scenario of a static and infinitely
large dense parton gas. If the system produced in a central
Pb+ Pb collision only exists for a period of time shorter than
the interaction mean free path of the propagating parton, one
then should not expect to see any significant parton energy
loss. Using the measured transverse energy production 08 -
dE;/d5~405 GeV[50] and a Bjorken scaling picture, one r/ '
can indeed estimafd 3] that the lifetime of the dense system o6 [ T EKS98 shodowing 4
in central Pb-Pb collisions is only about 2 -3 fra/before R ‘HI'JI'N‘G‘ Sh““j"w'”g‘ ]
the density drops below a critical value ef~1 GeV/fn?. 0 2 4 6 g 10 12
Even if we assume fchat a d.ense.pgrt(-)mc s_ystem is formed in pr (GeV/c)
central Pl Pb collisions, this optimistic estimate of the life-
time of the system could still be smaller than the mean free FIG. 13. Predictions for the ratio of single charged hadron spec-
path of the propagating parton inside the medium. Thus, on#a in p+Au over p+ p collisions normalized by the average num-
does not have to expect a significant effect of parton energer of binary collisiongor A) at \'s=200 GeV. Different lines are
loss on the final hadron spectra at lange. Otherwise, it for different parametrizations of shadowing or nuclear modification
will be difficult to reconcile the absence of parton energy©f parton distributions.

loss with the strong parton interaction which maintains a__ ) ]
long-lived partonic system. Fig. 13 are the calculated ratios of charged hadron spectra in

Another conclusion one can also make is that the densB*Au over thatinp+p normalized to the averaged number
hadronic matter which has existed for a period of time in the®f binary nucleon collisions
final stage of heavy-ion collisions does not cause any appar- h &
ent parton energy loss or jet quenching. A highphysical Rag(pr)= dopg/dydpr (16)
pion from jet fragmentation has a very long formation time. ABLET (Npinary o /dy py
One does not have to worry about its scattering with other P
soft hadrons in the system which could cause suppression @fhere(Nyna) =A for minimum-biased events qf+ A col-
high pt pion spectra. We still do not understand the reasonisions. We can see that the enhancement due to multiple
why a fragmenting parton does not lose much energy when parton scattering will not disappear at the RHIC energy.
propagates through a dense hadronic matter. However, Tithere is still about 20—50 % enhancement at lgrg@round
might be related to the absence of energy loss to the quarksGeV/c. It then disappears very quickly at largey .
and antiquarks prior to Drell-Yan hard processespinA At the BNL RHIC energy,y/s=200 GeV, nuclear modi-
and A+ A collisions [49]. This observation will make jet fication of the gluon distribution will become important for
quenching a better probe of a long-lived partonic mattethadron spectra at larger. Such modifications for quark
since one does not have to worry about the complicationglistributions have been measured in deeply inelastic lepton-
arising from the hadronic phase of the evolution. If one ob-nucleus collisiong51]. However, the nuclear effects on the
serves a dramatic suppression of highhadron spectra at gluon distribution have not been directly measured. In the
the BNL RHIC energy as predictef®,8—10, then it will  calculation shown as the dashed line in Fig. 13 we have used
clearly indicate an initial condition very different from what a recent parametrization of the nuclear modification factors

12 F

R pAu
—

No shadowing

has been reached at the CERN SPS energy. S a(x,Q?) [Eq. (8)] by Eskola, Kolhinen, and Salgadibi]
which is based on global fits to the most recent collection of
V. PREDICTIONS AT RHIC: IMPORTANCE OF p+A data available and some model on nuclear modification of
EXPERIMENTS gluon distribution. This result is quite different from the cal-

i ) ) culation using thed1JING [15] parametrization. In the EKS98

As we have seen in the calculation of large particle  parametrization, QCD evolution equation has been used to
spectra inp+ p(p) collisions, the initialky smearing is most  take into account th&? scale dependence of the nuclear
important at low energies where the original particle spectranodification which is absent in thelING parametrization.
from jet production falls off very rapidly witipr. The effect Because of QCD evolution, the nuclear shadowing effects at
of ky broadening due to multiple parton scatteringpit A smallx become smaller with increasir@?. This is why the
collisions follows the same line. At higher energiegs( hadron spectrum ip+ A collisions using the EKS param-
>50 GeV), when the original jet spectra become much flat-etrization is larger than that using tRe&ING parametrization.
ter, the effects of both the initial or intrinsic: and nuclear The EKS98 parametrization also has a gluon antishadowing
k+ broadening will become smaller, as we can clearly see invhich is larger than any parametrizations before. Hadron
both our calculation and the experimental data in Figs. 8 andpectra in a large; range at the BNL RHIC energy mainly
5. At the BNL RHIC collider energy, the nuclear enhance-come from fragmentation of gluon jets. This is why the
ment of largep spectra will then become smaller. Shown in EKS98 result in Fig. 13 is larger than that without nuclear
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modification of parton distributiongsolid line) in the pt 2 T T
range where antishadowing becomes relevant. In addition, I —__ No shadowing
the impact parameter dependence of the nuclear modification I ' ‘ - - - EKS98 shadowing |
of parton distributions is not implemented in the calculation I [/ \— HIJING shadowing |
using the EKS98 parametrization. Though the EKS98 pa- 15 |

rametrization has taken into account information about

nuclear shadowing of gluon distribution from the measured

scale evolution of the structure functions of different nuclei,

such a procedure is also model dependent. The result will <
. . . o

depend on whether one includes the higher gluon-density ~

terms in the QCD evolution equation. Before a direct mea- x

surement of the nuclear effect on gluon distribution inside a

nucleus, one should consider it one of the uncertainties in

predicting the hadron spectra it A collisions at the BNL 05
RHIC energy. L\ /s ]
As pointed out in Sec. Il, the shape of the nuclear modi- I /" AutAu(b=0) v5=200 GeV |
fication of hadron spectra at largg is a result of multiple 1
parton scattering inside a nucleus and their corresponding 0 0 246 % 0121416
absorptive corrections. The shape is remarkably similar to pr (GeV/c)
the nuclear modification of parton distributions. In fact,
nuclear modification of parton distributions in smaliegion FIG. 14. Predictions for the ratio of single charged hadron spec-

(shadowing and antishadowingan be explained in a mul- tra in central AutAu over p+p collisions normalized by the av-
tiple scattering moddb2]. Therefore, one could have double erage number of binary collisions gs=200 GeV. Different lines
counted the same effect if he includes both the Cronin effecare for different parametrizations of shadowing or nuclear modifi-
(or ky broadening and nuclear modification of the parton cation of parton distributions. The upper set of lines is without
distributions in the calculation of hadron spectragr-A  parton energy loss and the lower set is with parton energy loss
collisions. Given these uncertainties, it is therefore extremelyE;/dx=0.25 GeV/fm and mean free path=2 fm.
important to have a systematic study @f A collisions at
the BNL RHIC energy. Such an effort is pivotal to unravel ing as much as possible. Only then one can draw more ac-
any other effects in the hadron spectra caused by the form&urate conclusions about parton energy loss from the single
tion of dense partonic matter id+ A collisions. inclusive hadron spectra in heavy-ion collisions at the BNL
Shown in Fig. 14 are predictions for the ratio of hadronRHIC energy.
spectra in central At¢t Au collisions over that inp+p [as
defined in Eq(16)], vyith and without parton energy loss. In VI. CONCLUSIONS AND DISCUSSIONS
both cases, uncertainties in the nuclear modification of par-
ton distributions are still important. If there is significant  In this paper, we have analyzed systematically lgpge
parton energy loss in the dense medium at the BNL RHIChadron spectra ip+p, p+A, and A+A collisions from
energy, leading hadrons from jets which are produced in th€ ERN SPS to BNL RHIC energies within a QCD-inspired
center of a overlapped region will be suppressed. As we caparton model. We found that both the initigy in p+p
see this is where the Cronin effect and the effect of nucleacollisions and thé broadening due to multiple parton scat-
modification of parton distributions are the strongest. This igering in p+ A collisions are important to describe the ex-
why the relative uncertainty caused by nuclear parton distriperimental data within the model calculations. The value of
butions is reduced compared to the case when there is ripitial k; in order to fit the data is found to be larger than the
parton energy loss. In the calculations, we also included possonventional value of 300—500 MeV for intrinsig accord-
sible contribution to hadron production from soft processesng to the uncertainty principle. This finding is also consis-
at low pr as implemented in Ref10]. When hadrons from tent with analysis of Drell-Yan datf81] and recent study
hard parton scattering are suppressed, these soft contribl25] of direct photon and pion production at around CERN
tions might become dominant at intermedigite. This is  SPS energy range. In both studies, one found that an intrinsic
why the spectra ratio increases again wipgr<2 GeV/c in k: of the order of 1 GeW is needed to describe the data
Fig. 14. The spectra at lowgx could also be broadened due within NLO parton model calculations. Since we only used
to the rescattering effect which also drives the system intd.O PQCD calculation, we have to introduce so@&depen-
local equilibrium. We should emphasize that the soft particledence of the initiak{ induced by initial-state radiation pro-
spectra we use here are extremely schematic and qualitativeesses in order to fit the experimental data at low collider
This is another uncertainty one should keep in mind whichenergies. This QCD-inspired parton model with phenomeno-
could affect the shape of spectra at intermedigte Never-  logically included intrinsidk describes very well the energy
theless, the spectra at largg is most sensitive to parton and isospin dependence of the hadron spectra.
energy loss in dense medium. Therefore, one should study The QCD-inspired parton model calculation can also de-
hadron spectra ip+ A very carefully and pin down the un- scribe the large+ pion spectra in heavy-ion collisions at the
certainty due to multiple scattering and partamtishadow- CERN SPS energies very well, both thAeor centrality and
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energy dependence. There is no evidence of proposed partstring end-points can give such correlation. If such correla-
energy loss caused by dense partonic matter. Based on recéion is seen, one can then study the dependence of the
theoretical estimateg3—5] of parton energy loss in dense correlation to find out at whap value the correlation dis-
partonic matter, one should expect a parton energy loss in thgppears. One can then at least quantify above whaialue
order ofdE/dx~2—4 GeV/fm. The absence of such energy thermal-hydro model can be ruled out as the underlying par-
loss in largep; hadron spectra implies that either there is noticle production mechanism. Such a study is underway and
such dense partonic matter formed or the lifetime of suchVill be reported elsewhere. _ _ _
medium is smaller than the mean free path of the parton At the BNL RHIC energy, things will become a little
interaction inside such a medium. It also tells us that thefleaner. As pointed out by Gyulassy and Leji], most of
hadronic matter which must have existed for a period of timg'2dron production at largpr will be dominated by gluon
in heavy-ion collisions at the CERN SPS will not cause approductlon and are not influenced by the fate of strings or
parent energy loss or jet quenching effect. Therefore, if ond@/€nce quarksexcept net baryonsThe spectra should be
observes suppression of high hadrons at the BNL RHIC more se.nsmve to parton energy Ioss'. Moreover, the hadron
energy, it will unambiguously reflect an initial condition very SPectra inp+A andA+A collisions without parton energy
different from what has been achieved at the CERN Sps, 10s Will have a unique shape similar to those shown in Fig.
As pointed out in a recent paper by Gyulassy and Levail3 at high energies whlqh capnot be fuIIy.reveaIed at the
[17], even though theiaiNg [15] Monte Carlo model fails to  CERN SPS energies. This unique shape will be hard to ex-
reproduce the hadron spectragr-p, p+A, and S-S (and plain by any thermal-hydrodynamlc model§. However, as we
S+ Au) data at the CERN SPS energy, it accidentally repro-h"’“’e demons_trqted in the previous section, t_here are sl
duces the central PbPb data very well because some some uncertainties related to nuclear modification of parton

unique form of transverse momentum kick introduced ind'.St”bUt'onS' It is therefore very |mport§1nt to have a system-
atic study ofp+p, p+A, andA+A collisions at the BNL

HIJING to the end-points of strings each time they suffer an i o .
RHIC energy in order to make more quantitative conclusions

interaction. A hydrodynamic model calculatid®3] with I i d dium f he sinal
significant transverse expansion can also be used to fit tH&°0Ut parton energy loss in dense medium from the single
adron spectra at large; .

high p hadron spectra. So one should wonder how one ca
make sure that the higby hadron production iiA+B col-
lisions is indeed dominated by hard parton scattering. As we

have proposed earli¢3,54], measurement of two-particle This work was supported by the Director, Office of En-
correlation in azimuthal angle in the transverse plane shouldrgy Research, Office of High Energy and Nuclear Physics,
be able to distinguish these models from parton model. In th®ivisions of Nuclear Physics, of the U.S. Department of En-
parton model, jets are always produced in pairs and back-teergy under Contract Nos. DE-AC03-76SF00098 and DE-
back in the transverse plane. High particles from jet frag- FG03-93ER40792. The author wishes to thank K. J. Eskola
mentation should then have strong back-to-back correlatiorfor comments and for providing the EKS98 parametrization
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