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Effects of jet quenching on highpT hadron spectra in high-energy nuclear collisions
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Since large-pT particles in high-energy hadronic or nuclear collisions come from jet fragmentation, jet
quenching due to parton energy loss in dense matter will cause the suppression of large-pT hadron spectra in
high-energy heavy-ion collisions. Assuming an effective energy lossdE/dx for the high-ET partons, effective
jet fragmentation functions are constructed in which leading hadrons will be suppressed. Using such effective
fragmentation functions, high-pT hadron spectra and particle suppression factors relative topp collisions are
estimated in central high-energy nuclear collisions with a given range of the assumeddE/dx. It is found that
the suppression factors are very sensitive to the value of the effective energy loss. Systematic nuclear and
flavor dependence of the hadron spectra are also studied.@S0556-2813~98!03610-3#

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

An ideal quark-gluon plasma~QGP! has often been de
fined as a system of weakly interacting quarks and gluon
both thermal and chemical equilibrium. However, recent t
oretical investigations based on a perturbative QCD-insp
model @1,2# show that it is increasingly difficult for the ini
tially produced partons to evolve into thermal equilibrium
let alone chemical equilibrium. Therefore, one might hav
generalized QGP simply as an interacting and deconfi
parton system with alarge sizeand long lifetime.

One can find many examples of an interacting parton s
tem in collisions involving strong interaction. But so fa
none of them can be considered a QGP in terms of either
ideal or generalized definition. At a distance much sma
than the confinement scaleLQCD and normally in the earlies
time of the collision, the interaction can be described
perturbative QCD~pQCD!. Later on, the produced parton
will then combine with each other via nonperturbative int
actions and finally hadronize into hadrons. Therefore,
can consider that there exists an interacting parton sys
during the prehadronization stage in, e.g.,e1e2 annihilation
and deeply inelastice2p processes, which is, however, lim
ited only to a space-time region characterized by the confi
ment scaleLQCD. The characteristic particle spectrum~in pT
and rapidity! and the ratios of produced particles are th
determined by the physics of pQCD and nonperturba
hadronization. In ultrarelativistic heavy-ion collisions, o
seeks to produce a similar interacting parton system but
much larger scale of the order of a nucleus size and fo
long period of time~e.g., a QGP!. Therefore, one should
study those experimental observables which are uniqu
the large size and long lifetime of an interacting parto
system as signals of a quark-gluon plasma.

Among many proposed signals of a quark-gluon plas
@3#, hard probes associated with hard processes are espe
useful because they are produced in the earliest stage o
collision and their abilities to probe the dense matter are
complicated by the hadronization physics. The merits of h
probes are even more apparent at high energies bec
those processes also dominate the underlying collision
PRC 580556-2813/98/58~4!/2321~10!/$15.00
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namics which will determine the initial conditions of th
produced partonic system@4,2#. Study of them will then en-
able us to probe the early parton dynamics and the evolu
of the quark-gluon plasma.

In general, one can divide the hard probes into two c
egories: thermal emission and particle suppression by
medium. Particle production, like photon/dilepton and cha
particles, from thermal emission can be considered as t
mometers of the dense medium. Their background com
from the direct production in the initial collision processe
On the other hand, suppression of particles produced in
initial hard processes, like high-pT particles from jets and
J/C, can reveal evidence of the parton energy loss in de
matter and the deconfinement of the partonic system. T
mal production of these particles is expected to be negligi
Therefore, in both cases, one needs to know the initial p
duction rate accurately enough. Another advantage of th
hard probes is that the initial production rate can be cal
lated via pQCD, especially if we understand the mod
nuclear modification one would expect to happen.

In this paper, we will discuss high-pT particles as probes
of the dense matter since one expects high-ET partons which
produce these high-pT particles will interact with the dense
medium and lose energy. Medium-induced energy loss o
high-energy parton traversing a dense QCD medium is in
esting because it depends sensitively on the density of
medium and thus can be used as a probe of the dense m
formed in ultrarelativistic heavy-ion collisions. As rece
studies demonstrated@5–7#, it is very important to take into
account the coherent effect in the calculation of radiat
spectrum induced by multiple scattering of a fast parton. T
so-called Landau-Pomeranchuk-Migdal effect can lead
very interesting, and sometimes nonintuitive results for
energy loss of a fast parton in a QCD medium. Anoth
feature of the induced energy loss is that it depends on
parton density of the medium via the final transverse m
mentum broadening that the parton receives during its pro
gation through the medium. One can therefore determine
parton density of the produced dense matter by measu
the energy loss of a fast parton when it propagates thro
the medium.
2321 © 1998 The American Physical Society
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2322 PRC 58XIN-NIAN WANG
Unlike in the QED case, where one can measure dire
the radiative energy loss of a fast electron, one cannot m
sure directly the energy loss of a fast leading parton in QC
Since a parton is normally studied via a jet, a cluster
hadrons in the phase space, an identified jet can contain
ticles both from the fragmentation of the leading parton a
from the radiated partons. If we neglect thepT broadening
effect, the total energy of the jet should not change eve
the leading parton suffers radiative energy loss. What sho
be changed by the energy loss are the particle distribut
inside the jet or the fragmentation functions and the jet p
file. Therefore, one can only measure parton energy loss
directly via the modification of the jet fragmentation fun
tions and jet profile. For this purpose, it was recen
proposed@8,9# that the jet quenching can be studied by me
suring thepT distribution of charged hadrons in the oppos
direction of a tagged direct photon. Since a direct photon
the central rapidity region (y50) is always accompanied b
a jet in the opposite transverse direction with roughly eq
transverse energy, thepT distribution of charged hadrons i
the opposite direction of the tagged direct photon is direc
related to the jet fragmentation functions with known init
energy. One can thus directly measure the modification
the jet fragmentation and then determine the energy loss
fered by the leading parton with given initial energy.

Similarly, the single-particle spectrum can also be used
study the effect of parton energy loss as proposed in R
@10#, since the suppression of large-ET jets naturally leads to
the suppression of large-pT particles. However, since th
single-particle spectrum is a convolution of the jet cross s
tion and jet fragmentation function, the suppression of p
duced particles with a givenpT results from jet quenching
with a range of initial transverse energies. Therefore,
cannot measure the modification of the jet fragmentat
function or the energy loss of a jet with known initial tran
verse energy from the single-particlepT spectrum as pre
cisely as in the case of tagged direct photons. One c
advantage of the single inclusive particle spectrum is
large production rate of moderately high-pT particles, while
the production rate of large-pT direct photons is relatively
much smaller at the designed luminosity of the relativis
heavy-ion collider~RHIC! @9#. Therefore, with much less
experimental effort, one can still study qualitatively the e
fect of jet quenching and extract the average value of
parton energy loss from single-particle spectra at highpT .

In this paper, we will conduct a systematic study of t
effects of parton energy loss on single-particle transve
momentum spectra in centralA1A collisions in the frame-
work of modified effective jet fragmentation functions. W
study within this framework the dependence of the spe
on the effective parton energy loss. We will discuss the
ergy or pT and A dependence of the energy loss and
quenching. Finally, flavor dependence of the spectra
also be discussed.

II. MODIFIED JET FRAGMENTATION FUNCTIONS

Jet fragmentation functions have been studied extensi
in e1e2, ep, and pp̄ collisions @11#. These functions de
scribe the particle distributions in the fractional energyz
5Eh /Ejet , in the direction of a jet. The measured depe
ly
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dence of the fragmentation functions on the momentum s
is shown to satisfy the QCD evolution equations very we
We will use the parametrizations of the most recent analy
@12,13# in both z and Q2 for jet fragmentation functions
Dh/a

0 (z,Q2) to describe jet (a) fragmentation into hadrons
(h) in the vacuum.

In principle, one should study the modification of jet fra
mentation functions in a perturbative QCD calculation
which induced radiation of a propagating parton in a medi
and Landau-Pomeranchuk-Migdal interference effect can
dynamically taken into account. However, for the purpose
our current study, we can use a phenomenological mode
describe the modification of the jet fragmentation functi
due to an effective energy lossdE/dx of the parton. In this
model we assume:~1! A quark-gluon plasma is formed with
a transverse size of the colliding nuclei,RA . A parton with a
reduced energy will only hadronize outside the deconfin
phase and the fragmentation can be described as ine1e2

collisions.~2! The mean free path of inelastic scattering f
the partona inside the QGP isla which we will keep a
constant throughout this paper. The radiative energy loss
scattering isea . The energy loss per unit distance is th
dEa /dx5ea /la .

The probability for a parton to scattern times within a
distanceDL is given by a Poisson distribution,

Pa~n,DL !5
~DL/la!n

n!
e2DL/la. ~1!

We also assume that the mean free path of a gluon is
that of a quark, and the energy lossdE/dx is twice that of a
quark. ~3! The emitted gluons, each carrying energyea on
the average, will also hadronize according to the fragmen
tion function with the minimum scaleQ0

252.0 GeV2. We
will also neglect the energy fluctuation given by the radiati
spectrum for the emitted gluons. Since the emitted glu
only produce hadrons with very small fractional energy, t
final modified fragmentation functions in the moderate
large z region are not very sensitive to the actual radiati
spectrum and the scale dependence of the fragmenta
functions for the emitted gluons.

This is definitely a simplified picture. In a more realist
scenario, one should also consider both the longitudinal
transverse expansion. Because of the expansion, the a
parton energy loss will change as it propagates through
evolving system resulting in a different total energy loss
recently studied in Ref.@14#. Since we are mostly intereste
in the overall effects, we can neglect the details of the e
lution history and concentrate on the modification of high-pT
hadron spectra due to an assumed total energy loss or a
aged energy lossdE/dx per unit distance. It might require
much more elaborated study to find out the effects of
dependence of the energy loss on the dynamical evolutio
the system. It is beyond the scope of this paper.

We will consider the central rapidity region of high
energy heavy-ion collisions. We assume that a parton w
initial transverse energyET will travel in the transverse di-
rection in a cylindrical system. With the above assumptio
the modified fragmentation functions for a parton traveling
distanceDL can be approximated as
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Dh/a~z,Q2,DL !5
1

CN
a (

n50

N

Pa~n,DL !
zn

a

z
Dh/a

0 ~zn
a ,Q2!

1^na&
za8

z
Dh/g

0 ~za8 ,Q0
2!, ~2!

where zn
a5z/(12nea /ET), za85zET /ea , and CN

a

5(n50
N Pa(n). We limit the number of inelastic scattering t

N5ET /ea by energy conservation. For large values ofN,
the average number of scattering within a distanceDL is
approximately^na&'DL/la . The first term corresponds t
the fragmentation of the leading partons with reduced ene
ET2nea and the second term comes from the emitted glu
each having energyea on the average. Detailed discussion
this modified effective fragmentation function and its limit
tions can be found in Ref.@9#.

III. ENERGY LOSS AND SINGLE-PARTICLE
pT SPECTRUM

To calculate thepT distribution of particles from jet frag-
mentation inpp and the central heavy-ion collision, one sim
ply convolutes the fragmentation functions with the jet cro
sections@15#,

dshard
pp

dy d2pT

5K (
abcdh

E
xa min

1

dxaE
xb min

1

dxbf a/p~xa ,Q2!

3 f b/p~xb ,Q2!

3Dh/c
0 ~zc ,Q2!

pzc

ds

d t̂
~ab→cd!, ~3!

for pp and

dNhard
AA

dy d2pT

5KE d2r t A
2~r ! (

abcdh
E

xa min

1

dxaE
xb min

1

dxbf a/A~xa ,Q2,r !

3 f b/A~xb ,Q2,r !

3
Dh/c~zc ,Q2,DL !

pzc

ds

d t̂
~ab→cd!, ~4!

for AA collisions, wherezc5xT(ey/xa1e2y/xb)/2, xb min
5xaxTe

2y/(2xa2xTe
y), xa min5xTe

y/(22xTe
2y), and xT

52pT /As. The nuclear thickness function is normalized
*d2r t A(r )5A. The K'2 factor accounts for higher-orde
corrections@16#. The parton distributions per nucleon in
nucleus~with atomic mass numberA and charge numberZ),

f a/A~x,Q2,r !5Sa/A~x,r !

3FZ

A
f a/p~x,Q2!1S 12

Z

AD f a/n~x,Q2!G ,
~5!
y
s

f

s
are assumed to be factorizable into parton distributions i
nucleon f a/N(x,Q2) and the parton shadowing facto
Sa/A(x,r ) which we take the parametrization used in t
HIJING model@17#. Neglecting the transverse expansion, t
transverse distance a parton produced at (r ,f) will travel is
DL(r ,f)5ARA

22r 2(12cos2 f)2r cosf.
In principle, one should also take into account the intr

sic transverse momentum and the transverse momen
broadening due to initial multiple scattering. These effe
~so-called Cronin effects! are found to be very important to
the final hadron spectra at around superproton synchro
~SPS! energies (As520– 50 GeV)@18#. However, at RHIC
energy which we are discussing in this paper, one can
glect them~about 10–30% correction! to a good approxima-
tion.

We will use the Martin-Roberts-Stirling~MRS! D28 pa-
rametrization of the parton distributions@19# in a nucleon.
The resultantpT spectra of charged hadrons (p6,K6) for pp

and pp̄ collisions are shown in Fig. 1 together with the e
perimental data@20–23# for As563, 200, 900, and 1800
GeV. The calculations~dot-dashed line! from Eq. ~3! with
the jet fragmentation functions given by Refs.@12,13# agree
with the experimental data remarkably well, especially
large pT . However, the calculations are consistently belo
the experimental data at lowpT , where we believe particle
production from soft processes, like string fragmentation
the remanent colliding hadrons, becomes very important.
account for particle production at smallerpT , we introduce a
soft component to the particle spectra in an exponen
form,

dNsoft
pp

dy d2pT
5Ce2pT /T, ~6!

with a parameterT50.25 GeV/c. This exponential form is a
reasonable fit to the data of hadronpT spectra ofpp̄ colli-
sions atAs5200 GeV belowpT,2 GeV/c. The fit is not
very good belowpT50.5 GeV and the parameterT should

FIG. 1. The charged particlepT spectra inpp andpp̄ collisions.
The dot-dashed lines are from jet fragmentation only and solid li
include also soft production parametrized in an exponential fo
The experimental data are from Refs.@20–23#.
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2324 PRC 58XIN-NIAN WANG
also depend on colliding energyAs. However, for a rough
estimate of the spectra at lowpT this will be enough and we
will keep T a constant.

The normalization in Eq.~6! is determined from the
charged hadron rapidity density in the central region:

C5
1

2pT2 S dNpp

dy
2

dNhard
pp

dy D , ~7!

where

dNhard
pp

dy
5

1

s in
pp E d2pT

dshard
pp

dy d2pT
. ~8!

Table I lists the values of the charged hadron rapidity den
and the inelastic cross sections ofpp collisions from HIJING
calculations which we will use to determine the normaliz
tion in Eq. ~6! at different energies.

The total pT spectrum for charged hadrons inpp colli-
sions including both soft and hard components is then

dNpp

dy d2pT
5

dNsoft
pp

dy d2pT
1

1

s in
pp

dshard
pp

dy d2pT
, ~9!

which are shown in Fig. 1 as solid lines. As one can se
improves the agreement with data at lower transverse
mentum.

We now also assume that the charged multiplicity fro
soft particle production is proportional to the total number
wounded nucleons inAA collisions which scales likeA,
while the production from hard processes is proportiona
the number of binary nucleon-nucleon collisions whi
scales likeA4/3. At low pT both types of processes contribu
to the particle spectrum. Therefore theA scaling of the spec-
trum at low pT depends on the interplay of soft and ha
processes. In the HIJING model@17# with a cutoff of ET0
52 GeV for jet production the low-pT spectra scale like
A1.1. To take into account of the uncertainty due to the
terplay between soft and hard processes, we assume the
ron spectrum in centralAA collisions is

dNAA

dy d2pT
5Aah

dNsoft
pp

dy d2pT
1

dNhard
AA

dy d2pT
, ~10!

whereah51.0– 1.1.
To calculatedNhard

AA /dy d2pT , we will take into account
both the effect of nuclear shadowing on parton distributio
and the modification of the jet fragmentation functions due
parton energy loss inside a medium. From Eq.~4! we see that
it will be proportional to an overlap function of centralAA
collisionsTAA(0). In ahard-sphere model for nuclear distr
bution,TAA(0)59A2/8pRA

2 andRA51.2A1/3 fm.

TABLE I. Charged hadron rapidity density and inelastic cro
sections for pp collisions at different colliding energies from
HIJING calculations.

As ~GeV! 63 200 900 1800

dNpp/dy 1.9 2.4 3.2 4.0
s in

pp ~mb! 35 44 50 58
ty

-

it
o-

f

o

-
ad-

s
o

We now define an effective suppression factor, or the
tio,

RAA~pT!5
dNAA /dy/d2pT

s in
ppTAA~0!dNpp /dy/d2pT

, ~11!

between the spectrum in centralAA andpp collisions which
is normalized to the effective total number of binaryNN
collisions in a centralAA collision. If none of the nuclear
effects~shadowing and jet quenching! are taken into account
this ratio should be unity at large transverse momentu
Shown in Fig. 2 are the results for central Au1Au collisions
at the RHIC energy withdEq /dx51, 2 GeV/fm, andlq
51 ~solid!, 0.5 fm ~dashed!, respectively. As we have ar
gued before, jet energy loss will result in the suppression
high pT particles as compared topp collisions. Therefore,
the ratio at largepT in Fig. 2 is smaller than one due to th
energy loss suffered by the jet partons. It, however, increa
with pT because of the constant energy loss we have
sumed here. At hypothetically largepT when the total energy
loss is negligible compared to the initial jet energy, the ra
should approach to one.

Since there is always a coronal region with an avera
length of lq in the system where the produced parton j
will escape without scattering or energy loss, the suppres
factor can never be infinitely small. For the same reason,
suppression factor also depends on the parton’s mean
path, lq . It is thus difficult to extract information on both
dEq /dx andlq simultaneously from the measured spectra
a model independent way.

At small pT , particles from soft processes~or from had-
ronization of QGP! dominate. The ratioRAA(pT) is then very
sensitive to theA-scaling behavior of the soft particle pro
duction. Since we assumed an effective scaling,Aah with
ah51.0– 1.1, for the low-pT particle production, the ratio
should approachAah/sppTAA(0)50.149– 0.253 at smallpT
for central Au1Au collisions at the RHIC energy, as show

FIG. 2. The suppression factor or ratio of charged particlepT

spectrum in central Au1Au over that of pp collisions at As
5200 GeV, normalized by the total binary nucleon-nucleon co
sions in central Au1Au collisions, with different values of the en
ergy lossdEq /dx and the mean free pathlq of a quark inside the
dense medium, the shaded area indicates the uncertainty of th
fective A scaling of low-pT spectra depending on the interplay
soft and hard processes
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PRC 58 2325EFFECTS OF JET QUENCHING ON HIGHpT HADRON . . .
in Fig. 2. Therefore, the shaded area in the figure~we only
plotted for one case of energy loss! should be considered a
one of the uncertainties of the ratio at lowpT associated with
the interplay of contributions from soft and hard process
One presumably can determine this dependence from fu
RHIC experimental data.

As we have stated earlier, the Cronin effect due to ini
multiple parton scattering will introduce an uncertainty effe
of 10–30 % which can be narrowed down through a syste
atic study ofp1p andp1A collisions. Since the concept o
parton energy loss can only be applied to highET jets, it will
in principle only affect the spectra at highpT where contri-
bution from soft production is negligible. At smaller value
of pT,3;4 GeV/c where soft particle production become
important, the connection between parton energy loss and
hadron spectra becomes unclear. In this region, the mo
cation of the spectra is driven by parton and hadron therm
ization. Since we approximate the spectra in this region
an effectiveA scaling of coherent or semicoherent partic
production, the suppression factor we show in this paper
only be considered as semiquantitative. Furthermore,
spectra just abovepT;4 GeV/c should also be sensitive t
the energy dependence of the energy loss as we will sho
the next section.

To further illustrate the effect of the parton energy loss
hadron spectrum we show in Fig. 3 the production rates
p0 with ~solid line! and without parton energy loss~dashed
lines!, together with the spectrum of direct photons~dot-
dashed lines! at the RHIC energy. The upper curve for dire
photons is a leading-order calculation multiplied byK52
factor. The lower curve is the result of a next-to-leadi
order calculation@24# which also includes quark bremsstra
lung. Here we assumed the low-pT soft particle spectra
scales likeA1.1. Since we can neglect any electromagne
interaction between the produced photon and the QCD
dium, the photon spectrum will not be affected by the par

FIG. 3. The inclusivepT distribution for p0 with ~solid! and
without ~dashed! parton energy loss as compared to that of dir
photons ~dot-dashed! in central Au1Au collisions at As
5200 GeV.dEq /dx51 GeV/fm and mean free pathlq51 fm are
assumed. The contribution from soft particle production to thep0

spectra is assumed to have aA1.1 scaling.
s.
re

l
t
-

he
fi-
l-
y

n
e

in

f

c
e-
n

energy loss. On the other hand, jet quenching due to pa
energy loss can significantly reducep0 rate at largepT .
Therefore the change ofg/p0 ratio at largepT can also be an
indication of parton energy loss. One can consider the c
tribution to direct photon production from bremsstrahlung
quark fragmentation into a photon, it should in principle al
be affected by the quark energy loss inside the dense
dium. Therefore, there is also some uncertainty~maximum
factor of 2 if theK52 factor completely comes from brems
strahlung correction! to the estimated photon spectra at low
pT where bremsstrahlung is more important.

IV. ENERGY AND A DEPENDENCE OF ENERGY LOSS

In recent theoretical studies of parton energy loss@5–7#, it
has been demonstrated that the so-called Land
Pomeranchuk-Midgal~LPM! coherent effect can lead to in
teresting and sometimes nonintuitive results. Baieret al.
have systematically studied these effects in detail@6,7#. They
found that because of the modification of the radiation sp
trum by the LPM coherence, the energy loss experienced
a fast parton propagating in an infinite large medium ha
nontrivial energy dependence,

dE

dx
}2NcasAE

m2

l
ln

E

lm2 ~ for L.Lcr!, ~12!

whereNc53, E is parton’s energy,m2 is the Debye screen
ing mass for the effective parton scattering,l is parton’s
mean free path in the medium, andLcr5AlE/m2. For a
more energetic parton traveling through a medium with fin
length (L,Lrc), the final energy loss becomes almost ind
pendent of the parton energy and can be related to the
transverse momentum broadening acquired by the pa
through multiple scattering,

dE

dx
52

Ncas

8
DpT

25
Ncas

8
dpT

2 L

l
, ~13!

wheredpT
2 is the transverse momentum kick per scatter

the parton acquires during the propagation. Therefore,
energy loss per unit distance,dE/dx, is proportional to the
total length that the parton has traveled. Because of
unique coherence effect, the parton somehow knows the
tory of its propagation.

These are just two extreme cases of parton energy and
medium length. Since it involves two unknown paramet
of the medium, it is difficult to determine which case is mo
realistic for the system of dense matter produced in hea
ion collisions. We will instead study the phenomenologic
consequences of these two cases in the final single inclu
particle spectrum at largepT .

Shown in Fig. 4 are the calculated suppression fact
with an energy-dependent parton energy loss,dEq /dx
5AE/5 GeV and dEq /dx5AE/20 GeV GeV/fm, respec-
tively, for central Au1Au collisions at the RHIC energy
Comparing to Fig. 2 with a constant energy loss, suppres
factors are flatter as functions ofpT . This is understandable
because the energy loss for largerET jet will lose more en-
ergy in this scenario thus leading to a stronger suppressio
high-pT particles. As pointed out in Ref.@8#, the most rel-

t
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evant quantity in the modification of the fragmentation fun
tions is the parton energy lossDET relative to its original
energy ET . For a constant energy lossDET , the ratio
DET /ET becomes smaller for largerET , thus the suppres
sion factorRAA(pT) will increase withpT . If the energy loss
DET rises with the initial energyET , then the increase wil
be slower. Thus the slope of the ratioRAA(pT) can provide
us information about the energy dependence of the en
loss, as one can see from the comparison of Figs. 2 and

To study the consequences of a parton energy lossdE/dx
which increases with the distanceL it travels, one can eithe
vary the impact-parameter or the atomic mass of the pro
tile and target so as to change the size of the dense m
through which the leading partons have to propagate.
suming a transverse size of the colliding nuclei which hav
hard-sphere nuclear distribution, one can estimate that
averaged distance a produced jet has to travel throug
^L&A51.09A1/3, where one has to weight with the probab
ity of jet production or the overlapping functions ofAA col-
lisions. In Fig. 5, we plot the suppression factorRAA(pT) at
a fixed pT510 GeV/c for central A1A collisions at the
RHIC energy as a function ofA1/3, A the atomic masses o

FIG. 4. The same as Fig. 2, except that an energy-depen
energy loss is assumed. The mean free pathlq51 fm is used in the
calculation.

FIG. 5. The suppression factor for centralA1A collisions at
pT510 GeV/c, as a function of the system size,A1/3, for a constant
energy loss per unit distance length~dot-dashed line! and an energy
loss which increases linearly with the length~solid line!. The mean
free pathlq51 fm is used.
-

gy
.

c-
ter
s-
a
he
is

the projectile and target nuclei. The solid line is for an e
ergy loss, dE/dx50.2(L/fm) GeV/fm, which is propor-
tional to the total length traveled by the parton, and d
dashed line is for a constantdE/dx50.5 GeV/fm. As the
size of the system increases, a parton will lose more ene
and thus will lead to increased suppression in both cases.
collisions of heavy nuclei (A1/3.3), the energy loss in the
first case becomes larger than the second one and thus
to more suppression. However, the functional form of theA
dependence of the suppression factor in the two cases do
differ dramatically. It is therefore difficult to determin
whether the energy loss per unit length is proportional to
total length simply from theA dependence of the suppressio
factor. It must require a model-dependent phenomenolog
study of the experimental data.

V. FLAVOR DEPENDENCE

Because of the non-Abelian coupling, gluons in QCD
ways have stronger interaction than quarks. The gluon d
sity inside nucleons at smallx is larger than quarks; the
gluon-gluon scattering cross section is larger than the qu
quark; and a gluon jet produces more particles than a qu
jet. For the same reason, a high-energy gluon will also l
more energy than a quark propagating through a dense
dium. Theoretical calculations@5–7# all show that gluons
lose twice as much energy as quarks. In this section we
discuss how to observe such difference in the final had
spectrum.

By charge and other quantum number conservation, fr
mentation functions of a gluon jet into particle and antip
ticle will be identical, though it produces more particles th
a quark jet and consequently its fragmentation functions
often softer than a quark’s, as has been measured in
three-jet events ofe1e2 annihilation@25#. For example, an
equal number of protons and antiprotons will be produced
the gluon fragmentation. On the other hand, an up or do
quark is more likely to produce a leading proton than an
proton and vice versa for antiquarks. Since there will
more quark~up and down! jets produced than antiquark i
nuclear collisions, one will find more protons than antipr
tons, especially at largepT since valence quarks are distrib
uted at relatively largex ~partons’ fractional momenta of th
nucleon!, while gluons at smallx. In other words, highpT
protons will have a smaller relative contribution from gluo
jets than antiprotons. If gluon jets lose more energy th
quark jets as we have assumed in this paper, one should
have different suppression factors for a proton and antip
ton. Such flavor dependence should be most evident
heavy particles like nucleons and lambdas whose fragme
tion functions from a valence quark are significantly hard
~i.e., falls off more slowly at largez) and are very different
from gluons and sea quarks. For light mesons like pions,
valence quark fragmentation functions are softer and are
much different from gluons and sea quarks. One then w
not see much difference between the suppression factor
p1 and p2 even though gluons and quarks have differe
energy loss.

Before we discuss the suppression factors, let us loo
the flavor dependence of the spectra first. Plotted in Fig
arep2/p1 ratios as functions ofpT in pp, central Au1Au

nt
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collisions with and without energy loss atAs5200A GeV.
Because gluon-quark scattering dominates in thispT region
at the RHIC energy and there are twice as many valencu
quarks thand quarks inpp collisions, this ratio decrease
with pT ~dashed line! and should saturate at about 0.5~va-
lenced to u quark ratio in a proton! at very highpT where
only valence quarks contribute to pion production. At lowpT
where contributions from sea quarks and gluons beco
more important the ratio is then close to one. This is a cl
prediction of QCD parton model and has been verified
experiments some years ago@26#. In Au1Au collisions,
however, there are slightly more valenced quarks thanu
quarks since the nuclei are slightly neutron rich. As we se
the figure, thep2/p1 ratio ~dot-dashed line! then increases
with pT and approaches a value of about 1.14 which is
valenced to u quark ratio in a Au nucleus. The reason wh
the ratio is different from the limit ofd/u ratio is because o
finite contributions from sea quarks and gluons. If gluo
lose more energy than quarks, the contribution to highpT
pion production from gluons will be reduced relative
quarks. Therefore, thep2/p1 ratio will be higher than the
case of no difference in energy loss between quarks and
ons~or no energy loss! or become closer in value to thed/u
ratio, as we see in the figure~solid line!. However, the
change due to the parton energy loss is very small bec
the contributions to pion production from gluons is relative
much smaller than quarks.

The situation for protons and antiprotons is differe
From parton distributions in a proton we know that gluon
quark density ratiof g/p(x,Q2)/ f q/p(x,Q2) decreases withx
52ET /As, where ET is the transverse momentum of th
produced jet. Consequently the ratio of gluon to quark
production cross section always decreases withET . Since
most of antiprotons come from gluons while protons co
from both valence quark and gluon fragmentation, the ra
of antiproton to proton production cross section should a
decrease with theirpT , as our calculation shows in Fig. 7 fo
pp collisions ~dashed line! at As5200 GeV. At smallpT
gluon and quark jet cross sections become comparable
the ratio p̄/p should increase. But it will always be smalle

FIG. 6. The ratio ofp2 to p1 spectra as functions ofpT in pp
~dashed!, central Au1Au collisions atAs5200A GeV without en-
ergy loss ~dot-dashed! and with energy loss ofdEq /dx
51 GeV/fm ~the mean free pathlq51 fm).
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than 1 because there will always be more protons than a
protons in nucleon or nuclear collisions due to baryon nu
ber conservation~and finite net baryon production in the ce
tral region even from perturbative QCD calculation!.

The dot-dashed line in Fig. 7 is thep̄/p ratio in central
Au1Au collisions without parton energy loss at the RHI
energy. Since Au nuclei are slightly neutron rich, one sho
have less proton production per nucleon from valence qu
fragmentation thanpp collisions. Since gluon jet production
does not change frompp to Au1Au, the ratio p̄/p in
Au1Au ~without energy loss! is then a little larger than in
pp collisions. If there is parton energy loss and gluons lo
more energy than quarks, then as we have argued thatp̄/p
ratio should become smaller than without energy loss~or
gluons and quarks have the same energy loss!, as shown in
the figure as the solid line. The result and argument is
same forL̄/L ratio as also shown in the lower panel of Fi
7. To further illustrate this point, we plot in Fig. 8 the pa
ticle suppression factors for the proton, antiproton, lamb
and antilambda as functions ofpT . Because of the increase
energy loss for gluons over quarks, the suppression fac
for antiprotons and antilambdas is then smaller than prot
and lambdas. This could be easily verified if one can iden
these particles at highpT in experiments.

In the calculation of high-pT baryon spectra in Figs. 7 an
8 one has to use parametrized fragmentation functions
baryons similarly to these of mesons@12,13#. Though baryon
production from jet fragmentation ine1e2 and e2p colli-
sions has been studied@27#, we could not find any param
etrized form including theQ2 evolution. Since the Lund
model has been proven to reproduce the experimental

FIG. 7. The ratio ofp̄ to p ~upper panel! and L̄ to L ~lower
panel! spectra as functions ofpT in pp ~dashed!, central Au1Au
collisions atAs5200A GeV without energy loss~dot-dashed! and
with energy loss ofdEq /dx51 GeV/fm ~solid! ~the mean free path
lq51 fm). Gluons are assumed to lose twice as much energ
quarks. The arrows indicate the ratio at lowpT,1 GeV/c from
HIJING/BJ estimate~with the baryon junction model of baryon
stopping!.
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2328 PRC 58XIN-NIAN WANG
well, here we use the baryon fragmentation functions par
etrized from the Monte Carlo simulation of Lund mod
~JETSET! @29#. The parametrizations are given in the Appe
dix.

In the calculation of the particle ratio in Figs. 6 and 7 a
particle suppression factors in Fig. 8, we included only c
tributions from perturbative hard processes. As we have
cussed before there will also be particle production fr
nonperturbative processes. These soft particle producti
which are dominant at lowpT , are not likely to change the
p2/p1 ratio much. However, it might change thep̄/p and
L̄/L ratio, as recent heavy-ion experiments show@28# that
there is significantly more baryon stopping than either pQ
calculation or a simple Lund string model of nuclear co
sions. There are many models of nonperturbative bar
stopping in nuclear collisions@30,31#. To take into account
this nonperturbative baryon stopping, a baryon junct
model @32# has been implemented into the original HIJIN
model to describe the observed baryon stopping at SPS
ergy@33#. This version of the HIJING~or HIJING/BJ! model
at the RHIC energy gives a ratio ofp̄/p50.67 andL̄/L
50.75. These values should serve as an estimate of the
ticle ratio at smallpT,1 GeV/c, as indicated by the arrow
in Fig. 7. This then gives us an upper bound of the unc
tainty for the ratio at aroundpT;2 GeV/c, depending on the
interplay between perturbative and nonperturbative contr
tions. Similarly, the suppression factors at lowpT also de-
pend on theA scaling of low-pT particle production. If we
assume anA1.1 scaling like we did for all charged particles
then the suppression factors at lowpT,1 GeV/c should be
as indicated by the arrows in Fig. 8. Since contributions fr

FIG. 8. Particle suppression factors forp, L ~solid! and p̄, L̄
~dashed! as functions ofpT in central Au1Au collisions at As
5200A GeV with energy loss ofdEq /dx51 GeV/fm and mean
free pathlq51 fm. Gluons are assumed to lose twice as mu
energy as quarks. The arrows indicate the suppression factors a
pT,1 GeV/c if the soft particle production is assumed to have
A1.1 scaling.
-
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-
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ar-
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the stopped baryon scale likeA, the lowpT limit for baryons
will then be smaller than antibaryons. This is an upper bou
of the uncertainty one should bear in mind at intermedi
pT . At large pT these uncertainties will become very sma

Similarly as we have discussed in the previous sectio
the particle ratio and suppression factors will all depend
the other parameters of the energy loss and its energy anA
dependence. But these will not change the qualitative fea
of the flavor dependence of the particle suppression du
different energy loss suffered by gluons and quarks. Beca
of finite net baryon density in the central region, the bary
and antibaryon absorption in the hadronic phase will
slightly different which might also give rise to different sup
pression factors for baryons and antibaryons. A deta
study of this effect is out of the scope of this paper. Ho
ever, at very largepT , the physical baryons might only b
formed outside the dense region of hadronic matter. Bef
then, the color neutral object might have very a small cr
section with other hadrons which have already been form
Thus the effect of baryon annihilation might be very small
largepT . The study of the data for highpT particle produc-
tion in Pb1Pb collisions at the SPS energy support this s
nario @18#.

VI. CONCLUSIONS

A systematic study of the effects of parton energy loss
dense matter on the highpT hadron spectra in high-energ
heavy-ion collisions has been carried out in this paper.
found the hadron spectra at highpT is quite sensitive to how
the large-ET partons interact with the dense medium and lo
their energy before they fragment into hadrons, leading
the suppression of high-pT particles. The suppression facto
as a function ofpT is also sensitive to the energy dependen
of the parton energy loss. Even though the nonlinear len
dependence of the energy loss as suggested by a recen
oretical study@7# leads to stronger suppression, one can
unambiguously determine the nonlinearity by varying t
system size. We also studied the flavor dependence of
particle spectra and the suppression factor and found that
a good probe of the energy loss, especially the differe
between the energy loss of a gluon and a quark.

Because of our lack of a quantitative understanding
energy loss of the produced highET parton jets inside the
dense matter in heavy-ion collisions, our phenomenolog
study in this paper can only be qualitative. But such a qu
tative study is essential to establish whether there is pa
energy loss at all in heavy-ion collisions and thus whet
there is such an initial stage in the collisions when the p
duced dense matter is equilibrating. The analysis we p
posed in this paper, which is also somewhat model dep
dent, can at least provide information about the average t
energy loss the parton could have suffered during its in
action with the medium. Anything beyond that will requir
our knowledge of the dynamical evolution of the syste
Even toward such a modest goal, there is still one fi
hurdle to overcome, i.e., final-state interactions betwe
leading hadrons of a jet and the soft particles in the hadro
matter. Such an issue is very important to the determina
of whether the high-pT particle suppression, if any, is indee
caused by parton energy loss in the initial stage of a den

h
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partonic matter. Since the formation time of a large-pT par-
ticle is longer than the soft ones, a large-pT particle might be
physically formed outside the dense region of the hadro
phase. Before then, it is in the form of a color dipole whi
might have very small interaction cross section with oth
hadrons. Therefore, the hadronic phase of the dense m
might have a very small effect on the high-pT particle spec-
tra. One could address this issue in heavy-ion collisions
the SPS energies@18#, where one would at least expect tha
dense hadronic matter has been formed.
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APPENDIX

In this appendix we list the baryon fragmentation fun
tions parametrized from the results of LundJETSET Monte
Carlo program@29#. We simulate the fragmentation of aqq̄
or a two-gluon system with invariant massW52Q, and then
parametrize the particle distributions along one direction
the jet axes as functions ofz5Eh /Q. We choose the form o
the parametrization as@12#

Da
h~z,Q!5^nh~Q!&Nza~12z!b~11z!g, ~A1!

if the partona is a gluon or sea quark, and

Da
h~z,Q!5^nh~Q!&@N1za1~12z!b1~11z!g1

1N2za2~12z!b2#, ~A2!

if the parton is a valence quark of the hadronh. The frag-
mentation functions are normalized as*0

1dz Da
h(z,Q)

5^nh(Q)&. For a rough approximation which is enough for
qualitative study in this paper, we neglect the change of
shape of distributions according to the QCD evolution a
attribute the energy dependence to the average multipl
^nh(Q)&, which are parametrized as

^nh~Q!&5a1bs1cs2,
~A3!

s5 ln
ln~Q2/LQCD

2 !

ln~Q0
2/LQCD!

,

where we chooseQ051 GeV.
~1! Gluons:

Dg
n5Dg

n̄

N53.814, a520.187, b53.660, g522.231,
~A4!

a50.061, b50.147, c50.155.

Dg
p5Dg

p̄

ic

r
ter

at

f
s-
f
-

te

-

f

e
d
ty

N53.814 a520.187, b53.660, g522.231,
~A5!

a50.047, b50.161, c50.133.

Dg
L5Dg

L̄

N53.378, a520.166, b54.394, g50.105,
~A6!

a50.0215, b50.0454, c50.0568.

~2! d quarks:
Dd

n

N150.002, a1522.303, b156.461, g1520.225,

N251.671, a250.699, b251.311, ~A7!

a50.0966, b50.0419, c50.1045.

Dd
p

N150.005, a1522.246, b154.464, g1522.141,

N251.377, a2520.252, b252.142, ~A8!

a50.0392, b50.0356, c50.0906.

Dd
L

N50.230, a521.027, b51.962, g53.037,
~A9!

a50.0098, b50.0269, c50.0250.

Dd
n̄

N50.318, a520.989, b54.956 g55.186,
~A10!

a50.0104, b50.0867, c50.0743.

Dd
p̄

N50.318, a520.989, b54.956 g55.186,
~A11!

a50.0124, b50.0676, c50.0760.

Dd
L̄

N50.318, a520.989, b54.956, g55.186,
~A12!

a50.0033, b50.0232, c50.0265.

~3! u quarks:

By isospin symmetry: Du
p( p̄)5Dd

n(n̄) , Du
n(n̄)5Dd

p( p̄) ,

Du
L(L̄)5Dd

L(L̄) .
~4! s quarks:

Ds
L

N159.5531025, a1523.09, b158.344, g1531.74,

N2511.880, a252.790, b251.680, ~A13!

a50.0706, b50.0546, c50.0113.
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Ds
n

N50.254, a521.0123, b53.506, g54.385,
~A14!

a50.0362, b50.0228, c50.1087.

Ds
p

N50.421, a520.867, b53.985, g53.577,
~A15!

a50.0326, b50.0149, c50.1060.

Ds
n̄

N50.410, a520.931, b55.549, g54.807,
~A16!

a50.0123, b50.0631, c50.0869.
ies

f,
Ds
p̄

N50.410, a520.931, b55.549, g54.807,
~A17!

a50.0135, b50.0456, c50.0935.

Ds
L̄

N50.238, a521.060, b57.141, g59.106,
~A18!

a50.00197, b50.0331, c50.0174.

~5! Antiquarks: By symmetry of charge conjugate:Dq̄
B̄
5Dq

B

Dq̄
B
5Dq

B̄ .
B
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