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Since largep particles in high-energy hadronic or nuclear collisions come from jet fragmentation, jet
guenching due to parton energy loss in dense matter will cause the suppression @flaagron spectra in
high-energy heavy-ion collisions. Assuming an effective energyd@3slx for the highE; partons, effective
jet fragmentation functions are constructed in which leading hadrons will be suppressed. Using such effective
fragmentation functions, high hadron spectra and particle suppression factors relatiygptoollisions are
estimated in central high-energy nuclear collisions with a given range of the assihed 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 styd#6856-281®8)03610-3

PACS numbgs): 25.75—-q, 12.38.Mh, 13.8%a, 24.85+p

I. INTRODUCTION namics which will determine the initial conditions of the
produced partonic systefd,2]. Study of them will then en-
An ideal quark-gluon plasmé&GP has often been de- able us to probe the early parton dynamics and the evolution
fined as a system of weakly interacting quarks and gluons if the quark-gluon plasma.
both thermal and chemical equilibrium. However, recent the- In general, one can divide the hard probes into two cat-
oretical investigations based on a perturbative QCD-inspireegories: thermal emission and particle suppression by the
model[1,2] show that it is increasingly difficult for the ini- medium. Particle production, like photon/dilepton and charm
tially produced partons to evolve into thermal equilibrium, particles, from thermal emission can be considered as ther-
let alone chemical equilibrium. Therefore, one might have anometers of the dense medium. Their background comes
generalized QGP simply as an interacting and deconfinettom the direct production in the initial collision processes.
parton system with #arge sizeandlong lifetime On the other hand, suppression of particles produced in the
One can find many examples of an interacting parton sysinitial hard processes, like high particles from jets and
tem in collisions involving strong interaction. But so far J/¥, can reveal evidence of the parton energy loss in dense
none of them can be considered a QGP in terms of either theatter and the deconfinement of the partonic system. Ther-
ideal or generalized definition. At a distance much smallemal production of these particles is expected to be negligible.
than the confinement scale,cp and normally in the earliest Therefore, in both cases, one needs to know the initial pro-
time of the collision, the interaction can be described byduction rate accurately enough. Another advantage of these
perturbative QCD(pQCD). Later on, the produced partons hard probes is that the initial production rate can be calcu-
will then combine with each other via nonperturbative inter-lated via pQCD, especially if we understand the modest
actions and finally hadronize into hadrons. Therefore, on&uclear modification one would expect to happen.
can consider that there exists an interacting parton system In this paper, we will discuss higp; particles as probes
during the prehadronization stage in, egf.g~ annihilation  of the dense matter since one expects Highpartons which
and deeply inelastie™ p processes, which is, however, lim- produce these hight particles will interact with the dense
ited only to a space-time region characterized by the confinemedium and lose energy. Medium-induced energy loss of a
ment scale\ ocp. The characteristic particle spectrdyim pr  high-energy parton traversing a dense QCD medium is inter-
and rapidity and the ratios of produced particles are thenesting because it depends sensitively on the density of the
determined by the physics of pQCD and nonperturbativenedium and thus can be used as a probe of the dense matter
hadronization. In ultrarelativistic heavy-ion collisions, oneformed in ultrarelativistic heavy-ion collisions. As recent
seeks to produce a similar interacting parton system but at studies demonstratd&—7], it is very important to take into
much larger scale of the order of a nucleus size and for account the coherent effect in the calculation of radiation
long period of time(e.g., a QGIP Therefore, one should spectrum induced by multiple scattering of a fast parton. The
study those experimental observables which are unique tso-called Landau-Pomeranchuk-Migdal effect can lead to
the large size and long lifetime of an interacting partonicvery interesting, and sometimes nonintuitive results for the
system as signals of a quark-gluon plasma. energy loss of a fast parton in a QCD medium. Another
Among many proposed signals of a quark-gluon plasmdeature of the induced energy loss is that it depends on the
[3], hard probes associated with hard processes are especigligrton density of the medium via the final transverse mo-
useful because they are produced in the earliest stage of timeentum broadening that the parton receives during its propa-
collision and their abilities to probe the dense matter are lesgation through the medium. One can therefore determine the
complicated by the hadronization physics. The merits of hargbarton density of the produced dense matter by measuring
probes are even more apparent at high energies becaude energy loss of a fast parton when it propagates through
those processes also dominate the underlying collision dythe medium.
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Unlike in the QED case, where one can measure directlglence of the fragmentation functions on the momentum scale
the radiative energy loss of a fast electron, one cannot meas shown to satisfy the QCD evolution equations very well.
sure directly the energy loss of a fast leading parton in QCDWe will use the parametrizations of the most recent analysis
Since a parton is normally studied via a jet, a cluster 012,13 in both z and Q? for jet fragmentation functions
hadrons in the phase space, an identified jet can contain pab{,.(z,Q?) to describe jet 4) fragmentation into hadrons
ticles both from the fragmentation of the leading parton andh) in the vacuum.
from the radiated partons. If we neglect the broadening In principle, one should study the modification of jet frag-
effect, the total energy of the jet should not change even ifnentation functions in a perturbative QCD calculation in
the leading parton suffers radiative energy loss. What shoulgihich induced radiation of a propagating parton in a medium
be changed by the energy loss are the particle distributionsnd Landau-Pomeranchuk-Migdal interference effect can be
inside the jet or the fragmentation functions and the jet prodynamically taken into account. However, for the purpose of
file. Therefore, one can only measure parton energy loss ireur current study, we can use a phenomenological model to
directly via the modification of the jet fragmentation func- describe the modification of the jet fragmentation function
tions and jet profile. For this purpose, it was recentlydue to an effective energy loskE/dx of the parton. In this
proposed8,9] that the jet quenching can be studied by mea-model we assume1) A quark-gluon plasma is formed with
suring thepy distribution of charged hadrons in the opposite a transverse size of the colliding nuclBi, . A parton with a
direction of a tagged direct photon. Since a direct photon ireduced energy will only hadronize outside the deconfined
the central rapidity regiony(=0) is always accompanied by phase and the fragmentation can be described as" &1
a jet in the opposite transverse direction with roughly equatollisions.(2) The mean free path of inelastic scattering for
transverse energy, the; distribution of charged hadrons in the partona inside the QGP is\, which we will keep a
the opposite direction of the tagged direct photon is directlyconstant throughout this paper. The radiative energy loss per
related to the jet fragmentation functions with known initial scattering ise,. The energy loss per unit distance is thus
energy. One can thus directly measure the modification ofiE, /dx=¢,/\,.
the jet fragmentation and then determine the energy loss suf- The probability for a parton to scatter times within a

fered by the leading parton with given initial energy. distanceAL is given by a Poisson distribution,
Similarly, the single-particle spectrum can also be used to

study the effect of parton energy loss as proposed in Ref.
[10], since the suppression of larfg-jets naturally leads to P.(n,AL)=
the suppression of large; particles. However, since the n!
single-particle spectrum is a convolution of the jet cross sec-
tion and jet fragmentation function, the suppression of pro\We also assume that the mean free path of a gluon is half
duced particles with a givepy results from jet quenching that of a quark, and the energy las&/dx is twice that of a
with a range of initial transverse energies. Therefore, onguark. (3) The emitted gluons, each carrying energyon
cannot measure the modification of the jet fragmentationhe average, will also hadronize according to the fragmenta-
function or the energy loss of a jet with known initial trans- tion function with the minimum scal®3=2.0 Ge\®. We
verse energy from the single-particte: spectrum as pre- il also neglect the energy fluctuation given by the radiation
cisely as in the case of tagged direct photons. One cleajpectrum for the emitted gluons. Since the emitted gluons
advantage of the single inclusive particle spectrum is thenly produce hadrons with very small fractional energy, the
large production rate of moderately high-particles, while  final modified fragmentation functions in the moderately
the production rate of largpr direct photons is relatively |argez region are not very sensitive to the actual radiation
much smaller at the designed Iuminosity of the re'atiViStiCSpectrum and the scale dependence of the fragmentation
heavy-ion collider(RHIC) [9]. Therefore, with much less functions for the emitted gluons.
experimental effort, one can still study qualitatively the ef-  Thjs is definitely a simplified picture. In a more realistic
fect of jet quenching and extract the average value of th&cenario, one should also consider both the longitudinal and
parton energy loss from single-particle spectra at tpgh transverse expansion. Because of the expansion, the actual
In this paper, we will conduct a systematic study of theparton energy loss will change as it propagates through the
effects of parton energy loss on single-particle transversgyolving system resulting in a different total energy loss as
momentum spectra in centrA+A collisions in the frame-  recently studied in Ref.14]. Since we are mostly interested
work of modified effective jet fragmentation functions. We in the overall effects, we can neglect the details of the evo-
study within this framework the dependence of the spectraution history and concentrate on the modification of hjgh-
on the effective parton energy loss. We will discuss the enhadron spectra due to an assumed total energy loss or aver-
ergy or pr and A dependence of the energy loss and jetaged energy losd E/dx per unit distance. It might require
quenching. Finally, flavor dependence of the spectra wilmuch more elaborated study to find out the effects of the
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also be discussed. dependence of the energy loss on the dynamical evolution of
the system. It is beyond the scope of this paper.
II. MODIFIED JET FRAGMENTATION FUNCTIONS We will consider the central rapidity region of high-

energy heavy-ion collisions. We assume that a parton with
Jet fragmentation_functions have been studied extensivelwtia| transverse energi will travel in the transverse di-
in ete™, ep, andpp collisions[11]. These functions de- rection in a cylindrical system. With the above assumptions,
scribe the particle distributions in the fractional energy, the modified fragmentation functions for a parton traveling a
=En/Ejer, in the direction of a jet. The measured depen-distanceAL can be approximated as
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where Zz8=2z/(1-ne,/E7), z,=zE;ley, and C§ flal\ 10'6; ]
==N_,Pa(n). We limit the number of inelastic scattering to > 10k §

N=E/e, by energy conservation. For large valuesNof L sk
the average number of scattering within a distaide is % 10_9; ;
approximately(n,)~AL/\,. The first term corresponds to > 1010§ 3
the fragmentation of the leading partons with reduced energy © 10 L 4
E+—ne, and the second term comes from the emitted gluons 10 ]
each having energy, on the average. Detailed discussion of 12 erories o (x 103 E
this modified effective fragmentation function and its limita- l(_)lf 3
- H Lo bbb b b b b e 10N
tions can be found in Ref9]. 10 Sy ™56 1011 12
pr (GeV/c)

Ill. ENERGY LOSS AND SINGLE-PARTICLE —
pr SPECTRUM FIG. 1. The charged particler spectra inpp andpp collisions.

o . _ The dot-dashed lines are from jet fragmentation only and solid lines
To calculate thepy distribution of particles from jet frag- include also soft production parametrized in an exponential form.
mentation inpp and the central heavy-ion collision, one sim- The experimental data are from Ref20—23.

ply convolutes the fragmentation functions with the jet cross . . o .
sectiong 15], are assumed to be factorizable into parton distributions in a

nucleon fn(x,Q%) and the parton shadowing factor
dobP L L Saa(x,r) which we take the parametrization used in the
Thard _ K f dx j Ao f oo (X4, Q%) HIJING model[17]. Neglecting the transverse expansion, the
abedh 2 )x bla/pifas transverse distance a parton producedrap) will travel is
AL(r,$)=JRi—r?(1—cog ¢)—r cosd.
xfb,p(xb,Qz) In principle, one should also take into account the intrin-
sic transverse momentum and the transverse momentum
XDﬁ/c(Zc,Qz) do broadening due to initial multiple scattering. These effects
- d_A(abHCd)' ) (so-called Cronin effecisare found to be very important to
€ t the final hadron spectra at around superproton synchrotron
(SPS energies (/s=20-50 GeV)[18]. However, at RHIC
for pp and energy which we are discussing in this paper, one can ne-
glect them(about 10—30% correctigrio a good approxima-
dNAZ tion.
dy &Pp; We will use the Martin-Roberts-StirlingMRS) D— 1 pa-
rametrization of the parton distributioi49] in a nucleon.
The resultanpy spectra of charged hadronst,K*) for pp

1 1 —_
=Kf dzrti(r) 2 f dxaf A%y faa(Xa,Q%r) and pp collisions are shown in Fig. 1 together with the ex-

dy dsz Xa min b min

abedh Mamin X min perimental datg20-23 for Js=63, 200, 900, and 1800
X fiya(Xp, Q% 1) GeV. The calculationgdot-dashed linefrom Eq. (3) with
the jet fragmentation functions given by Reff$2,13 agree
Dpe(z,Q%AL) do with the experimental data remarkably well, especially at
X mZe E(abHCd)’ ) large pr. However, the calculations are consistently below

the experimental data at lopr, where we believe particle
production from soft processes, like string fragmentation of
the remanent colliding hadrons, becomes very important. To
account for particle production at smalief, we introduce a
soft component to the particle spectra in an exponential

for AA collisions, wherez.=x(e¥/x,+e Y/Xp)/2, Xp min
=XX1€ N(2X%—%€),  Xamin=Xr&/(2—x;€7Y), and Xy
=2p1/y/s. The nuclear thickness function is normalized to
Jd?rta(r)=A. The K~2 factor accounts for higher-order

corrections[16]. The parton distributions per nucleon in a form,
nucleus(with atomic mass numbek and charge numbet), dNEP
dy o, C T ©
fa/A(Xlelr):Sa/A(er) T
7 Z with a parametel =0.25 GeVE. This exponential form is a
X Kfa,p(x,Qz)Jr 1- K) fa,n(x,Qz)}, reasonable fit to the data of hadrpr spectra ofpp colli-
sions at/s=200 GeV belowp;<2 GeV/c. The fit is not

(5)  very good belowp;=0.5 GeV and the paramet@r should
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TABLE I. Charged hadron rapidity density and inelastic cross 025 T T
sections forpp collisions at different colliding energies from i A=l fm
HIJING calculations.
0.2
Js (GeV) 63 200 900 1800
~ 0.15
dNPP/dy 1.9 2.4 3.2 4.0 3::
PP (mb) 35 44 50 58 Qf o1 [N ]
also depend on colliding energys. However, for a rough 005 | \\_/_,—f""qu/dX=2 GeV/fm ]
estimate of the spectra at logy this will be enough and we L AurAub=0) s"’=200 GeV
will keep T a constant. 0 Lot 0]
The normalization in Eq.6) is determined from the 2 4 8 10 12 14 16 18 20
charged hadron rapidity density in the central region: pr (GeV/c)
1 dNPP dNﬁgrd FIG. 2. The suppression factor or ratio of charged partsle
= 2 - , (7)  spectrum in central AtAu over that of pp collisions at \/s
27T\ dy dy

=200 GeV, normalized by the total binary nucleon-nucleon colli-
sions in central Ad-Au collisions, with different values of the en-
ergy lossdE,/dx and the mean free pathy, of a quark inside the
dNPP 1 dogPP dense medium, the shaded area indicates the uncertainty of the ef-
hard Ohard . . . .
g = —5 d“py v o (8) fective A scaling of lowp; spectra depending on the interplay of
y Oin yapr soft and hard processes

where

Table | lists the values of the charged hadron rapidity density
and the inelastic cross sectionspgd collisions from HIJING
calculations which we will use to determine the normaliza-"°"
tion in Eq. (6) at different energies.

We now define an effective suppression factor, or the ra-

2
The total p; spectrum for charged hadrons fp colli- Raa(pr)= dNaa/dy/d"pr —, (12)
sions including both soft and hard components is then o Taa(0)dN,,/dy/d*py
dNPPdNGl 1 dofly between the spectrum in centé&h andpp collisions which
dy Pp;  dy Pp; + W dy Pp+’ © s normalized to the effective total number of binayN

collisions in a centraAA collision. If none of the nuclear

which are shown in Fig. 1 as solid lines. As one can see ieffects(shadowing and jet quenchingre taken into account,
improves the agreement with data at lower transverse mahis ratio should be unity at large transverse momentum.
mentum. Shown in Fig. 2 are the results for central AAu collisions

We now also assume that the charged multiplicity fromat the RHIC energy withdE,/dx=1, 2 GeV/fm, and\,
soft particle production is proportional to the total number of=1 (solid), 0.5 fm (dashed respectively. As we have ar-
wounded nucleons iAA collisions which scales likeA, gued before, jet energy loss will result in the suppression of
while the production from hard processes is proportional tchigh pr particles as compared top collisions. Therefore,
the number of binary nucleon-nucleon collisions whichthe ratio at largep; in Fig. 2 is smaller than one due to the
scales likeA*2. At low pr both types of processes contribute energy loss suffered by the jet partons. It, however, increases
to the particle spectrum. Therefore thescaling of the spec- with p; because of the constant energy loss we have as-
trum at low pt depends on the interplay of soft and hard sumed here. At hypothetically largg when the total energy
processes. In the HIJING modEl7] with a cutoff of E4q loss is negligible compared to the initial jet energy, the ratio
=2 GeV for jet production the lowp; spectra scale like should approach to one.
AL To take into account of the uncertainty due to the in- Since there is always a coronal region with an average
terplay between soft and hard processes, we assume the haehgth of A in the system where the produced parton jets

ron spectrum in centrah A collisions is will escape without scattering or energy loss, the suppression
factor can never be infinitely small. For the same reason, the
dNAA ar dNES:  dNRag suppression factor also depends on the parton’s mean free
dy ’pr =A dy Ppr + dy d’pr’ (10 path,\q. It is thus difficult to extract information on both
dEy/dx and) simultaneously from the measured spectra in
wherea,=1.0-1.1. a model independent way.
To calculatedNis/dy d?pr, we will take into account At small p7, particles from soft processésr from had-

both the effect of nuclear shadowing on parton distributiongonization of QGP dominate. The rati®,a(p7) is then very
and the modification of the jet fragmentation functions due tesensitive to theA-scaling behavior of the soft particle pro-
parton energy loss inside a medium. From &) we see that duction. Since we assumed an effective scalif¢y with

it will be proportional to an overlap function of centralA  «,=1.0-1.1, for the lowp; particle production, the ratio
collisionsTaa(0). In ahard-sphere model for nuclear distri- should approac\“n/o,,Toa(0)=0.149—-0.253 at smafpr
bution,TAA(0)=9A2/8a-er\ andR,=1.2A"% fm. for central Aut-Au collisions at the RHIC energy, as shown
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energy loss. On the other hand, jet quenching due to parton

1 :
15 b AutAu(b=0) s"2=200 GeV| energy loss can significantly reduee’ rate at largepr.
0rF \\ o . ) A Therefore the change of 7° ratio at largep; can also be an
- | without jet quenching indication of parton energy loss. One can consider the con-
) 10-2; \ " _n’ with jet quenching | tribution to direct photon production from bremsstrahlung as
> oL\ ] quark fragmentation into a photon, it should in principle also
R be affected by the quark energy loss inside the dense me-
S dium. Therefore, there is also some uncertaiaximum
20 factor of 2 if theK =2 factor completely comes from brems-
15 10 ¢ strahlung correctiorto the estimated photon spectra at lower
; | pt where bremsstrahlung is more important.
=10t
. IV. ENERGY AND A DEPENDENCE OF ENERGY LOSS
10 ¢ In recent theoretical studies of parton energy [&ss7], it
At 3 has been demonstrated that the so-called Landau-
10 03" % 1012 1416 18 20 Pomeranchuk-MidgalLPM) coherent effect can lead to in-

pr (GeV/e) teresting and sometimes nonintuitive results. Baaeial.

have systematically studied these effects in d¢éil]. They
FIG. 3. The inclusivepy distribution for #° with (solid) and  found that because of the modification of the radiation spec-
without (dashedl parton energy loss as compared to that of directyryym py the LPM coherence, the energy loss experienced by

photons (dot-dasheyl in central AurAu collisions at VS g fast parton propagating in an infinite large medium has a
=200 GeV.dE,/dx=1 GeV/fm and mean free patty=1fm are  ontrivial energy dependence
assumed. The contribution from soft particle production to #fe ’

spectra is assumed to havéA4® scaling. dE P E
o _ i —x—Ncas\E——In— (for L>L,), (12
in Fig. 2. Therefore, the shaded area in the figlwe only dx A A

plotted for one case of energy lpsshould be considered as ] .
one of the uncertainties of the ratio at Iqw associated with WhereNq=3, E is parton’s energyu? is the Debye screen-
the interplay of contributions from soft and hard processesind mass for the effective parton scattering,is parton’s
One presumably can determine this dependence from futu@ean free path in the medium, amd,=VAE/u®. For a
RHIC experimental data. more energetic parton traveling through a medium with finite
As we have stated earlier, the Cronin effect due to initiallength L<L,¢), the final energy loss becomes almost inde-
multiple parton scattering will introduce an uncertainty effectpendent of the parton energy and can be related to the total
of 10—-30 % which can be narrowed down through a systemtransverse momentum broadening acquired by the parton
atic study ofp+p andp+A collisions. Since the concept of through multiple scattering,
parton energy loss can only be applied to highjets, it will
in principle only affect the spectra at higit where contri- d_E: _ NC“SA 2_ Ncas5 2E (13)
bution from soft production is negligible. At smaller values dx g ~Pr= g oPry
of pt<3~4 GeV/c where soft particle production becomes
important, the connection between parton energy loss and thihere dp7 is the transverse momentum kick per scattering
hadron spectra becomes unclear. In this region, the modifthe parton acquires during the propagation. Therefore, the
cation of the spectra is driven by parton and hadron thermalenergy loss per unit distanceéE/dx, is proportional to the
ization. Since we approximate the spectra in this region byotal length that the parton has traveled. Because of the
an effectiveA scaling of coherent or semicoherent particle unique coherence effect, the parton somehow knows the his-
production, the suppression factor we show in this paper catory of its propagation.
only be considered as semiquantitative. Furthermore, the These are just two extreme cases of parton energy and the
spectra just abovpr~4 GeV/c should also be sensitive to medium length. Since it involves two unknown parameters
the energy dependence of the energy loss as we will show iaf the medium, it is difficult to determine which case is more
the next section. realistic for the system of dense matter produced in heavy-
To further illustrate the effect of the parton energy loss inion collisions. We will instead study the phenomenological
hadron spectrum we show in Fig. 3 the production rates ofonsequences of these two cases in the final single inclusive
0 with (solid line) and without parton energy logdashed particle spectrum at larger .
lines), together with the spectrum of direct photo(tot- Shown in Fig. 4 are the calculated suppression factors
dashed lingsat the RHIC energy. The upper curve for direct with _an energy-dependent parton energy los&,/dx
photons is a leading-order calculation multiplied Ky=2 =VE/5 GeV and dE,/dx=VE/20 GeV GeV/fm, respec-
factor. The lower curve is the result of a next-to-leadingtively, for central Aut-Au collisions at the RHIC energy.
order calculatiof24] which also includes quark bremsstrah- Comparing to Fig. 2 with a constant energy loss, suppression
lung. Here we assumed the lgw- soft particle spectra factors are flatter as functions p%. This is understandable
scales likeAl. Since we can neglect any electromagneticbecause the energy loss for larder jet will lose more en-
interaction between the produced photon and the QCD meergy in this scenario thus leading to a stronger suppression of
dium, the photon spectrum will not be affected by the partorhigh-pr particles. As pointed out in Ref8], the most rel-
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03 T the projectile and target nuclei. The solid line is for an en-
| AutAu(b=0) 5/=200 GeV ] ergy loss, dE/dx=0.2(L/fm) GeV/fm, which is propor-
0.25 ] tional to the total length traveled by the parton, and dot-
i dE, /dx=(E/20 GeV)'"? GeV/fr} dashed line is for a constanE/dx=0.5 GeV/fm. As the

size of the system increases, a parton will lose more energy
and thus will lead to increased suppression in both cases. For
collisions of heavy nucleiA3>3), the energy loss in the

first case becomes larger than the second one and thus leads
to more suppression. However, the functional form of Ahe

dE Jdx=(E/5 GeV)"” GeV/fm 1 dependence of the suppression factor in the two cases do not

0.05 differ dramatically. It is therefore difficult to determine
| whether the energy loss per unit length is proportional to the

0 =46 % 1012 14 16 18 20 total length simply from thé\ dependence of the suppression
pr (GeV/e) factor. It must require a model-dependent phenomenological

study of the experimental data.
FIG. 4. The same as Fig. 2, except that an energy-dependent

energy loss is assumed. The mean free pgthl fm is used in the
calculation. V. FLAVOR DEPENDENCE

Because of the non-Abelian coupling, gluons in QCD al-
ways have stronger interaction than quarks. The gluon den-
sity inside nucleons at smak is larger than quarks; the
gluon-gluon scattering cross section is larger than the quark-
quark; and a gluon jet produces more particles than a quark
i ) o . > jet. For the same reason, a high-energy gluon will also lose
AE- rises with the initial energ¥+, then the |ncrease.W|II more energy than a quark propagating through a dense me-
be slower. Thus the slope of the rafg(pr) can provide  yiym Theoretical calculationg5—7] all show that gluons
us information about the energy dependence of the energyqe twice as much energy as quarks. In this section we will
loss, as one can see from the comparison of Figs. 2 and 4yiscyss how to observe such difference in the final hadron

To study the consequences of a parton energyd@&gs x spectrum.
which ingreases with the distanteit travgls, one can eithe( By charge and other quantum number conservation, frag-
vary the impact-parameter or the atomic mass of the projeGyentation functions of a gluon jet into particle and antipar-
tile and target so as to change the size of the dense matigg|e will be identical, though it produces more particles than
through which the leading partons have to propagate. Asy guark jet and consequently its fragmentation functions are
suming a transverse size of the colliding nuclei which have &+ien softer than a quark’s, as has been measured in the
hard—sphere_ nuclear distribution,_ one can estimate that t ¥ree-jet events oé* e~ annihilation[25]. For example, an
averaged d|ls;§ance a produced jet has to travel through s, al number of protons and antiprotons will be produced in
{L)Af 1.0A", v_vhere one has to vyelght Wlt_h the probabil- ¢ gluon fragmentation. On the other hand, an up or down
ity of jet production or the overlapping functions & col-  qyark is more likely to produce a leading proton than anti-
lisions. In Fig. 5, we plot the suppression facRya(Pr) @ proton and vice versa for antiquarks. Since there will be
a fixed pr=10 GeVk for centsal A+A collisions at the  more quark(up and dowi jets produced than antiquark in
RHIC energy as a function &', A the atomic masses of nyclear collisions, one will find more protons than antipro-

tons, especially at largp; since valence quarks are distrib-

evant quantity in the modification of the fragmentation func-
tions is the parton energy logsE+ relative to its original
energy Er. For a constant energy losAE;, the ratio
AE+/E; becomes smaller for largdf, thus the suppres-
sion factorRpa(pt) will increase withpy. If the energy loss

06 T uted at relatively large (partons’ fractional momenta of the
: ] nucleon, while gluons at smalk. In other words, higp+
s 05 | e dE Jdx=0.5 GeV/im | protons will have a smaller relative contribution from gluon
> ' G jets than antiprotons. If gluon jets lose more energy than
© 0 N T ] quark jets as we have assumed in this paper, one should then
i D N have different suppression factors for a proton and antipro-
= ' ton. Such flavor dependence should be most evident for
SE 02 [ 4 %202 (L) GoVTTr— heavy particles like nucleons and Iambdas_ wh_ose fragmenta-
o o R tion functions from a valence quark are significantly harder
01k " 1 (i.e., falls off more slowly at large) and are very different
A+A(b=0) s =200 GeV from gluons and sea quarks. For light mesons like pions, the
0 valence quark fragmentation functions are softer and are not

much different from gluons and sea quarks. One then will
not see much difference between the suppression factors for

FIG. 5. The suppression factor for centéai A collisions at 7 anda— even though gluons and quarks have different
pr=10 GeVk, as a function of the system siz&'>, for a constant €nergy loss.
energy loss per unit distance lengttot-dashed lineand an energy Before we discuss the suppression factors, let us look at
loss which increases linearly with the lendtolid line). The mean  the flavor dependence of the spectra first. Plotted in Fig. 6
free pathn,=1 fm is used. arew /x* ratios as functions op; in pp, central Au-Au

A1/3
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FIG. 6. The ratio ofr~ to =" spectra as functions @ in pp 0'2 A/A
(dashedl, central Aut-Au collisions at\s=200A GeV without en- o1 F E
ergy loss (dot-dashef and with energy loss ofdE,/dx 0 S e S e T S0

=1 GeV/im (the mean free path =1 fm).
pr (GeV/c)

collisions with and without energy loss aE;zoo;« GeV. FIG. 7. The ratio ofp to p (upper pangland A to A (lower
Because gluon-quark scattering dominates in [§isegion  pane) spectra as functions qf; in pp (dashed] central AurAu
at the RHIC energy and there are twice as many valence cojiisions aty/s=200A GeV without energy losdot-dasheyland
quarks thand quarks inpp collisions, this ratio decreases with energy loss oflE,/dx=1 GeV/fm (solid) (the mean free path
with py (dashed lingand should saturate at about @&-  \,=1fm). Gluons are assumed to lose twice as much energy as
lenced to u quark ratio in a protonat very highpt where  quarks. The arrows indicate the ratio at lgw<1 GeV/c from
only valence quarks contribute to pion production. At lpyw  HIJING/BJ estimate(with the baryon junction model of baryon
where contributions from sea quarks and gluons becomstopping.
more important the ratio is then close to one. This is a clea
prediction of QCD parton model and has been verified b
experiments some years ad@6]. In Au+Au collisions,
however, there are slightly more valendequarks thanu : : .
quarks since the nucleigareyslightly neutronqrich. As we see "gral region even from pe.rturl.)atwe. QCD calcyla.tlon
the figure, ther /=" ratio (dot-dashed lingthen increases ~ The dot-dashed line in Fig. 7 is th@p ratio in central
with pr and approaches a value of about 1.14 which is thé‘U+Au collisions without parton energy loss at the RHIC
valenced to u quark ratio in a Au nucleus. The reason why €nergy. Since Au nuclei are slightly neutron rich, one should
the ratio is different from the limit ofi/u ratio is because of have less proton production per nucleon from valence quark
finite contributions from sea quarks and gluons. If gluonsif@gmentation thapp collisions. Since gluon jet production
lose more energy than quarks, the contribution to high- does not change fronpp to Au+Au, the ratio p/p in
pion production from gluons will be reduced relative to Au+Au (without energy lossis then a little larger than in
quarks. Therefore, the /=" ratio will be higher than the pp collisions. If there is parton energy loss and gluons lose
case of no difference in energy loss between quarks and glunore energy than quarks, then as we have arguedpitpat
ons(or no energy logsor become closer in value to tlidu  ratio should become smaller than without energy I6ms
ratio, as we see in the figurésolid line). However, the gluons and quarks have the same energy)Jass shown in
change due to the parton energy loss is very small becauske figure as the solid line. The result and argument is the
the contributions to pion production from gluons is relatively sgme forA/A ratio as also shown in the lower panel of Fig.
much smaller than quarks. _ o 7. To further illustrate this point, we plot in Fig. 8 the par-
The situation for protons and antiprotons is different.icie suppression factors for the proton, antiproton, lambda,
From parton distributions na proton we know that gluon t05nq antilambda as functions p§. Because of the increased
quark density ratid'g;p(x,Q%)/fqp(x,Q7) decreases witk  gnergy loss for gluons over quarks, the suppression factors
=2Er/\/s, whereE; is the transverse momentum of the for antiprotons and antilambdas is then smaller than protons
produced jet. Consequently the ratio of gluon to quark jefand lambdas. This could be easily verified if one can identify
production cross section always decreases \iith Since  these particles at high; in experiments.
most of antiprotons come from gluons while protons come | the calculation of highp; baryon spectra in Figs. 7 and
from both valence quark and gluon fragmentation, the ratig gne has to use parametrized fragmentation functions for
of antiproton to proton production cross section should alsgyaryons similarly to these of mesofi,13. Though baryon
decrease with thejpr, as our calculation shows in Fig. 7 for production from jet fragmentation ie“e~ ande p colli-
pp collisions (dashed ling at ys=200 GeV. At smallpr  sjons has been studié@7], we could not find any param-
gluon and quark jet cross sections become comparable, ¥rized form including theQ? evolution. Since the Lund
the ratiop/p should increase. But it will always be smaller model has been proven to reproduce the experimental data

han 1 because there will always be more protons than anti-
protons in nucleon or nuclear collisions due to baryon num-
ber conservatiofand finite net baryon production in the cen-
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04 T the stopped baryon scale like the lowp+ limit for baryons
035 F AutAu(b=0) ] will then be smaller than antibaryons. This is an upper bound
03 F dE/dx=1.0 GeV/fm ] of the uncertainty one should bear in mind at intermediate
025 & pr. At large pr these uncertainties will become very small.
02 Similarly as we have discussed in the previous sections,
g the particle ratio and suppression factors will all depend on
0.15 | .
f the other parameters of the energy loss and its energyAand
0.1 - ] dependence. But these will not change the qualitative feature
~005 F E of the flavor dependence of the particle suppression due to
E? 0 4¢3 102 141618 20 different energy loss suffered by gluons and quarks. Because
04 T of finite net baryon density in the central region, the baryon
0.35 ] and antibaryon absorption in the hadronic phase will be
03 F —f slightly different which might also give rise to different sup-
025 F pression factors for baryons and antibaryons. A detailed
02 E study of this effect is out of the scope of this paper. How-
015 f ever, at very large, the physical baryons might only be
g formed outside the dense region of hadronic matter. Before
0.1 ] . .
: then, the color neutral object might have very a small cross
005 3 E section with other hadrons which have already been formed.
0 46 % 10121416 18 20 Thus the effect of baryon annihilation might be very small at

py (GeV/e) largepy. The study of the data for higpr particle produc-
tion in Pb+Pb collisions at the SPS energy support this sce-
FIG. 8. Particle suppression factors for A (solid) andp, A  nario[18].
(dashedl as functions ofp; in central Aut-Au collisions atys
=200A GeV with energy loss ofiE;/dx=1 GeV/fm and mean
free path\q=1fm. Gluons are assumed to lose twice as much
energy as quarks. The arrows indicate the suppression factors atlow A systematic study of the effects of parton energy loss in
pr<1GeVlc if the soft particle production is assumed to have angense matter on the highy hadron spectra in high-energy
11 i . .. . . .
A™" scaling. heavy-ion collisions has been carried out in this paper. We

well, here we use the baryon fragmentation functions param@und the hadron spectra at high is quite sensitive to how
etrized from the Monte Carlo simulation of Lund model th€ largeEr partons interact with the dense medium and lose

(JETSEY [29]. The parametrizations are given in the Appen_their energy before they fragment into hadrons, leading to
dix. the suppression of high; particles. The suppression factor

In the calculation of the particle ratio in Figs. 6 and 7 and@S & function opy is also sensitive to the energy dependence
particle suppression factors in Fig. 8, we included only conOf the parton energy loss. Even though the nonlinear length
tributions from perturbative hard processes. As we have disdépendence of the energy loss as suggested by a recent the-
cussed before there will also be particle production fromoretical study(7] leads to stronger suppression, one cannot

nonperturbative processes. These soft particle productiondN@mbiguously determine the nonlinearity by varying the
which are dominant at lovp;, are not likely to change the SYStem size. We also studied the flavor dependence of the
particle spectra and the suppression factor and found that it is

e L
m /@ ratio much. However, it might change tpép and  »"o,,4 hrone of the energy loss, especially the difference
A/A ratio, as recent heavy-ion experiments sh@8] that  petween the energy loss of a gluon and a quark.

there is significantly more baryon stopping than either pPQCD  gecause of our lack of a quantitative understanding of
calculation or a simple Lund string model of nuclear colli- energy loss of the produced hidghy parton jets inside the
sions. There are many models of nonperturbative baryogense matter in heavy-ion collisions, our phenomenological
stopping in nuclear collision§30,31]. To take into account  sydy in this paper can only be qualitative. But such a quali-
this nonperturbative baryon stopping, a baryon junctionggive study is essential to establish whether there is parton
model[32] has been implemented into the original HJING gnergy loss at all in heavy-ion collisions and thus whether
model to describe the observed baryon stopping at SPS efhere is such an initial stage in the collisions when the pro-
ergy[33]. This version of the HIJINGor HIJING/B) model  qyced dense matter is equilibrating. The analysis we pro-
at the RHIC energy gives a ratio @/p=0.67 andA/A posed in this paper, which is also somewhat model depen-
=0.75. These values should serve as an estimate of the patent, can at least provide information about the average total
ticle ratio at smallpt<1 GeV/c, as indicated by the arrows energy loss the parton could have suffered during its inter-
in Fig. 7. This then gives us an upper bound of the unceraction with the medium. Anything beyond that will require
tainty for the ratio at aroung;~2 GeV/c, depending on the our knowledge of the dynamical evolution of the system.
interplay between perturbative and nonperturbative contribuEven toward such a modest goal, there is still one final
tions. Similarly, the suppression factors at Ipy also de- hurdle to overcome, i.e., final-state interactions between
pend on theA scaling of lowpt particle production. If we leading hadrons of a jet and the soft particles in the hadronic
assume am\'! scaling like we did for all charged particles, matter. Such an issue is very important to the determination
then the suppression factors at Ipy<<1 GeV/c should be of whether the highp; particle suppression, if any, is indeed
as indicated by the arrows in Fig. 8. Since contributions fromcaused by parton energy loss in the initial stage of a dense-

VI. CONCLUSIONS
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partonic matter. Since the formation time of a lamepar- N=3.814 «=-0.187, B=3.660, y=—2.231,
ticle is longer than the soft ones, a largeparticle might be (A5)
physically formed outside the dense region of the hadronic a=0.047, b=0.161, c=0.133.

phase. Before then, it is in the form of a color dipole which _
might have very small interaction cross section with other D{ =D,
hadrons. Therefore, the hadronic phase of the dense matter

might have a very small effect on the high-particle spec- N=3.378, a=-0.166, B=4.394, y=0.105,
tra. One could address this issue in heavy-ion collisions at (AB)
the SPS energig4 8], where one would at least expect that a a=0.0215, b=0.0454, c=0.0568.

dense hadronic matter has been formed.
(2) d quarks:
n
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N,=1.671, a,=0.699, B,=1.311, (A7)

a=0.0966, b=0.0419, c=0.1045.

N,=1.377, ay=—0.252, B,=2.142, (A8)
APPENDIX

In this appendix we list the baryon fragmentation func- 2=0.0392, b=0.0356, ¢=0.0906.

tions parametrized from the results of LungersSeET Monte DA

Carlo progran{29]. We simulate the fragmentation ofcgy

or a two-gluon system with invariant ma#s=2Q, and then N=0.230, a=-1.027, =1.962, y=3.037,
parametrize the particle distributions along one direction of (A9)
the jet axes as functions a=E,/Q. We choose the form of a=0.0098, b=0.0269, c=0.0250.

the parametrization d4.2] -
Dy
Di(2,Q)=(ny(Q)INZ(1-2)A(1+2)?, (A1)
N=0.318, «=-0.989, B=4.956 y=5.186,
if the partona is a gluon or sea quark, and (A10)

h _ a1 B y a=0.0104, b=0.0867, c=0.0743.
Da(z,Q)=(np(Q))[N1z°1(1-2) 1(1+2)"

+N,z%2(1—2z)P2], (A2)

Dg

if the parton is a valence quark of the hadhonThe frag- N=0.318, «=-0.989, 5=4.956 y=5.186,
mentation functions are normalized afidz D(z,Q) 00124 b—0.0676. c—0.0760 (A11)
=(nu(Q)). For a rough approximation which is enough for a a=>u. e » C=0U '
gualitative study in this paper, we neglect the change of the
shape of distributions according to the QCD evolution and
attribute the energy dependence to the average multiplicity  N—=0 318 «=-0.989, B=4.956, y=5.186,
(ny(Q)), which are parametrized as (A12)

a=0.0033, b=0.0232, c=0.0265.

D}

(np(Q))=a+bs+cs?,
(A3)  (3) u quarks:

In(Q2%/AZ - _
s= (QZ—QCD), By isospin symmetry: DP(P=pNM = pNM=phP
IN(Q&/Agcp) DA(X) _ DA(X)
u d '
where we choos®,=1 GeV. (4) s quarks:
(1) Gluons: D2
Dg=Dy
N=3.814, a=-0.187, B=3.660, y=—2.231, N;=9.55<10"°, a;=-3.09, $;=8.344, y,=31.74,
A4
a=0.061, b=0.147, c=0.155. (A4) N,=11.880, a,=2.790, B,=1.680, (A13)

DP=D? a=0.0706, b=0.0546, c=0.0113.
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D! o7

S

N=0.254, a=-1.0123, B=3.506, 7:4'38;'14) N=0.410, @=-0.931, B=5.549, y=4.807,

a=0.0362, b=0.0228, c=0.1087. (A17)
a=0.0135, b=0.0456, c=0.0935.

D? B
DA
N=0.421, a=-0.867, 8=3.985 y=3.577, s
a=00326, b=00149, c=0.1060. N=0.238, «=-1.060, p=7.141, y=9.106,
_ (A18)
D" a=0.00197, b=0.0331, c=0.0174.

N=0.410, a=-0.931, B=5.549, y=4.807,

5) Antiquarks: By symmetry of charge conju ath=DB
(AL6) (5 Antiq y sy y g9 jugat@, =D,

a=0.0123, b=0.0631, c=0.0869. DgZ Dg.
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