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Parton energy loss inside a dense medium leads to the suppression gf;drgdrons and can also cause
azimuthal anisotropy of hadron spectra at large transverse momentum in noncentral high-energy heavy-ion
collisions. Such azimuthal anisotropy is studied qualitatively in a parton model for heavy-ion collisions at
RHIC energies. The coefficient,(py) of the elliptic anisotropy at largp+ is found to be very sensitive to
parton energy loss. It decreases slowly withcontrary to its lowpt behavior where , increases very rapidly
with pt. The turning point signals the onset of contributions of hard processes and the magnitude of parton
energy loss. The centrality dependence gfp) is shown to be sensitive to both size and density dependence
of the parton energy loss and the latter can also be studied via variation of the colliding energy. The anisotropy
coefficientv, /e normalized by the spatial ellipticity is found to decrease significantly toward semiperipheral
collisions, differing from the hydrodynamic results for Iqw hadrons. Constrained by the existing WA98
experimental data at the SPS energy on parton energy loss, both hadron spectra suppression and azimuthal
anisotropy at higlp; are predicted to vanish far>7—-8 fm in Au+Au collisions atys=130— 200 GeV when
the hadron rapidity density per unit area of the initial overlapped region is less than what is achieved in the
central P-Pb collisions at the SPS energy.
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[. INTRODUCTION spectra in this region of phase space typically exhibit a
power-law behavior and depend on how an energetic parton
In the study of the dense matter that is created in highpropagates through the dense medium created in the heavy-
energy heavy-ion collisions, one crucial issue is the degre®n collisions. The corresponding azimuthal anisotropy of
of thermalization through secondary scatterings. If thermalihadron spectra at higy would also have completely differ-
zation has been at least partially achieved, there should bent behavior from hydrodynamic model results.
collective effects developed through the evolution of the sys- Recent theoretical studies of fast partons propagating in-
tem. Azimuthal anisotropy in hadron spectra or elliptic flow side a dense medium all suggest a large energy loss caused
has been proposed as a good sign of collective transverdsyy multiple scattering and induced gluon radiat{d@2—14.
flow in relativistic heavy-ion collision$1]. Such an elliptic  Of particular interest is the quadratic dependence of the total
flow has been observed in experiments at the BNL/energy loss on the distance of propagati@B] due to the
Alternating-Gradient-SynchrotrofAGS) [2], CERN/SPS non-Abelian nature of gluon radiation in QCD. Such a parton
[3], and most recently at the BNL/RHI[@]. The strength of energy loss will cause the suppression of lapggehadron
the elliptic flow, v,, experimentally defined as the second spectra[15,16 in heavy-ion collisions if the lifetime of the
coefficient in the Fourier decomposition of the particle azi-dense medium is long enough to influence the propagation
muthal distribution[5] with respect to the reaction plane, of fast partons. The suppression will depend on the average
was found 6] to be between the limits of low-density rescat- distance that partons propagate inside the medium during
tering[7] and hydrodynamic expansidt,8—10, indicating  the lifetime of the dense matter. Since the transverse distance
an approach to a higher degree of thermalization with independs on the azimuthal direction of the parton propaga-
creasing colliding energies. At RHIC energies, one expecttion in noncentral heavy-ion collisions, one should expect
to seev, becoming closer to the hydrodynamic limit as the the hadron suppression caused by parton energy loss to de-
initial energy density increases and the lifetime of the initialpend on the azimuthal angle with respect to the reaction
dense matter gets longer. Because system evolution wiplane, thus leading to azimuthal anisotropy in highhadron
eliminate the geometrical anisotropy that generates the arspectra.
isotropy in momentum space, the elliptic flow was argued When the momentum transfer for each of the few scat-
[11,8] to be sensitive to the early dynamics of the system. terings suffered by an energetic parton in a finite system is
In hydrodynamic models, the strength of the differentialsmall so thafu/pt<1, the effect of the elastic scattering on
elliptic flow, v,(py), increases almost linearly withy [7,8]  azimuthal anisotropy in large; hadron spectra is negligible.
(at pr~0, howeverp, increases quadratically withy) be-  Only parton energy loss can cause sizable azimuthal anisot-
cause of collective expansion. At large transverse momerropy for largept hadrons. Therefore, azimuthal anisotropy
tum, the hydrodynamic model will likely cease to be a validand hadron spectra suppression at lapgeshould accom-
mechanism for particle production in high-energy nucleampany each other in high-energy heavy-ion collisions. For a
collisions. Instead, particle production pf>2 GeV/c will parton energy losd E/dx that has a weak dependence on the
be dominated by hard or semihard processes. The hadrgrarton energy, the hadron spectra suppression and the ac-
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companying azimuthal anisotropy should all decrease with Il. HADRON SPECTRA AT LARGE py
pt as we shall show in this paper. This is in sharp contrast Hadron spectra imp, pA, andAA collisions have been
with the effect of hadronic interactions whose cross sectionsS ' '

: . . : . stematically studied in a parton modé6]. This model
especially for inelastic processes, increase with energy ané{( : ; :

thus lead to increased hadron suppression and azimuthal & sic transverse momentum and its broadening due to mul-
isotropy at largepy . Therefore, thepr dependence of hadron yinje scattering in nuclear matter. The value of the intrinsic

spectra suppression and azimuthal anisotropy is & unique Signsyerse momentum and its nuclear broadening are ad-
nal of parton scattering and energy loss in the early stage Gf sted once and the model can reproduce most of the experi-
heavy-ion collisions. mental data impp andpA collisions[16]. In AA collisions,

. Azimuthal anisotropy due to jet quenching has been studye model the effect of parton energy loss by the modifica-
ied [17,18 before with thenlsinG Monte Carlo mode[19]. 5 of parton fragmentation functiofi&0] in which the dis-

In this paper, we will study the azimuthal anisotropy in had-yihtion of leading hadrons from parton fragmentation is
ron spectra at largey using a parton model in which one ¢ ,nressed due to parton energy loss. In noncentral colli-

incorporates the parton energy loss via modified parton fragsions  the single inclusive hadron spectra in this parton
mentation function$16,20. We will study the sensitivity of ., 4a| are given by

the azimuthal anisotropy, i{s; and centrality dependence on
the parton energy lossE/dx and, in particular, the distance
and density dependence of the parton energy loss. doas _ fbmaxdzbdzrt (Nta(|b—r|)
We should emphasize here that our study in this paper is dyprdprd¢  sbcd Jo AVTE

only qualitative. First of all, the hard sphere geometry we use

does not give an accurate description of the spatial anisot- 2 2 2
ropy ¢ (or ellipticity). However, the ratia’,/e will reduce Xf XX 0 kart ko rgakar Q1)
the sensitivity to models of geometry. Second, our theoreti-
cal understanding of parton energy loss is only qualitative so

min

XgB(ka1Q21|b_r|)fa/A(XaaQ2ar)

far. There are many uncertainties in the estimaté®fdx in X foa(Xp, Q% |b—r|)

QCD. The purpose of our study is to demonstrate the effect

of jet quenching in hadron spectra and the azimuthal anisot- Dhe(ze,Q%L(¢)) do

ropy for a given averagedE/dx. Furthermore, in our model X 7z, E(abHCd)' @

we will neglect both longitudinal and transverse expansion.
The longitudinal expansion will change the particle density
and thus the effective total parton energy I§84] in the  The factorK=1.5-2.0 is used to account for higher order
medium while the transverse expansion will influence thecorrections. The nuclear thickness functigiib) is normal-
spatial ellipticity of the medium as the system evolves withized to [d?bts(b)=A using the Woods-Saxon form of
time. Since the parton energy loss in a QGP is estimated tBuclear distributions. To take into account the intrinsic
be much larger than that in a hadronic 8], we assume transverse momentum and its nuclear broadening,
that the parton energy loss happens mostly in the partoniga(kr,Q? ) is assumed to have a Gaussian form and its
medium. Then an energetic parton is likely to travel to thewidth is parametrized to fit thep andpA data. The impact-
outside of the partonic matter before the transverse expaparameter dependence @fy(kr,Q?%r) comes from the
sion changes the spatial ellipticity of the partonic mediumnuclear broadening of the intrinsic transverse momentum.
significantly. In this case, the expansion will just change theThe parton distributions in nuclef ya(x,,Q%r) are as-
overall average parton energy loss. For a qualitative study isumed to be factorized into the parton distributions in a
this paper, we are only concerned with the average partonucleon and the impact-parameter dependent nuclear modi-
energy loss and we will just consider the dependence ofication factor
dE/dx on the average particle density in the initial over-
lapped region. 2 0y

In a dynamical picture, the finite lifetime of the dense Fara(X, Q%1 = Saa(x1)
system should limit the maximum distance a parton can
travel before the partonic system hadronizes. This should
reduce the net effective parton energy loss experienced by a
propagating parton. At RHIC with the current measured ra- 2
pidity density of charged particld®2], one can estimate the
lifetime of the dense system in central AAu collisions to ~ We will use the parametrization of the nuclear modifica-
be about 4-6 fm/c before the energy density drops below ation in HIJIING [19]. Constrained by the existingA data,
critical value of 1 GeV/fm, assuming a Bjoken scaling pic- nuclear modification of parton distributions apg broaden-
ture. We have checked that such a lifetime will reduce théng produce about 1630 % increase in the; spectra in
net effective energy loss by about 10% in central collisionscentral Aut-Au collisions relative topp [16]. However,
The effect on hadron spectra and azimuthal anisotropy ithey will not give any azimuthal anisotropy in the hadron
even smaller. For a qualitative study in this paper we willspectra.
neglect the effect of the finite lifetime. Equation(1) also applies t@p(p) collisions in which one

X

A 2 A 2
Kfalp(XyQ )+ 1_K fa/n(XvQ ) .
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FIG. 2. Transverse momentum spectra of charged hadrons

FIG. 1. Transverse momentum spectra of charged hadrgmg in (50lid) and 7° (dot-dasheyiin central AurAu collisions at \'s
collisions atys=200 (solid) and 130 GeV(dot-dashefas com- =200 and 130 GeV without energy loss and wilE/dx=0.5
pared to UA1 datfi24] on pp collisions atys=200 GeV. The thin GeV/fm (dashed lines for charged hadrons and dotted linesfr

solid line is a parametrization of the data belpw<1 GeVi/c. . ) ) ) .
dominant source of anisotropy in hadron spectra in this par-

simply sets A=1 without intrinsic p; broadening and ton model. We will use a phenomenological mo9] for
nuclear modification of the parton distributions. The partonth® modified fragmentation functions. The modification in
fragmentation function®,,.(z.,Q?) are then given by the this mc_)del depends on two parameters: the energy I_oss per
parametrization 0" e~ data[23]. As an example, we show SCcattéringe. and the mean free patk, for a propagating

in Fig. 1 the comparison of the parton model calculationP@rtonc. The energy loss per unit length of distance is then
(solid line) with the experimental daf@4] for pp collisions dEc/Q'X= €c/\c. We also assume that a gluon’s mean free
at s=200 GeV. We used a factor ¢¢=1.5 in the calcu- path is half that of a quark and.then the energy E&dX is
lation. The model describes the data very well dowrpto twice that of a quark. According to a pQCD study of the

~1.5 GeVk. Below this scale we expect such a partonp"’mOn energy losgL3],

model calculation to fail and nonperturbative physics to dE  aN, L
dominate. As an illustration, we fit the experimental data —— =~ —u?, (4)
below py=1 GeVic with an exponential distributiorithin dx 4 A

solid line), whereag is the strong coupling constamM.= 3, andu is the
average transverse momentum kick the propagating parton

dosott _ O dnche_ pr/To &) suffers in the medium per scattering. So the energy loss per
dnd?ps 2771-(2) dzy ' scatteringe in our model is now related tp. by

with T;=0.2 GeV. The normalization of the fit is determined = asNe L 2. (5)

by dn.,/dp=2.3 in the central rapidity region and;, 4

=42 mb aty/s=200 GeV. One can notice that the data differ ~ Shown in Fig. 2 are the calculated spectra for charged

significantly from the exponential fit already at aroupg  hadrons, averaged over the azimuthal angle, in central

=1.5 GeVk. Beyond this scale, the spectra have a powerAu-+Au collisions atys=130 and 200 GeV witi{dashed

law behavior characteristic of hard parton scattering. We cafines) and without(solid lineg parton energy loss. In the

therefore use the parton model to describe the hadron spectspectra we also add the soft component in E). with

for pr>2 GeVic. In Fig. 1, we also plot the hadron spectra dn,,/d7=520 (700 for \'s=130 (200) GeV from HIJING

for pp collisions aty/'s=130 GeV. The spectrum differs very calculations[25] and oi,= wbZ,,,. We used a constant

little from that at\s=200 GeV at intermediatp; and is dE/dx=0.5 GeV/fm and\ =1 fm in the calculation to dem-

only about a factor of 2 lower gir=7 GeV/c. onstrate the effect of parton energy loss. The contribution
To take into account the effect of parton energy loss infrom the soft component is negligible at>2 GeVic as

AA collisions, we use modified effective fragmentation func-compared to the hard contribution when there is no parton

tions Dyc(z.,Q?,L(¢)) for a produced parton that has to  energy loss. However, when parton energy loss is assumed,

travel in the medium a distande(¢) that depends on the the hard contribution is strongly suppressed so that the soft

azimuthal angle in noncentralA collisions. This will be the component becomes important at some smadler This is
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FIG. 3. lllustration of the geometry of the overlapped region of

two colliding nucleiA andB in the transverse plane. FIG. 4. The averaged distance a fast parton has to travel across
the overlapped region of two colliding Au nuclei as a function of

why the suppression of the large spectra due to parton the azimuthal angle for different impact parameters.

energy loss as compared to the spectra without energy loss . .

becomes smaller at smallpr. However, withdE/dx=0.5  Pution of hadron spectra, we show in Fig. 4 the averaged
GeV/fm, the contribution from the soft component again isdistance,
negligible atpt>3 GeV/c. The suppression is proportional 1
to the parton energy loss. The detailed dependence of the (L(¢p))=
suppression on the form and values of parton energy loss can Tag(b)

be found in Ref.[16]. Also shown in Fig. 2 are ther® ,
spectra with(dotted line$ and without (dot-dashed lings @S & function of¢ that the parton has to travel across the

parton energy loss. Notice that® spectra at highp; are overlapped 2region for different impact parameters, where
about 40—30 % lower tharh( +h™)/2. This means that~ Tag(0)=/d rtA(r)tB(|b—r|)_. A_S We can s_ee(L(¢>)) on

only contribute to about 60—70 % of the total charged hadrof® average decreases with increasing impact parameter.
spectra. The rest comes from kaons and protons. Kaon arfdoWever, the anisotropy increases toward large impact pa-
proton spectra have different sensitivity to parton energy@meters. Since jet quenching is directly proportional to
loss. This is why the suppression factor for large (L(¢)), one should expect similar azimuthal distribution of
spectra is larger than the charged hadron spectra. Detaildj® hadron suppression at large. The azimuthal anisot-
study of the flavor dependence of the parton energy los&PY Of the hadron spectra, however, should depend on both

effects can also be found in R¢1L.6]. the averaged value dL(¢)) and its anisotr_opy. _
The azimuthal angle dependence or azimuthal anisotropy

of the distanceL(¢)) is directly related to the spatial de-
Hl. AZIMUTHAL ANISOTROPY formation of the dense medium that can be characterized by
the spatial ellipticitye. For a hard-sphere distribution

f dzrtA(r)tB(|b_r|)L(¢1r1b) (6)

For noncentralA+ A collisions, the averaged distance a
parton travels through the medium varies with the azimuthal 2 2 b
angle and so does the averaged total parton energy loss. This (b)= yH=) ~_ 7
will give azimuthal anisotropy in the hadron spectra at large (y>)+(x?) 2Ra
transverse momentum with respect to the reaction plane. The
reaction plane is defined by the beam direction and the imis assumed to be given by the initial overlap of two colliding
pact parametdn of heavy-ion collisions. Experimentally, the nuclei with a radiusR,~1.12AY® at impact parameteb.
reaction plane should be determined by Ipwparticles that Such a simple geometry is far from realistic. But it is suffi-
constitute the bulk of matter produced in heavy-ion colli- cient to illustrate the qualitative feature of azimuthal anisot-
sions. Large momentum hadrons will not affect the determi+vopy caused by parton energy loss.
nation of this reaction plane. Shown in Fig. 5 are the azimuthal angle distributions of

In this model calculation, we will use a hard-spherecharged hadron spectra at differgm¢ normalized to the
nuclear distribution to describe the initial geometry of thespectra perpendicular to the reaction plaige==/2). We
medium and to estimate the distance of parton propagationseddE/dx=0.1(L/fm) GeV/fm and\=1 fm in the calcu-
inside the dense medium. As illustrated by Fig. 3, at dation. Due to the azimuthal angle dependence of the aver-
given impact parametds, a parton produced at pointhas to  aged total energy loss and the consequent suppression of
travel a distancé&(¢,r,b) inside the overlapped region in the large p; hadrons, the hadron spectra show a strong depen-
azimuthal directionp. With L(¢,r,b), one can then calculate dence on the azimuthal angle. The degree of the azimuthal
the modified fragmentation functio®,,c(z,Q? L(¢,r,b)) anisotropy is directly proportional to the hadron suppression
and the hadron spectra. The cross section is weightedt high p; due to parton energy loss. For a fixed value of
with the overlap function of two colliding Au nuclei accord- average total parton energy loss, the relative effect of parton
ing to Eq.(1). To help us to understand the azimuthal distri- energy loss on the hadron spectra becomes smaller at higher
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FIG. 5. Azimuthal angle distribution of charged hadrons with

pr=5, 7, and 9 GeW in semiperipheral §=7-8 fm) Au+Au 0.1 — e
collisions at \s=130 GeV with parton energy losslE/dx r

=0.1(L/fm) GeV/fm. Each distribution is normalized to the spec- Y S T S T
trum in the direction perpendicular to the reaction plane. 0 02 04 06 08 1

b/2R
pr [16]. That is why the azimuthal anisotropy decreases with /2R
increasingps as shown in Fig. 5. FIG. 7. Upper panel: The impact-parameter dependence of azi-
Following a standard procedure in the study of elliptic Muthal anisotropy coefficient, for_charged hadrons wittpy
flow [5], we make a Fourier expansion of the hadron dis-=5 GeVlc in Au+Au collisions at\/§=_130 GeV for a constant
tribution in the azimuthal angle. The elliptic anisotropy 4E/dx=0.5 GeV/fm (open circlg and distance-depended€/dx

coefficient v, is defined as the second order Fourier co-- 0-1(L/fm) GeV/fim (solid circl§ parton energy loss. Lower panel:
The impact-parameter dependenceefs. Here,e =b/2R, is the

efficient, : e L i o :
spatial ellipticity of the initial overlapped region of collisions with a
hard-sphere nuclear distribution.

f d¢ cog2¢)do/dydprde

- —7 ) drodynamic predictions for loyp hadrons as shown by the

2 ™ ' dashed line from Ref8]. We stopped the calculation p§

J Wd¢d‘7/dyd2pTd¢ ~3—4 GeV/fm for the givendE/dx. Below thesept val-

ues, the average total parton energy ldss=(L)dE/dx
will exceed the initial parton transverse momentum. The
hadron spectra from hard processes are strongly suppressed
so that contributions from nonperturbative processes become
dominant and thermal equilibration and hydrodynamics will
determine the elliptic anisotropy. Since the coefficient of the
differential elliptic flowv ,(pt) for low pt hadrons increases

AubAu(b=7—8 fm) v3=130 Cev with pr, the turning point wherev,(pt) starts to saturate
R RS A AdRass and decrease with increasipg will provide information on

Shown in Fig. 6 are the calculatad, as functions of the
transverse momentuipy for different values of the parton
energy lossdE/dx. The elliptic anisotropy coefficient,
generally decreases slowly with increasing but increases
with increasingdE/dx. This is in sharp contrast to the hy-

02 | . . 1 the interplay between the hard and soft components of par-
; h ticle production. Combined with the magnitude of the azi-
o1s | . i muthal anisotropy at highegyy, it also allows one to extract
o N — the average parton energy loss in the medium. Since one
> o \ | cannot make a quantitative estimate of the parton energy
0.1 g \\s\ . loss, we can only give qualitative predictions ©f and its
T dependence opr.
(I \9\5
0.05 / .
/ o—e dE/dx=0.2(L/fm) GeV/fm ] IV. CENTRALITY DEPENDENCE
I oo dE/dx=0.1(L/fm) GeV/fm 1 . o )
e T T e S Jur-ar In noncentral he_avy—|on collisions, th.e average distance
- of parton propagation depends on the impact parameter of

GeV/c . .
pr (Gev/e) the collisions. The suppression of hadron spectra at large
FIG. 6. Thep; dependence of the coefficient of azimuthal an- Pt and the elliptic anisotropy will then also depend on the
isotropy v, for charged hadrons for different values of parton en-centrality. Shown in the upper panel of Fig. 7 is the impact-

ergy loss in semiperipheral AwAu collisions at\s=130 GeV. parameter dependence of the calculated at fixed pt
The dashed line is the hydro result frd@. =5 GeVlc for two different forms of parton energy
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loss, one constardE/dx=0.5 GeV/fm and anothed E/dx 0.12
=0.1(L/fm) GeV/fm with a linear distance dependence. In I p=1.0
both casesy, increases with increasing impact parameter,
reflecting the increased spatial ellipticity at large impact pa-
rameters. In central collisions, the average parton energy loss
dE/dx in the second case is larger than the constiidx

=0.5 GeV/fm, leading to a largar,. However, as the im-
pact parameter increases further, the average parton energy
loss per unit length with a linear distance dependence be-

dE/dx=0.1(L/tm)p(b) GeV/fm
IRRRE T T R

e
=

o

[l

&
T

p=py(b)

(Fm/L)dE/dx (GeV/fm)
=3 =
2 &
T T

comes smaller than the constat/dx=0.5 GeV/fm. This 0.02 F 1P=py(b) .

leads to smallev,. Eventually, in more peripheral collisions,

v, decreases with the impact parameter in the second case. 0 o 0 0 0a 0 e o 0 09

Therefore, as compared to the case of a const&itx, a b/2R,

linear distance dependence aiE/dx gives a slower impact

parameter dependence of. FIG. 8. Three scenarios of impact-parameter dependence of par-

Since the elliptic anisotropy in hadron spectra is directlyton energy losslE/dx=0.1(L/fm)p(b) GeV/fm.
related to the spatial ellipticity, it is useful to study the

impact-parameter dependence of the ratjde as shown in d_E: ﬁ(b) (b):

the lower panel of Fig. 7. Such a ratio will also reduce the dx  dx PR

sensitivity to the modeling of the initial density distribution 9
of the overlapped region, e.g., hard sphere vs Woods-Saxon pi(b)=0.07N;5(b)[1+0.1N5(b)],

nuclear distributions. For both forms of parton energy loss, )

the normalized elliptic anisotropy coefficient increases withWhere the impact-parameter dependencélgf;(b) can be
increasing impact parameter very rapidly in central collisionsc@/culated in a Glauber model of nuclear collisions with
and then starts to decrease at relatively small impact paranWoOdS'S""XOn nuclear distributiondEy/dx(b) has an im-

eters. The decrease is much faster for the case of linear di !'C't dependence ob through the total parton propagation

tance dependence dE/dx. This feature is markedly differ- istancel. (b). The above centrality dependence of the aver-

. : . age dE/dx is normalized to central collisionsjE/dx(b
ent from the hydrodynamic model8], in which v,/e —0)=dE,/dx(b=0), or p(b=0)=1. Such an impact-

rSem:uns con§tant Iolr a very large r(?ng? ?r]: '”.‘pa"t ;zarametetrgarameter dependence oE/dx is plotted in Fig. 8 as the
o far experimental measurements of the impact-parametgr . ine for dEy/dx(b) = 0.1 L (b)/fm] GeV/fm.

dependence af, [2—4] for low py hadrons show & behavior — rpeqretical studies have predicted a large parton energy
roughly similar to the hydrodynamic results. A different be- |,ss in a hot partonic medium as compared to cold nuclear

havior of v,/e at largepr that decreases with the impact matter[13]. However, analysis of the large, #° spectra in
parameter will be a clear indication of the effect of partoncentral PB-Pb collisions from the WA98 experime[26] at
energy loss. the SPS energy/s=17 GeV shows no indication of parton
For a qualitative study in this paper, we will neglect the energy l0s§27]. Since the highp; spectra at SPS are very
effect of expansion and we are only concerned with the avsensitive to any change of the jet cross section, the constraint
erage parton energy loss. In this case, the parton energy logg, parton energy loss by the WA98 d4d@6] is very strin-
dE/dx should depend on the averaged particle density in thgent and gives a limit that is much smaller than the most
overlapped region of heavy-ion collisions, which in turn de-conservative estimate of parton energy loss in a hadronic
pends on the centrality of the collisions. , matter[16]. This casts serious doubts on the accuracy of the
According to Eq.(4), dE/dx is proportional tou“/\  theoretical estimates that are based on a scenario of a static
= plop with u being the momentum transfer per scattering.and infinitely large [/\>1) dense partonic gas. Though
For a parton scattering cross sectianthat is screened by recent studie§28—30 have considered the finite number of
w?, w?a is roughly a constant. TheshE/dx will be propor-  scatterings in a medium with finite size, it is still not clear
tional to the parton densitp. We assume that the initial whether the estimates are numerically consistent with the
parton density is proportional to the final hadron multiplicity WA98 data in[26]. The experimental data of WA9R6]
per unit transverse arep;-dN/dy/[ 7oS(b) ], whereS(b) is  could also imply that the lifetime of the dense partonic sys-
the transverse area of the initial overlapped region#yttie  tem is too short to induce any parton energy loss.
initial time. Using the two-componertsoft and hargimodel At RHIC energies the initial energy density is expected to
of particle production inHIJIING [19], dN/dy has one term  pe higher and the lifetime is longer than at the SPS. Indeed
(soft) proportional to the number of participant nucleonsthe first experimental measurement dN.,/d7n by the
Npart@nd anothethard proportional to the number of binary PHOBOS Collaboratiofi21] shows that the particle produc-
collisions Nyjnary- In @ Glauber model of nuclear collisions, tion for central AurAu collision ats=130 GeV is about
S(b) ~N22(b) and Nyinan(b) ~Nim(b). Parametrizing the 50% higher than in central PEPb collisions at the SPS en-
centrality dependence adN/dy in the HIJING calculation  ergy, consistent with the default value finG simulations.
[25] for Au+Au collisions at\s=130 GeV, we have If we take the implication of the WA98 data at its face value,
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012 AutAuVE=130GeV the study of density dependence by measuring the anisotropy
T S ] for a fixed system at different colliding energies. In the sec-
0.1 F = ond scenario of the density dependence of parton energy
0.08 B R loss,v, will vanish above impact parametbr7 fm, where
N i ] dE/dx is assumed to vanish when the particle density is
~ 006 | 7 below what was reached in the centralHf#b collisions at
0.04 - ] the SPS energy. The drop should occur at larger impact pa-
. ] rameters for higher colliding energies because of the in-
0.02 - E creased particle density in the collision region. The behavior
0 M Qe e of v, at small or intermediate impact parameters is dictated
dE/dx=0.1(L/fm)p(b) Gev/f ] by the geometry of the medium and is not very sensitive to
03 | 2 —op=1.0 small changes of the density dependence of the parton en-
@ —iﬁzﬁ((?) ergy loss. It is more sensitive to the density dependence at
= 00 E large impact parameters in more peripheral collisions. The
) vanishingdE/dx at large impact parameter in the second
‘b scenario has very dramatic effects op. Such a scenario
0.1 L \ ] will be easy to verify from experimental data.
[7 hTpr=5 Gevie ‘q 1 Since the azimuthal anisotropy in large hadron spectra
0 Lot o] in a parton model is caused predominantly by jet quenching

Ll @
0 02 04 06 038 1

b/ 2R or parton energy loss, such a study should be complemented
~a

with direct measurements of the suppression of lgrghad-

FIG. 9. Impact-parameter dependence wf and v,/e for ron sp_lt_act][a Tl?'a“"e t@hp ;r pA coliisions at the same eg—
charged hadrons witlp;=5 GeV/c in Au+Au collisions at+/s ergy. 1o faci Itate_ Suc _'r_ECt measurements, one needs to
=130 GeV for three different scenarios of density dependence Oﬁcale the spectra iAA collisions by that ofpp and geomet-

parton energy loss. ric factors. According to the parton model in EQ), the
ratio

we can assume that the effective parton energy loss vanishes

in noncentral collisions in which the average particle density dNpa/dydPpr

is equal to or less than that of central-PBb collisions at the Raa({b),pr)= N AN/ v (10

SPS energy. UsinglJING simulations we find that the par- (Nbinary ({(0))dNpp/dydpr

ticle rapidity density per unit transverse areal|i<1 for . . . .
Au+Au collisions becomes less than that of centrat-Ph erg ?](e) #ugggfee?fii?st ?ﬁhaeng;mpag d’?g;ar?géfcn;ghnerjet
collisions at the SPS energy for impact parameters large 98 P )

than 7 fm atys=130 GeV, or 8 fm atys—200 GeV. For quenching will suppress the large spectra and reduce the

. ! above ratio for nonvanishing parton energy 10%6]. Here
smaller impact parameters, we will assume the normal cen

trality dependence of the parton energy loss in @g. Such (Nbinary((0)), defined as
a scenario is denoted as density dependeng®) and is

shown in Fig. 8 as the dashed line. The sudden drop of (Niinar) ((B)) = i fbmaxdsz (b)
dE/dx with impact parameter might be extreme and is only nary A Bmin»Bmax) J bmin AR

to illustrate the effect of a possible critical behavior in jet (17
guenching.

Shown in Fig. 9 are the calculated coefficients of the aziis the averaged number of binary collisions that can be cal-
muthal anisotropy, andv,/e for charged hadrons gir  culated in a Glauber model of nuclear collisioi$] with
=5 GeV/c with the above two scenarios of density depen-given (b)= (bpin+ bmay/2.

dence of parton energy logsolid and dashed lingsAs a Shown in Fig. 10 are the calculated ratios for charged
comparison, we also show the results of a density-hadron spectra gi;=5 GeV/c in Au+Au collisions aty/s
independentdE/dx (dot-dashed linegs Comparing the re- =130 GeV as functions of the impact parameter with three

sults of scenario | of density dependenselid lineg to a  different density dependencies of parton energy loss. The
density-independertE/dx (dot-dashed lings it is obvious  suppression due to parton energy loss in general will de-
that the density dependence of the parton energyd&dx  crease with increasing impact parameter since the size of the
reduces the azimuthal anisotropy at large impact parametemyerlapped region decreases toward more peripheral colli-
because of the reduced parton energy loss in peripheral cations. For very peripheral collisions, one should recover the
lisions as compared to the central ones. The rafit: there-  results ofpp collisions and the ratio should be 1. However,
fore decreases faster toward the peripheral collisions as conif-the parton energy lossE/dx depends on the average par-
pared to the case of a density-independdBtdx. Because ticle density, the ratigsolid) should approach 1 more rapidly
of the complication of such a density dependence, it is diffithan in the case of a density-independetf/dx (dot-

cult to single out the quadratic distance dependence of thdashef@l Again, if we assume that parton energy loss van-
parton energy loss by studying the centrality dependence ashes at>7 fm from constraints by the WA98 data [26]

the azimuthal anisotropy alone. One has to combine it wittat the SPS energy, the ratio will become or is larger than 1
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b h Calh S— ripheral collisions, where the particle density is equal to or
4 b e . smaller than what has been achieved in the centrat /b
. Pr= ev,/ . .
12k /p' e el collisions at the SPS energy. Then both, hadron spectra sup-
- x=0. T f h s ] . . . . . .
9/0x=0.1(L/fmlp(0) Gev/im. pression and the azimuthal anisotropy will disappear in these
S ”‘b)=" ] peripheral collisions. Such a strong centrality dependence
T ; would indicate an onset of parton energy loss in a dense
§ eeee p(b)=pb) S medlum
© 06 :

Parton energy loss is always associated with momentum
broadening perpendicular to the parton propagation direc-
tion. Such transverse momentum broadening can also lead to

04

0.2 . X : )
azimuthal anisotropy in the final hadron spectra. One can
U R R VR L T AN O characterize the broadening by the momentum transfar
b/2R, each parton-medium scattering. The effect of the broadening

, on the azimuthal anisotropy can then be characterized by the

FIG. 10. Impact-parameter dependence Pf the BHR(Pr,b) diffraction angle of each scatteringp= u/py. For dE/dX
of th? charged hadron spectrafat=>5 QeV/c n AU+AU andpp . =0.1(L/fm) GeV/fm andA~1 fm, which we have used to
ggll'Zfdnesnig\Ef: ﬁ?or?‘:\r{efror t:gg: different scenarios of density yononsirate the effect of parton energy loss in this paper,

P P 9y ' u~0.3 GeVE according to Eq.(4) and ¢;~0.06 for pt

) o o ) ) =5 GeV/c. In a medium with a size of only a few mean free
already in semiperipheral collisions. The ratdashed will otk the contribution to, due to such a small momentum
actually become larger than 1 because of infialbroaden-  yansfer is almost negligible. Therefore, the dominant cause
ing or the Cronin effect. Such a centrality dependence oy g|liptic anisotropy at large will be the radiative parton
hadron suppression at large combined with the €nergy energy loss in the medium. If any suppression of lapge
dependence will shed light on parton energy loss in the Mep,qron is observed in experiments, there should be nonvan-
dium. ishing azimuthal anisotropy and vice versa.

We have considered a parton energy loss that has only a
weak (logarithmig dependence on the initial parton energy.
Recent studief28], however, show a stronger energy depen-

In this paper we have studied in a parton model the azidence as a result of the kinetic limits in the estimate of en-
muthal anisotropy of larg@, hadron spectra in noncentral ergy loss for a parton with finite initial energy. Such a strong
high-energy heavy-ion collisions due to parton energy lossenergy dependence would give a differgptdependence of
We demonstrated that the anisotropy is very sensitive to thbadron spectra suppression and the accompanying azimuthal
parton energy losd E/dx and its dependence on the size andanisotropy.
density of the medium. We predict that the coefficient of the For a qualitative study in this paper, we did not consider
anisotropyv, decreases slowly witlp;. The parton model the expansion of the system. The longitudinal expansion will
also predicts an early saturation ©f as a function of the change the particle density in the medium, while the trans-
impact parameteb. Once divided by the spatial anisotropy verse expansion will decrease the spatial anisotropy as the
e(b), the ratiov,/e will increase withb for very central system evolves with time. The decrease of particle density
collisions and then will decrease toward peripheral colli-will reduce the average parton energy loss over the course of
sions. This is in sharp contrast to the centrality dependencée evolution. The change of spatial anisotropy will reduce
of the elliptic flow v, for low p; hadrons. Hydrodynamic the resultant anisotropy in hadron spectra. It could also affect
models[8] predict almost a constant,/s in a very large the centrality dependence of the jet quenching effect. Fur-
range of centralities. We found that the centrality depenthermore, the finite lifetime of a dynamically evolving sys-
dence ofy, is sensitive to the size and density dependence ofem will also limit the effective parton propagation distance
parton energy losd E/dx in the medium. and thus reduce the net energy loss. Detailed study of the jet

Since the azimuthal anisotropy is directly related to partorfjuenching in a dynamically evolving system will be the sub-
energy loss, one should combine the study of azimuthal ariect of future studies and is needed for a more quantitative
isotropy with the direct measurements of hadron spectra sughalysis of any experimental data.
pression at larget. We propose to study the density depen-
dence of parton energy loss by measuring the hadron
suppression and the anisotropy at different colliding energies
for the same system. The centrality dependence of the had- The author would like to thank J.-Y. Ollitrualt, A. M.
ron suppression and anisotropy can then provide informatioPoskanzer, and R. J. M. Snellings for helpful discussions.
on the size dependence of the parton energy loss. Perturb@his work was supported by the Director, Office of Energy
tive QCD studies predict a nonlinear dependence of the totdResearch, Office of High Energy and Nuclear Physics, Divi-
energy loss due to non-Abelian gluon radiation. sion of Nuclear Physics, and by the Office of Basic Energy

Based on constraints by the WA98 experimental data irScience, Division of Nuclear Science of the U.S. Department
[26] on high pr pion spectra, we also proposed a densityof Energy under Contract No. DE-AC03-76SF00098 and in
dependence of the parton energy loss that will vanish in pepart by NSFC under Project No. 19928511.
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