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We investigate the transverse dynamics in Au+Au coIIisionsf%:ZOO GeV by emphasis upon the
interplay between soft and hard components thropgtdependences of particle spectra, ratios of yields,
suppression factors, and elliptic flow for identified hadrons. From hydrodynamics combined with traversing
minijets which go through jet quenching in the hot medium, we calculate interactions of hard jets with the soft
hydrodynamic components. It is shown by the explicit dynamical calculations that the hydrodynamic radial
flow and the jet quenching of hard jets are the keys to understand the differences among the hadron spectra for
pions, kaons, and protons. This leads to the natural interpretatioN ¥~ 1, Raa= 1 for protons, and
v5>v7 recently observed in the intermediate transverse momentum region at Relativistic Heavy lon Collider.
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[. INTRODUCTION ponent combined with the nonthermal compondi§] in
order to explain the anomalous baryon productions and/or

A vast body of data has already been collected and andarge elliptic flow discovered at RHIC.
lyzed during the past few years at Relativistic Heavy lon Itis said that hydrodynamid26—29 works very well for
Collider (RHIC) [1] toward a complete understanding of the explanation of elliptic flow data at RHIC energies, in the low
dense QCD matter which is created in high energy heavy-iop; region, in small centrality events, and at midrapidity, in-
collisions. cluding the mass dependence of hadr@os recent reviews,

At collider experiments, it is well known that highy  see Ref.[30]). This suggests that hydrodynamics could be
perturbative QCD(pQCD) processes become so large as toreliable for the description of the time evolution of soft sec-
observe jet spectra. One of the most important new physicsr of matter produced in high energy heavy-ion collisions at
revealed in heavy ion collisions at RHIC energies is to studyRHIC. Certainly, it is more desirable to describe the time
propagation ofmini)jets in dense QCD matter. Jet quench- evolution of the whole stage in high energy heavy-ion colli-
ing has been proposdd] as a possible signal of deconfined sions by simulating collisions of initial nuclear wave func-
nuclear matter, the quark gluon plasii@@GP) (for a recent tions. Instead, they simply assume that the system created in
review, see Ref{3]). Over the past years, a lot of work has heavy-ion collisions reaches local thermal equilibrium state
been devoted to study the propagation of jets through QCat some time.
matter[4-7]. Due to the above two reasons, a model which treats a soft

Recent data at RHIC indicate that both the neutral piorsector by hydrodynamics and a hard sector based on a pQCD
[8,9] and the charged hadrdi0-12 spectra at higtpy in parton model is turned out to be useful in order to understand
central Au+Au collisions are suppressed relative to theexperimental data at RHI€om low to high g. Indeed, first
scaledpp or large centrality spectra by the number of binary attempts based on this concept has been done by pQCD cal-
collisions. However, protons do not seem to be quenched ioulations which include hydrodynamic featuf84—-33. Mo-
the moderatep; range[13]. Furthermore, the proton yield tivated by these works, we have recently developed a two
exceeds the pion yield aroumg ~2-3 GeVkt which is not  componendynamicalmodel (hydro+jet mode) [34] with a
seen in elementary hadronic collisiofi]. The STAR Col-  fully three-dimensional hydrodynamic modg8] for the
laboration also shows that/K°~ 1 at a transverse momen- soft sector and pQCD jets for the hard sector which are com-
tum of 2—3 GeVE£ [14]. pQCD calculations are successful puted via therYTHIA code[35].
in describing hadron spectra in Au+Au collisions as well as  Usually, it is possible to fit hadron spectra up to high
pp collisions by taking account of nuclear effects such asmomentum, sap;~2-3 GeVk, within hydrodynamics by
Cronin effect, nuclear shadowing effect, and energy loss o&djusting kinetic freeze-out temperatuf® which is a free
jets[15]. However, large uncertainty of the proton fragmen-parameter in the mod¢B6]. Thus it is unclear which value
tation function makes the understanding of the baryon proef Tt should be used when one wants to add jet components
duction mechanism uncled@l6] even inpp collisions. On into hydrodynamic components for the description of high
the other hand, several models have been proposed by copart. However, we are free from this problem thanks to in-
sidering interplay between nonperturbative soft physics andlusion of the early chemical freeze-out picture into hydro-
pQCD hard physics: baryon junctiqi7,18, parton coales- dynamics. One of the authors studied the effects of chemical
cence[19-23, medium modification of the string fragmen- freeze-out temperatuf®&" which is separate from kinetic one
tation [24], and a parametrization with hydrodynamic com- T" in hydrodynamic model in Ref29]. It was found that the
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pr slope for pions remains invariant under the variation of AssumingN;=3 massless partonic gas for the QGP phase,
T and that the hydrodynamic model with early chemicalan ideal gas equation of state with a bag cons@tt
freeze out is able to fit the transverse momentum distributiors 247 MeV is used in the high temperature phase. We use a
of pions up to 1-2 GeW. Therefore, it is certain to incor- hadronic resonance gas model with all hadrons up to
porate hard partons into the hydrodynamics with early freezé\ (1232 for later stages of collisions. Possible finite baryonic
out in order to account for the high transverse momentuneffects such as a repulsive mean figd®] are not included
part of the hadronic spectrum. We note that, since we do ndsecause of the low baryon density at RHKS3]. Phase tran-
assume thermalization for the high jets, a hydrodynamical sition temperature is set to bE.=170 MeV. For the had-
calculation with the initial conditions taken from pQCD ronic phase, a partial chemical equilibrium model with
+final state saturation modgB7] is different from ours. chemical freeze-out temperatufé'=170 MeV is employed
In this paper, we shall study identified hadron spectrato describe the early chemical freeze-out picture of hadronic
from low to high py within the hydrotjet model. In particu- matter.  Although chemical freeze-out temperature
lar, we focus on the influence of the hydrodynamic radialT®"(~160—170 MeV is usually found to be larger than ki-
flow on the pQCD predictions for the transverse spectra. Panetic freeze-out temperatufié@’(~100—140 MeV from sta-
rameters in the hydrodynamic part of the model have beefistical model analyses and thermal model fittif], the
already fixed by fitting the pseudorapidity distribution. Pa-sequential freeze out is not considered so far in the conven-
rameters related to the propagation of partons are also olonal hydrodynamics except for a few wofR9,45-47. As
tained by fitting the neutral pion suppression factor bya consequence of this improvement, the hadron phase cools
PHENIX and are found to be consistg88] with the back-  down more rapidly than the one in usual hydrodynamic cal-
to-back correlation data from STAR9]. culations in whichT®"=T" is assumed29,43. It should be
The paper is organized as follows. In Sec. Il, we describeemphasized that the slope of pions in the transverse momen-
the main features of our model. We will represent results otum distribution becomes insensitive to the choice of the
transverse momentum distributions for pions, kaons, an@iinetic freeze-out temperatuﬁéh and that the hydrodynam-
protons in Sec. Ill A. Nuclear modification factésuppres- ics with early chemical freeze out reproduces the RHIC data
sion factoy for identified hadrons and particle ratios are dis-of the pion transverse momentum only up to 1.5 GeJ48].
cussed in Sec. Il B. Elliptic flow for identified hadrons is This is one of the strong motivations which leads us to com-
discussed in Sec. Il C. Section IV summarizes this paper. pine our hydrodynamics with nonthermalized hard compo-
nents.
From hydrodynamic simulations, we evaluate hadronic
Il. MODEL DESCRIPTION spectra which originate from thermalized hadronic matter.
For hadrons directly emitted from freeze-out hypersurface

In this section, we explain in some detail the hydro+jet
model as a dynamical model to describe relativistic heavy\/Ne calculate spectra through the Cooper-Frye forna®

ion collisions. dN o f p“do, 5
#o~ 2mils ooy, - mm=1 @
A. Hydrodynamics whered; is a degeneracy factog, is a chemical potentiap”

Let us start with the review of our hydrodynamics. Main is a four-momentum in the center of mass frame of colliding
features of the hydrodynamic part in the hydro+jet modeltwo nuclei, and {+) sign is taken for bosongermions. We
are the following. should note the existence of chemical potentjalsor all
Although initial conditions and prethermalization stageshadrons under consideration due to early chemical freeze
are very important subjects in the physics of heavy ion col-out. Typical values aff"=100 MeV are as followsy,,
lisions (see, e.g., Refg40,41)), these are beyond the scope =83 MeV, ux=181 MeV, andu,=up=349 MeV. Forhad-
of this paper. Instead, assuming local thermal equilibrium ofons from resonance decays, we use & .for resonance
partonic/hadronic matter at an initial tims, we describe particles at freeze out and afterward take account of decay
afterward the space-time evolution of thermalized matter bykinematics. Here these resonances also have their own
solving the equations for energy-momentum conservation chemical potentials at freeze out. We call the sum of the
above spectra the soft component or the hydro component

9,T*=0, T =(e+P)uu’-Pg"” (D) throughout this paper.
in the full three-dimensional Bjorken coordinate, x,y, 7). |n|t_|al energy density atrp=0.6 fm/c is assumed to be
Heree, P, andu* are, respectively, energy density, pressure f@ctorized
PRSI . p i
and local four velocity.r=\t“—z“ is the proper time and e(X,Y, 76, 0) = ena V(X y; D) H (7). (3

7s=(1/2)In[(t+2)/(t-2)] is the space-time rapidity.

Throughout this paper, we consider baryon free matteHere the transverse profil/(x,y;b) is proportional to the
ng=0 at RHIC energies. In order to obtain reliable solu-number of binary collisions and normalized ®#0,0;0
tions of Eq.(1) especially in the longitudinal direction at =1, whereas longitudinal profilel(7s) is flat and unity near
collider energiesy and 7, are substantial choices for time midrapidity and falls off smoothly at large rapidity. K\ 7s),
and longitudinal directions rather than the Cartesian coorwe have two adjustable parameteyg, and 7gauss Which
dinate. parametrize the length of flat region near midrapidity and
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FIG. 1. (Color onling Pseudorapidity distribution of charged  FiG. 2. (Color onling Transverse momentum spectra for nega-
particles in Au+Au collisions at/syy=200 GeV is compared 10  tjve pions, negative kaons, and protons from the hydro model with
data from BRAHMS[50]. Solid (dasheglline represents the hydro- early chemical freeze out in Au+Au collisions g$yy=200 GeV.
dynamic result at b=2.07.2)fm. We choose an impact parametertas2.0 (7.2 fm corresponding to

0-5% (20-30% centrality. Yields are divided by £0for b

the width of Gaussian in the forward/backward rapidity =7.2 fm results.
region, respectively. These parameters are chosen so as to
reproduce the shape aiN/d» or dN/dY.

We choosee,,=40 GeV/fn?, 74,=4.0, andygauss=0.8. Nhardb) =f d%r | ojeTa(r, —b/2)Tg(r, +b/2),  (4)
As shown in Fig. 1, the pseudorapidity distribution of
charged hadrons in 5% central collisions observed by thevhereo, is a hard cross section from leading order pQCD
BRAHMS Collaboration[50] is satisfactory reproduced by convoluted by the parton distribution functions and mul-
using the above parameters. Here we choose an impact paplied by aK factor which takes into account higher order
rameter afh=2 fm for this centrality. These initial param- contributions.T, andr , are, respectively, a nuclear thick-
eters give us an average initial energy density abouhess function normalized to bfd’r , TA,=A and a trans-
5 GeV/fn? in the transverse plang=0 at7=1 fm/c [51].  verse coordinate vector. Here we use the Woods-Saxon
A contribution from minijets is neglected in the hydrody- distribution for the nuclear density profile. We useTHIA
namic fitting, since it is less than 5% effect to the total6.2 [35] for the generation of momentum spectrum of jets
hadron yield at RHIC when we define minijets as particlesthrough 2-2 QCD hard processes. Initial and final state
with transverse momentum larger than 2 GeMhitial con-  radiations are used to take into account the enhancement of
ditions for transverse profile are scaled by the number ohigher-order contributions associated with multiple small-
binary collisions. It is found that the 20—30 % semicentralangle parton emission.
collision data is also reproduced simply by choosmas ScaleQ? dependent nuclear shadowing effect is included
7.2 fm in the transverse profily/ [52]. for the mass numbek nucleus assuming the impact param-

In Fig. 2, we show the transverse spectra for negativeter dependendd3]:
pions, negative kaons, and protons in Au+Au collisions at ATA(T )

\s‘%:zoo GeV from the hydrodynamic model for impact 2 - 2 _ g all)
parameter$=2.0 fm and 7.2 fm. Thermal freeze-out tem- SAXQ.r) =1+ [SAX Q) ~ 1] ) 5 ®)
peratureT™=100 MeV is used in the calculation. This choice f A, Talr,)

is consistent with the data ay=130 GeV[29]. The flatter

behavior at lowp; for kaons and protons is indeed a conse-where the EKS98 parametrizatiof54] is used for
quence of the radial flow effect. A remarkable feature on the(A,x,Q?). Then the nuclear parton distribution function in
hydrodynamical result is tha/ 7~>1 andK™/ 7~ ~1 above this model has the form

pr~2 GeV/c. It is, however, questionable to assume ther- 5 _ 5

malization at highp; region. In fact, hydrodynamical predic- fa(AX Q%1 ) = SAXQ5r )

tions overestimate elliptic flow data at the large transverse z o (A-2) >
momentum region. It is interesting to ask at whighhydro- X ;fp(X’Q )+ A fn,.Q%) |, (6)

dynamic behavior ceases and switches to pQCD results. We
will see in the following section how these hydrodynamicalwhere fp(x,Qz) and f,(x,Q? are the parton distribution
results are modified by including the pQCD hard componentfunctions for protons and neutrons. We simply assume the
) charge of a nucleus to &=A/2 in consistency with the soft
B. Jet propagations part, since our fluids are assumed to be isospin symmetric as
For the hard part of the model, we generate hard partongell as baryon free matter.

according to a pQCD parton model. The number of jets at an Cronin effect[55], which has also been discovered in re-
impact parametelb are calculated from cent RHIC experiment$56], is usually considered as the
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multiple initial state scattering effect. Understanding this ef- —~10° :

fect becomes an important subject in RHIC phy$E&-59. “‘> 103 indep.

We employ the model in Ref57] to take into account the @ V,Eb e lund

multiple initial state scatterings, in which initi&} is broad- O 10 = PHENIX, n°

ened proportional to the number of scatterings: © 10 ey e NLOpQCD+Kretzer

(Ka= (nn+ A Q) anTalr 1) - 11, @)

whereoyy is the inelastic nucleon-nucleon cross section and
5(Q? is the scale dependeitt broadening per nucleon-
nucleon collision whose explicit form can be found in Ref.
[57].

We need to specify a scale which separates a soft sector :
from a hard sector, in other words, a thermalized part from a 10
nonthermalized part in our model. We include minijets with

‘ }IIIHI\' \IIIIIII‘ ! III\IIl L1l \HIIIIIl IIIIIHIl IHIIII\l IIHIIVI‘ IIHHHl HIIIII\‘ HIII\II‘ L L

\HIHI‘ T IIIIJI\l T IIIIIII\ T IIII\IIl IHII\IIl T HIIIIIl IIIIIHIl T lllll\l III[II[I‘ T H! T HIIII\‘ TTTTr TTTImm

transverse momentumpy i larger than 2 GeVe just after oy 2 5_ kaons

hard scatterings in the simulation. These minijets explicitly _'g ‘oF —protons

propagate through fluid elements. E 1,56 E
Since we only pick up higlp; partons frompPyTHIA and 3 E R R 4

o
d_n_n
s
N
w
=Y
(3}
ol

throw them into fluids, there is ambiguity to connect color
flow among partons. Thus we use an independent fragmen- p; (GeVic)

tation model option irPYTHIA to convert hard parton to had-

rons instead of using the default Lund string fragmentation FIG. 3. (Color onling Comparison with various models for in-
model. We note that the independent fragmentation modedlusive pion, kaon, and proton transverse momentum distributions
should not be applied at low transverse momentum regiorin pp collisions atys=200 GeV. Solid and dotted histograms cor-
We have checked that the neutral pion transverse spectrum iaspond to the results fromvTHiA with independent fragmentation,
pp collisions at RHIC[60] is well reproduced by selecting and default Lund fragmentation, respectively. Solid and dotted lines
theK factork=2.5, the ScaIQ:pT,jet/Z in the CTEQ5 lead- are, respectively, from NLOpQCD calculations with KKP and
ing order parton distribution functiof61], and the primor-  Kretzer fragmentation functions.

dial transverse momentuifik®)yn=1 Ge\?/c? as shown in

Fig. 3. As shown in the bottom panel of the Fig. 3, indepen- Initial transverse positions of jets at an impact parameter
dent fragmentation model predictions for pions and kaon$ are determined randomly according to the probability
are very close to those from the Lund string fragmentatiorP(r | ,b) specified by the number of binary collision distribu-
model inpr>2 GeV/c, whereK=2 andQ=pr /2 is used tion,

in the Lund string model case and non-perturbative inelastic

soft processes are included. However, the yield of protons P(r,b) o Ta(r | +DI2)T,(r, — b/2). (8

from the independent fragm_entation schenje.becomes muﬁnitial longitudinal position of a parton is approximated by
less than that from Lund string model predictions as seen ®he boost invariant distributior[67]: 7,=Y, where Y
Fig. 3._We found that the Lund fragmentation scheme_ is fa':(1/2)ln[(E+pZ)/(E—pZ)] is the rapidity cs)f a' parton. Jets
Vor‘?d_ in terms of the recent STAR data of protonspp are freely propagated up to the initial timg of hydrody-
collisions[62]. In what follows, we make corrections for our

pr spectra of kaons and protons in Au+Au collisions accord-.namiC simulation§ bY neglecting the possible interactions
inTg to the result in the bottom panel of Fig. 3 in the prethermalization stages. Jets are assumed to travel

In order to see the theoretical uncertainties on the frag\—NIth straight line trajectory in a time step:

mentation scheme deeply, we also plot the results from D

NLOpQCD calculationg63] with the MRST99[64] set of Ari= *Ar, (i=xy), 9
parton distribution functions. In Fig. 3, we show results from Mr COS 79

two different fragmentation functions. The solid lines are ob-

tained from Kniehl-Kramer-PottenKKP) fragmentation 1

functions [65] with renormalization scaleu, factorization A”S_;tanr(Y_ 7IAT, (10

scaleM, and fragmentation scaM; equal top;. NLOpQCD

prediction with KKP fragmentation functions is consistentwheremr:\J’m2+p$ is a transverse mass.

with the pion data. NLOpQCD predictions with the Kretzer  Jets can suffer interaction with fluids and lose their ener-
fragmentation functionf66] assumingu=M=Mg=p;/2 un-  gies. We employ the approximate first order formula
derestimate pion yields, while yields for kaons and protongGyulassy-Levai-Vite GLV) formula) in opacity expansion
are the same as the predictions from ptyeHIA default Lund  from the reaction operator approadfj for the energy loss of
string fragmentation model. partons throughout this work. The opacity expansion is rel-
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incoherent model. This is due to the existencerdh the
NN, (1) @p,=5GeV/c integrand in Eq(11) which comes from the property of co-
herent(Landau-Pomeranchuk-Migdg¥0]) effect. Contrary
constant energy loss,b=2fm to the simple Bjorken’s ansaf87], p(7)=po7o/ 7, there exists
transverse flow and the parton density profile in the trans-
verse plane is not flat in our simulations. This is the reason
why jets are quenched only in the QGP phase and why jet
quenching in the mixed phase is totally negligible.
We includep, broadening accompanied by the energy
loss of jets with the formul&pi>~fdrp(r) as in Ref.[38].
We found that this effect is small in all results in this paper.
00"""" Within our model, we neglect energy loss before thermal-
T (fmic) ization, in our cases<0.6 fm/c. One would ask if it is
important to take into account the energy loss effects before
FIG. 4. (Color onling Jet quenching ratdle(n)/Ne(ro) for ~ thermalization because parton density has the maximum
pr=5 GeV/c jets in Au+Au collisions atysy,=200 GeV. Jet Vvalue. We can, however, fit the suppression fadax by

quenching rate for 10 Ge\¢/jets is very similar to that of the rescaling the energy loss paramefewhen the initial timerg
5 GeV/c jets. is changed. The question about the jet quenching before ther-

malization is beyond our model description. As a possible

evant for the realistic heavy ion reactions where the numbeWOdEI fpr a _study of jet Interactions at ef"“'y times, propaga-
tion of jets in the classical Yang-Mills fields based on the

of jet scatterings is small. The energy loss formula for coher: . )

ent scatterings in matter has been applied to analysis ea cI)'I the (I:globr g_Iatss ccntpde?sitm?i,ﬂ] IS prc_;polsed 'TtRfEf'

heavy-ion reactions taking into account the expansion of th 2. would e nteresting 1o 'ake nhumerical results from
the full lattice calculationd73] for the calculations of jet

system[15,31-33. The approximate first order formula in .
this approach can be written as energy loss at the very early stages of the collisions.

0.8

0.6

Jet Quenching Rate

0.4

0.2

AE:CJOC drp(rX(9)(r~ To)ln(%). (12) 1 RESULTS

0 We discuss in this section transverse dynamics for pions,
) ) ) ~ kaons, and protons from the hydro+jet model focusing on
HereC is an adjustable parameter ap(r,x) is a thermali-  the intermediatep; where interplay between soft and hard
zed parton density in the local rest frame of fluid elements iﬂcomponents is expected to be crucial. As mentioned in the
the hydro+jet approad68]. x(7) andE, are the position and preceding section, a parameter for jet quenchingsas al-
the initial energy of a jet, respectively. The initial enefly  ready fixed by fitting the observed data for neutral pions in
in Eqg. (11) is Lorentz-boosted by the flow velocity and re- central Au+Au collisions from PHENIX. Freeze-out tem-
placed bypgu, wherepj is the initial four momentum of a peratureT"=100 MeV is used for hydrodynamics. All re-

jet andu,, is a local fluid velocity. We take a typical screen- sults in this section are for midrapidityy| <0.35.
ing scaleu=0.5 GeV and effective path length=3 fm

which is chosen from the lifetime of the QGP phase. Here
we chooseC=0.45[69] which is found to reproduce the
neutral pionRa, defined by Eq(12) [9]. Our purpose here First, we show the transverse momentum distributions for
is not a detailed study of jet quenching mechanisms. Inpions, kaons, and protons from the hydro+jet model in Fig. 5
stead, we first fit the suppression factor for neutral pionsin central as well as semicentral Au+Au collisions at RHIC.
and next see other hadronic spectra. Each spectrum is the sum of the soft component and the hard

Feedback of the energy to fluid elements in central colli-component. Before summation, the hard component is mul-
sions was found to be about 2% of the total fluid energytiplied by a “switcH function [31] {1+tanh2(p;
Hence we can safely neglect its effect on hydrodynamic evo-p; .0]}/2 (where pr is in the unit of GeV£ and pr oy
lution in the case of the appropriate amount of energy loss=2 GeV/c) in order to cut the unreliable components from

In Fig. 4, we show the jet quenching rate as a function ofthe independent fragmentation scheme and also Ry fifor
proper time for 5 GeV¢ jets. We count the number of par- neutral piong9]. We have checked the cutoff parameter de-
tons with 4.5< prj<<5.5 GeV at each time step, and then pendence in the switch function on the pion spectrum and
define the ratio of the current number of jets to the initialfound that we are not able to fit the pion data anymore even
number of jetsNje(7)/Nie 70). Most jet quenching is com-  with pr.,=1.8 or 2.2 GeV¢. So the ambiguity of the cut off
pleted at early times less than 4 fm/For comparison, we can be removed to fit the pion data within our approach.
also plot the jet quenching rate for a constant energy loss At low transverse momentum regign- <1 GeV/c, the
casedE/dxxp(7). Jet quenching is almost finished at shapes remain the same as hydro predictions as one can
~2 fm/c in the case of constant energy loss. From Fig. 4check from Fig. 2. Also at high transverse momentum, spec-
the degree of decrease for the jet quenching rate in the GLWa are identical to those of pQCD predictions with an appro-
formula becomes milder and continues longer than that in theriate amount of jet quenching.

A. Transverse momentum distributions for identified particles
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pr (GeVic)

FIG. 5. (Color onling Transverse momentum spectra for nega-
tive pions, negative kaons, and protons from the hyded model
in Au+Au collisions aty/syy=200 GeV at the impact parameter of
b=2.0 and 7.2 fm. Yields are divided by 36r b=7.2 fm results.
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Our calculation includes interactions of minijets with
QGP fluids. We also note that there remains a pQCD-like
power law behavior in all hadrons at high transverse momen-
tum. This may indicate no hint for the thermalization at high
transverse momentum. However, energy loss results in a par-
allel shift of hadronic spectra, since the energy loss model FIG. 6. (Color onling Each contribution from hydrodynamics
used in_ this paper shows almost flat quenching pattern as 4 m'inij.ets form, K-, and p in Au+Au collisions af Vs
Shown.m our previous analysisg]. . =200 GeV at the impact parameterlof 2.0 fm. Yield of negative

ln Fig. 6, we decomppse the spectra into hydro parts ar"anns(protons) is divided by 16 (10°). PHENIX data are from Ref.
minijet parts. Here the yields from hard components are mul[74].
tiplied by the switch function again. It is seen that both soft
and hard components are important for the hadron spectra in .
the transverse momentum of the range around pz resonance degays becomes Important .belowr
<5 GeV/c depending on the hadron mass. We can definé" 0.5 GeVLk, while the hard component slides in the soft
the crossing point of transverse momentpgy,,ssat which component neapr~1.0 GeVk.

the yield from the soft part is identical to that from the hard ('Vt) Webpredlct positions tOf the |ane(.:t|?())rép(\)/|;1t ;/vhipe
part. pr cross Moves toward high momentum with mass of Spec rudrrl 42:0{7/65]: conv?x 0 (_:rohncewg. th € d(': otr a f
particles because of the effects of radial flow. In central coloNs an ev/c for protons. 1hese are the indicators of a

lisions, pr cosc~ 1.8, 2.5, and 3.5 Ge\t/ for pions, kaons, transition from soft physics to hard physics.

: e The amount of the hydrodynamic contributions to the
and protons, respectively. Minijet spectra are recovered at ) X ) .
pr~3.4 GeVk for pions, p;~4.0 GeVk for kaons, and ahadron yields for each particle found in the hystjet model

pr~5.0 GeV for protons is very similar to that found in Ref{25] in which hybrid
T We. give some remarks.as follows: parametrization of hydrodynamics with the spectral shape in

: ; - ; llisions. It is also remarkable that baryon junction
(i) The point at which hydrodynamic and pQCD spectrapp co :
cross is determined by the dynamics of the system. The ra{-ﬂ’lEi and quark coalescence modg-22 predicts the

dial flow pushes the soft components toward higtregion same behavior. Quark coalescence models are successful in

while the dense matter reduces the pQCD componentgXplaining the mass dependence paf slopes[75,76. For

through parton energy loss. The crossing of two SpeCtrgxample, one can easily understand the difference of the
causes by interplay of these two effects transverse slopes of baryons and mesons from a quark coa-

(il) At pr=2-3 GeVE, the yields of pions and kaons are lescence hadronization mechanism. A baryon momentum is a

no longer occupied by soft hydrodynamic component. On théumgf tktlreel qtiarkgql:ark mome?ta m:fSt be alm_ost parallei
other hand, the proton yield from pQCD prediction is about!" Order to clustey but a momentum of mesons Is a sum o

ten times smaller than that of hydro in the transverse motV0 quark_s. It is interesting to see, for examp&_,meson
mentum region. spectrum in order to distinguish the mass effects in hydrody-

(iii ) One may try to extract the strength of radial flow and namics from meson-baryon effects in coalescence models.

the kinetic freeze-out temperature from experimental data

through the hydrodynamics-motivated fitting model. Then B. Suppression factors and particle ratios

one should pay attention to the fitting range of the transverse

momentum. In particulap; spectrum for pions may have no ~ We now turn to the study of the suppression factexa
room to fit by a simple thermal spectrum: Contribution from for each hadron defined by

=y
"y
T T T T

—t
o
o P
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1.6 3 :
14E- o 3 2 14: l —e
E b=2im = L -
1.2 e PHENIX, r° = € 120 e K
15 —= r O p/n*,PHENIX,0-10%
0.8 = 1C ,,,Il ¥ K/m PHENIX,0-5%
0.6 g i - o
0.4 — o
0.2 ;— R C= -
0F = 3
1.4 e T = C
1.2Eb=55m [ L ... K = r
16 — proton = r
$ 085 charged = -
T 06 7l 3 N
0.4 o -
0.25 R = 7
0F 3 pr (GeV/c)
1;;: b=7.2fm :; FIG. 8. (Color onling Ratios ofN, to N_- andNk- to N_- as a
'15_ 3 function of pr in Au+Au collisions at impact parameté=2 fm.
0 85— 3 PHENIX data[74] are also ploted for comparsion.
065 o S S S i - = reflects jet quenching effect, while the larger valudRgf for
g4 =2 L S = protons simply comes from radial flow, not the absence of jet
0.; E e . . ‘ . . E guenching. We should mention that abope~5 GeV/c,
0 1 2 3 4 5 6 suppression factors for identified hadrons converge to almost
P (GeVic) the same value. It is also seen that the suppression factors for

kaons and protons have almost no centrality dependence

FIG. 7. (Color onling Impact parameter dependence of the SUP-\ithin this impact parameter range

pression factor®ka, in Au+Au collisions atysyy=200 GeV as a )
function of py for =, K™, andp. Raa for charged hadrons is also Recent data from PHENIX13] and STAR[14] for pro

shown in dotted lines. Experimental dataR{, for neutral pions fons and/_&s show that the nuclear modification factors for
[9] is obtained by PHENIX. For details, see text. P, andA in the pr range of 1.5<py<4.5 GeVk are almost
constant. However, our results &, for protons seem to
A decrease to smaller value with transverse momentum faster
dnt than data.

_ d’prdY From RHIC data[8-11], Ry for charged particles is

Ran= dnete - (12) larger than the one for pions in moderate highregion. In
Nconm our model, this also simply results from the average of the

Pr above three suppression factors weighted by each yield

also Fig. 5 as shown in Fig. 7 by the dotted lines.

It is very instructive to studyR,, behaviors for identified We show in Fig. 8 proton to negative pion ratio and nega-
hadrons toward a comprehensive understanding of intermeaive kaon to negative pion ratios as a function of the trans-

diate transverse momentum region. verse momentum in Au+Au collisions gy=200 GeV for

Figure 7 shows the suppression factBgg, for pions, ka-  the impact parameter df=2 fm together with the PHENIX
ons, protons, and charged hadrons respectively in Au+Auwata[74]. Without depending on baryon junction mechanism
collisions at RHIC for impact parametels=2.0, 5.5, and or quark coalescence models, we also obtain piiat ratio
7.2 fm. Our results for pions are compared with PHENIX becomes close to unity due to the consequences of hadron
data[9]. We usepp spectra from Lund string model for species dependent .oss Ratios becomep/n ~0.2 and
protons and kaons in the plotRsa for protons using the K~ /7~ ~0.3 above pr~5 GeV/c which are the conse-
independent fragmentation model becomes too largé at  quences of pQCD predictions. It should be noted that, if the
pr~2 GeV/c. This result simply comes from the fact that baryonic and isospin chemical potentials are included in the
the independent fragmentation model is inconsistent mith  hydrodynamic simulation,p/#~ ratio can slightly be
data for protons as discussed in Sec. Il. Note that the nuehanged in lowp; region: Baryon(isospin chemical poten-
merator in Eq(12) is almost free from the hard components tial pushes ugdown) proton yield from hydrodynamic com-
at pr<3 GeV/c in proton case. We find protons are not sup-ponents.
pressed Ryp>1 at a momentum range  of o o _
1.5<p;<2.5 GeVk. Pions, on the contrary, are largely sup- C. Elliptic flow for identified particles
pressed for all momentum range. Our calculations for pro- Azimuthal asymmetry for noncentral heavy ion collisions
tons become identical to those of pQCD predictions at as generally considered to be generated only by the final state
momentum above 5 Ge\¢/ This is the same result as other interactions of matter created in the collisions. In hydrody-
model prediction§21,22,25. In any case, these results are namic models, elliptic flow is created by the anisotropic ini-
easily understood from Fig. 6: The crossing pots.ss tial configuration of high pressure matter which might be the
depends on the hadronic species, tiiig, only for pions QGP phase.
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o 04 ) kaons or protons in thig; region. This is again the conse-
..... K quence of radial flow effect. We demonstrate that the satura-
tion point in transverse momentum depends on the hadron
""""" : mass. As a whole effect of the sum of pions, kaons, and
protons, the saturation point ef, for charged particles in
transverse momentum is turned out tofe=1.5 GeVL in
our model atb=5.5 fm as one can read from Fig. 9.
b=5.5fm _ Our §emimacroscqpic model produces consistent behavior
hydro only in v, with 'the expgnmentgl Qata from PHENIK9]. Re-
cently, a microscopic description of quark coalescence model
[23] shows the crossing of meson and barygfs at pr
R E——— é — '2'5' 3 ~1 GeV/c. In the simple coalescence model where all par-
Py (.GeV/c) tons have similar elliptic flow, elliptic flow for baryons
roughly 1.5 times stronger than for mesons. On the other
hand, our approach will have only mass dependence on the
elliptic flow indicatingv , ~v 4. Therefore, it is interesting to
see, for examplep meson elliptic flow to clarify the origin
of the elliptic flow.

We have studied, in the momentum range where both
soft and hard contributions are important. It is interesting to
seev, up to 10 GeVEt. Experimental data show that at
high momentum saturatd37]. Systematic study on the el-
liptic flow within our model is under way including central-
ity as well as rapidity dependence.

0.3

0.2

o
-

LALLM L L L B

o

]
o
—

O
o
(S, 18
—ry
ry
(3]

Vs
o
=S

..... K hydro+jet

- :..,.\‘...|.‘.,\...‘\....|‘.H
0'10 05 1 1.5 2 25 3 IV. SUMMARY

pr (GeVic) We have studied the interplay of soft and hard compo-
nents by looking ap; spectra, suppression factors, hadron
ratios, and elliptic flow for identified particles within the
hydro+jet model. By taking into account both hydrodynamic
radial flow and quenched pQCD spectra, it was found that
Pr.cross @t which the yield from the soft component is iden-
tical to the one from the hard component, depends on the
Hydrodynamic predictions on the transverse momentunhadron speciespr s~ 1.8, 2.5, and 3.5 Ge\/for pions,
dependence of elliptic flows, show almost linear increase kaons, and protons in Au+Au central collisions at RHIC.
for all particles. However, the experimental data saturate &rhis difference comes from the interplay between the radial
high pr [14,77,78. More interestingly, pion, is larger than  flow for the soft part and the jet quenching for the hard part.
that of protons apr<1 GeV/c, while protonv, becomes From the consequences of the interplay between soft and
larger than piorv, at somepy [79]. Hydrodynamic calcula- hard hadronic components, we showed 7 ~1 and
tions are successful in reproducing the mass dependence RI\A(DT)>1 at intermediatep; for protons. We also showed

the V2 in the low transverse momentum regi@?ﬁ—_zq. V2 that the mass dependence of the strengtv0p;) in the
for pions are always greater than that of protons in hydrody:

) ; intermediatepy region is also explained by the radial flow +
namics and, eventually, becomes almo_st mass independent QCD components. Hydrodynamic radial flow plays an im-
at high fransverse momenta as shown in Fig. 9. On the otheYotant role to understand the transverse dynamics when
hand, to understand the observed azimuthal asymmetry gt 4.on mass is large.
large pr, it was showed that the jet interaction with matter
generates the azimuthal asymmetry for noncentral collisions
[31,80,81.

We demonstrate in Fig. 9 that, by combining minijet com-
ponents with hydrodynamics, pian, can be reduced faster ~ We are grateful to S. Kretzer for discussion about frag-
than protonv, at moderate high transverse momentum. Thementation functions. We also thank M. Gyulassy for giving
hydro+jet predictions ornv, for identified particles in Au us an opportunity to attend the visitor program at Columbia
+Au collisions at RHIC for impact parametbr=5.5 fm are  University. We acknowledge the hospitality of the nuclear
compared to hydro results in Fig. 9. The magnitude.ofor ~ theory groups at Columbia University and the Institute for
kaons and protons becomes larger tharfior pions at about Nuclear Theory where parts of this manuscript were com-
pr>1.3 GeVk. The shape ob, for pions saturates faster pleted. The work of T.H. was supported by RIKEN. Research
than those of kaons and protons, because the fraction of hgf Y.N. is supported by the DOE under Contract No. DE-
dro components for pions are much smaller than that foFG03-93ER40792.

FIG. 9. (Color onling Transverse momentum dependence of the
elliptic flow va(py) for 77, K7, and p in Au+Au collisions at
Vsyn=200 GeV at impact parametér=5.5 fm from the hydrody-
namic modelupper pangland the hydro+jet modglower pane).

v, for charged hadrons are also represented in dotted lines.
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