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Partonic coalescence in relativistic heavy ion collisions
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Using a covariant coalescence model, we study hadron production in relativistic heavy ion collisions from
both soft partons in the quark-gluon plasma and hard partons in minijets. Including transverse flow of soft
partons and independent fragmentation of minijet partons, the model is able to describe available experimental
data on pion, kaon, and antiproton spectra. The resulting antiproton to pion ratio is seen to increase at low
transverse momenta and reaches a value of about 1 at intermediate transverse momenta, as observed in
experimental data at RHIC. A similar dependence of the antikaon to pion ratio on transverse momentum is
obtained, but it reaches a smaller value at intermediate transverse momenta. At high transverse momenta, the
model predicts that both the antiproton to pion and the antikaon to pion ratio decrease and approach those
given by the perturbative QCD. Both collective flow effect and coalescence of minijet partons with partons in
the quark-gluon plasma affect significantly the spectra of hadrons with intermediate transverse momenta.
Elliptic flows of phi mesons and baryons such as protons, lambdas, cascades, and omegas have also been
evaluated from partons with elliptic flows extracted from fitting measured pion and kaon elliptic flows. The
predicted proton and lambda elliptic flows are consistent with available experimental data.
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[. INTRODUCTION Besides independent fragmentations to hadrons as usually
considered, minijet partons produced in relativistic heavy ion
Recently, there is a renewed interest in using the partooollisions [11] were allowed in Ref[6] to coalesce with

coalescence or recombination model to understand hadrgrartons from the quark-gluon plasma expected to be formed
production from the quark-gluon plasnt@GP expected to in relativistic heavy ion collisions, as suggested in Ré&.
be formed in relativistic heavy ion collisiof4,2,4—7. Em-  for studying the flavor ordering of the elliptic flows of had-
phases in these studies are, however, different from earligons with intermediate transverse momenta. Since minijet
ones based on the coalescence model such as the ALLBIOR partons have a power-law transverse momentum spectrum
and the MICOR[9] model. Instead of addressing particle while partons in the quark-gluon plasma have an exponential
yields and their ratios, these new studies were more corthermal spectrum, this mechanism leads to an enhanced pro-
cerned with observables related to collective dynamics anduction of hadrons with intermediate transverse momentum.
production of hadrons with relatively large transverse mo-Because of stronger enhancement for baryons and antibary-
mentum. In Ref[1], the parton coalescence was used toons than for pions from this hadronization mechanism, a
convert the quark matter, which is formed from melted softlarge antiproton to pion ratio of about 1 is obtained at inter-
strings produced in initial soft collisions, to hadrons. Includ-mediate transverse momenta as seen in the experimental data
ing parton coalescence in a multiphase transport moddtom the PHENIX collaboratiofil2]. However, in this study
(AMPT) [10], it was found that partonic effects are important hadrons from hadronization of the quark-gluon plasma are
for describing measured large elliptic flows and narrow two-taken to also have exponential thermal spectra extending to
pion correlation functions at RHIC. In Reff2,3], it was all transverse momenta. Furthermore, in order to obtain a
shown that hadron production based on parton coalescencessmianalytical expression for the coalescence formula, only
able to account for the qualitative difference between theeomoving partons at zero rapidity are considered in evaluat-
observed elliptic flows of mesons and baryons. Based omg the coalescence probability for hadron production. Al-
parton recombination, a parton transverse momentum distrthough relativistic kinematics was used in this study, the
bution was obtained in Reff4] from the measured pion spec- model is not fully covariant. In the present paper, we relax
trum and was then used to predict the kaon and proton transhese simplifications by using a covariant coalescence model
verse momentum spectra. The parton coalescence model wasd treating more generally parton coalescence via a Monte
further found in Refs[5,6] to be able to explain the observed Carlo method. Also, we include coalescence among partons
enhancement of intermediate transverse momentum protoifiiom the quark-gluon plasma so that hadrons with low mo-
and antiprotons. While coalescence of partons from a quarkmenta are treated on the same footing as those with interme-
gluon plasma with high effective temperature was considerediate momenta. We show that this improved coalescence
in Ref. [5], their coalescence with high transverse momen-smodel for partons from both quark-gluon plasma and mini-
tum minijet partons, which are produced from initial hard jets is able to reproduce the experimental transverse momen-
scatterings, was introduced in R§6] as a new mechanism tum spectra of pions, antikaons, and antiprotons measured at
for hadronization of minijet partons. RHIC as well as the antiproton to pion ratio as functions of
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transverse momentum. We further predict the dependence emitted virtual partons, which are needed for balancing the
the K™ /7~ ratio on transverse momentum. Fitting quark el-energy and momentum, with the partonic matter. Neglecting
liptic flows to measured pion and kaon elliptic flows, the the off-shell effects and taking the wave functions of quark
predicted elliptic flows of protons andl are found to agree and antiquark to be plane waves, the coalescence probability
with available experimental data. TEeand() elliptic flows  function is then simply the covariant meson Wigner distribu-
are also predicted and are smaller than that @fs a result of tion function. Since the constituent quark model describes
smaller elliptic flow for light quarks than strange quarks.reasonably the properties of hadrons, the hadron Wigner
Similarly, the predicteds meson elliptic flow is smaller than function is thus approximately a Gaussian functionxin
that of kaons. —X, andp;—p,. Here, we take it to have a uniform distri-
The paper is organized as follows. In Sec. I, we describéution as in Ref[6], i.e.,
the general formalism of a covariant coalescence model for

mesons and baryons. How minijet and quark-gluon plasma on

partons are determined for AtAu collisions at 208\ GeV fm(X1,X2;P1,P2) = —3®(A)2(—(x1—x2)2)®(A§
is described in Sec. lll. In Sec. IV, the Monte Carlo method 2(A,Ap)

used for treating coalescence among partons whose numbers 1 1

vary by many orders of magnitude is presented. Results for —2(P1— p2)2+z(m1—m2)2), ©)

the transverse momentum spectra of pions, antiprotons, and

antikaons obtained from the coalescence model are given in _ )

Sec. V. Ratios of the antiproton to pion and the antikaon tgvhereA, and A, are the covariant spatial and momentum
pion transverse momentum spectra are also shown. We fugoalescence radii, and they are related by the uncertainty
ther study the effect of coalescence of minijet partons with€lationA,-A,~1. The factors in front o functions are
those in the quark-gluon plasma. The effect of CO||ecti\,e|nt_roduced to o_btaln_the correct norma!lz_at_|on f(_)r _the meson
flow on the spectra and ratios of produced hadrons is studie$/igner function in the nonrelativistic limit, i.e.,

in Sec. V1. In Sec. VII, the elliptic flow of hadrons based on Jd*xd®pfy(x,p) =(2m)°. Here we have useti=c=1.

that of quarks is also studied. Finally, we conclude in Sec. For ultrarelativistic heavy ion collisions at RHIC, it is
VIIl with a summary of present work and an outlook about convenient to introduce rapidity variablgsand » in the
future developments and applications of the parton coalegnomentum and the coordinate space, respectively, and these
cence model. are defined by

1 E+ 1 t+z
Il. THE COALESCENCE MODEL y= ElnE_ pz, 7= Elnt_z' ()
Using the covariant coalescence model of Doetrl. P
[13], the number of mesons formed from the coalescence

quark and antiquarks can be written as Ol]ching these variables, the spatial coordinate becomes

=(7 coshy,—7 sinhy,—r7), with 7= t?— 2% andr; denot-
dp, d%p, ing_, respectively, the proper time and transver;e coordinates;
) S S while the momentum isp=(my coshy,—my sinhy,—py)

(2m)°E1 (27)°E; with my= \/mq2+ pZ being the transverse mass in terms of the
quark massng and its transverse momentupy. The mo-
mentum volume element is then

NM:gMJ p;-doipy-do

X fq(X1ipD) Fg(X2:p2) fm(X1, X2 P1,P2). (D)

In the abovedo denotes an element of a spacelike hyper-

surface. The functionf,(x,p) andfy(x,p) are, respectively, @—d @ ®)
covariant distribution functions of quarks and antiquarks in E yorpr,
the phase space, and they are normalized to their numbers,
ie., while the spatial volume element becomes
d®p e _ 2
f p.dg—(z )sEqu(X’P):Nq,E- ) p-do=rmy cosily — 7)dnd-ry, (6)
aw

if we adopt a hypersurface of constant longitudinal proper
Other factors in Eq(1) describe the dynamic process of times.
converting a quark and an antiquark to a bound state meson The quark and antiquark phase space distribution func-
in the presence of a partonic matter. The statistical fag{pr tions are then given by
takes into account the internal quantum numbers in forming

a colorless meson from spineolor quark and antiquark. For (2m)3 dN.
mesons considered here, i.e,, p, K, andK*, the statistical fa.q(X,p)= —H— @
factors areg,= gy =1/36 andg,= gy« =1/12. The coales- My costy = 7) dyd?r-dydPp;

cence probability functioriy, (X1,X2;p1,p2) depends on the
overlap of the quark and antiquark wave functions with theand the yield of mesons from coalescence of quarks and
wave function of the meson as well as the interactions oantiquarks is
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dNg g 1 dN
o= | @m0t o7yl Noq | _ L dNag gy
erszpT ’7TR dsz
ly|<Ayr2 L ly|<Ay/2
dNg dNg ) . .
> 5 > whereR, is the transverse radius of the system. Considering
d771d rirdy;d2pyr d7pd®ro1dy,d®por a small rapidity range such a@sy<1, we have
X (X, X23P1,Pa)- ® (X1—%2)*=27[1—cosh 71— 172)]— (17— T27)°

The transverse momentum spectrum of mesons can be

~ =1 (= 1) ? = (rir—ran) = — (11— ry)?
obtained from Eq(8) by multiplying the right hand side with NG o v

(14
12[ d?pr 8B (pr—pir—p27), (9 and

T ST S _
and then differentiating both sides of the equation with re- (P1=P2)"=Miy+ My 2My rMyy COSHY1~Y2)

spect topy. The resulting meson transverse momentum —(pr1— P27 %~ (Myr— My 2= (P11— P>
spectrum from quark and antiquark coalescence is

(15
o= | S neoy oy M AT o e gl e space, e e
dNg dNg dNy,
d771d r1rdy;dpyr d7pd®rordy,d®por d’py o TAYRZASJ TP
X fu(X1,%25P1,P2) 82(pr—pir—por).  (10) y dNg dNg
For quarks and antiquarks produced at central rapidities in dpyr ly,|=Ayr2 d?py7 ly,l=Ay/2

relativistic heavy ion collisions, it is reasonable to assume

that their longitudinal momentum distributions are boost- 2 _ 2_— _ 2
invariant, i.e., independent of rapidity. Furthermore, these are X 82pr=par—pan O (4, 4(Pir~P27)
expected to satisfy the Bjorken correlation of equal spatial
and momentum rapidities, i.ep=y. The quark and anti-
guark phase space distribution functions in the rapidity range
Ay can then be expressed as

1 2 2
_Z[(mlT_ My7)~— (Mg —my)<]). (16)

This result for meson transverse momentum spectra reduces
to that used in our previous schematic st{iflyif we assume
(11)  that only comoving quarks and antiquarks can coalesce to
ly|<Ay/2 hadrons and replace the argument of édunction in Eq.

(16) by A2 minus the quark and antiquark relative momen-
This leads to the following meson transverse momentunym in meson rest frame. Since we will include collective

spectrum from coalescence of quarks and antiquarks: transverse flow of partons in the quark-gluon plasma, Eq.
(12) will be used in the following study.

dNg g :5(77—y) dNg g
dnd?rrdydPp; Ay d?rd%p;

dNy __9m fdzr d2r ,7d%p7d%p To generalize the results for mesons to formation of bary-
d%pr  (Ay)2 1T Tems FATE et ons and antibaryons from the parton distribution functions,
we take the baryon coalescence probability function as
dN dNg
q q
Ko o o fe(X1,X2,X3;P1,P2,P3)
d?r7d%py 7 ly,|=Ayl2 d?r,7d%p,r ly,l<Ayf2
97 ( 2 1( )2)
=— — =(X;—X
343 X 1 2
XJ’ dndy;d72dy28(71—Y1) 8(72—Y2) 28540 2
1 T
X F(X1,X2:P1,P2) 8P (pr—pir—p27). (12 X0 AS—E(pl—pz)z) 3
2A%A7

The above result can be simplified if there is no correla-

tion between parton transverse momenta and positions, such <@ A2— E(x +Xy— 2Xy)2
as in the absence of collective transverse flow, and if partons x g 172 o78
are also uniformly distributed in the transverse space. In this 1
case, the quark and antiquark distributions only depend on

d 1 v cep X 0| A3 = Z[(p1+ P2 2py)°
transverse momentum, i.e., 6
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do;
—(mg+my—2mg)?] |, (17) dz—;t:f dzbdzrtAu(r)tAu(b—f)g; fdxadxbdzkaszka
T
where we have taken for simplicity the same space and mo- < a(k ko) f x. O2)f x. O2
mentum coalescence radii for the relative Jacobi coordinates 9(kar)g(kor) farmu(Xa Q) Torau(Xo . Q)
among three quarks. The normalization fgf is similar to S . . .do?
that for meson coalescence probability functity, i.e., X_d(stt+u) o (19

(27r)° after integrating over the relative coordinates and mo-
menta in the nonrelativistic limit.

For boost-invariant dynamics with Bjorken spatial an
momentum rapidities correlation, we obtain the following
baryon transverse momentum spectrum from coalescence
three quarks:

d!n the abovefa(r) is the thickness function of Au at trans-

verse radius given by integrating the nuclear density distri-

Bption along the longitudinal direction. The parton distribu-
tion function in a nucleon in the nucleus Au is denoted by
fau(X,Q?) including transverse smearingk). The cross

dNg U8 8 , dN, sectiondo?®/dt is the parton scattering cross section. Kine-
—— = H d?r;1d%pit — matic details and a systematic analysisp@f collisions can
d°pr  (Ay)*/ i=t drird“pir ly|<Ayr2 be found in Ref[14]. Using the GRV94 LO result for the
5 parton distribution function15] and the Kniehl-Kramer-
y H AV S —v Pater (KKP) fragmentation function from Ref.16], mea-
L1 domidy;6Cmi=yi) sured data in the reactignp— 7°X at \/s=200 GeV can be
reproduced wittQ=0.7% and(k?)=2 Ge\~.
X fg(X1,X2,X3;P1,P2,P3) 62 In heavy ion collisions at RHIC, minijet partons are ex-

3 pected to lose energy by radiating soft partons as they
B 2 _ (18) traverse through the quark-gluon plasma. This effect can be
P “1 Pit |- taken into account by lowering their transverse momenta by
the energy los\E, which depends on both the parton en-
In the abovegg is the statistical factor for formation of a ergy E and an effective opacity parametef\ according to
baryon from three quarks. For baryons and antibaryons corthe Gyulassy-Leai-Vitev model[17].
sidered in present study, i.g, A, p andA, the statistical Taking as momentum cutoff,=2 GeV for minijet par-
factors areg,=g,=1/108 andg,=gz=1/54. The above tons anq using an effective opgcwy)\:3.5 as extracted
formula can also be used for antibaryons by replacing quarkom fitting the spectrum of high transverse momentum

momentum spectra by the momentum spectra of antiquark®ions measured at RHI{17,18, the transverse momentum
spectra of minijet partons at midrapidity€0) in central

Au+Au collisions at\/s=200A GeV are shown in Fig. 1 for
gluons(short-dashed curyeu andd (solid curve, u andd

Wwe con3|de_r central AiAu coliisions ,(.0_10%) at (dashed curveas well ass ands (dash-dotted curyeguarks.
200A GeV avalla.blgl at RHIC. In these coII|S|on§, hard PrO- These spectra can be parametrized as
cesses between initial nucleons lead to production of minijet
partons with large transverse momentum. Although minijet dN
partons are produced promptly, it still takes a few énfior — et
them to traverse the surrounding dense matter before con- d?pr
verting to hadrons. Observed quenching of high transverse
momentum hadrons in these collisions seems to indicate th&alues for the parameters, B, andn for gluons, light and
the dense matter is the quark-gluon plasma expected to Istrange quarks and antiquarks are given in Table I. For later
formed from soft processes in the collisions. In this sectiongalculation of parton coalescence probability, masses of
both parton momentum spectra in minijets and in the quarkminijet partons are taken to be the current quark masses, i.e.,

X

Ill. PARTON DISTRIBUTIONS

B )”
Brps) (20)

gluon plasma are introduced. 10 MeV for light quarks and 175 MeV for strange quarks.
Also, we assume that the rapidity distribution of minijet par-
A. Minijet partons tons is uniform in the rapidity range ofe (—0.5,+0.5)

) considered in the present study.
Partons at high transverse momefuaually greater than

2 GeV) are mainly produced from initial hard collisions
among nucleons. The transverse momentum distribution of
these minijet partons in the midrapidity can be obtained from For partons in the quark-gluon plasma, their transverse
an improved perturbative QCD calculatiph4]. It is given ~ momentum spectra are taken to have an exponential form.
by dNier/d?pr= 1oy *°doje/d?py in terms ofogy, *° corre-  For their longitudinal momentum distribution, we assume
sponding to the total cross section at central 10% of thehat these are boost-invariant, i.e., these have a uniform ra-
collisions and the jet production cross section from nucleuspidity distribution in the rangey e (—0.5,+0.5). To take
nucleus collisions, into account collective flow of quark-gluon plasma, these

B. The quark-gluon plasma
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10° : : : : : : : quark-gluon plasma near hadronizatid®]. For the quark
baryon chemical potentiaj,, we use a value ofu,
=10 MeV to give a light antiquark to quark ratio of 0.89,
which would then lead to an antiproton to proton ratio of
about (0.89J=0.7, consistent with the observed ratio at
midrapidity in heavy ion collisions at RHIC. The transverse
flow effect is taken into account through the factps
=1,/1— UTZ.

The momentum spectra for strange quarks and antiquarks
are similar to Eq(21) with m,, replaced by the strange quark
massmg=mg=475 MeV andu, replaced byup—us. The
strange chemical potentials is taken to be zero in order to
have same strange and antistrange quarks numbers. The re-
sulting strange quark to light quark ratio is then about 0.27.
Including contribution from decays ¢f andK*, this would
then give a finaK /K" =0.89 andKk ~ /7~ =0.24, compa-

10° s 1 1 1 s 1 s rable to experimental data at midrapidity from RHIC. Equa-
6ot 2z 8 4 5 6 7 8 tion (21) also applies to gluons after replacimg by the
p; (GeV) gluon spin-color degeneragy,= 16 and dropping the chemi-

cal potential. For the gluon mass, we take it to be similar to
that of light quarks in order to take into account nonpertur-
bative effects in the quark-gluon plasma.

FIG. 1. (Color online Transverse momentum distributions of
partons at hadronization in AtAu collisions aty's= 200A GeV for

gluons(short-dashed curyeu andd (solid curve, u andd (dashed Although the shape of quark-gluon plasma is nearly cy-

curve as well ass ands (dash-dotted curvequarks. Minijet par- lindrically symmetric, its parton momentum distribution is
tons have transverse momenta greater than 2 GeV, while partons

from the quark-gluon plasma have transverse momenta below QZimUtha"y asymmetric as shown by the finite elliptic flow
GeV. of hadrons observed in experiments. Since we are interested

in hadron spectra that are integrated over the azimuthal
. _angle, including such asymmetry is not expected to change
partons are boosted by a flow velocity=fo(r7/R, ), de much our results. Nonetheless, the Monte Carlo method to be

pending on their transverse radial positions Here,R, is . :
the transverse size of the quark-gluon plasma at hadroniz%escr'bed in Sec. IV to evaluate the coalescence formula can

tion, andg, is the collective flow velocity of the quark-gluon °€ easily extend(_ad to take into account such effects in order
plasma and is taken to be @.5In this case, the light quarks to study the relation between th.e elliptic flow of partpns.and
and antiquarks transverse momentum spectra are given bythose of hadrons as suggested in fRef.and to be studied in

Sec. VII.
dNgg  OqqmMr yr(My—pr- V) F i The quark-gluon plasma is further assumed to have a
erTd'sz: (éw)s — T ; transverse radius oR, =8.3 fm at proper timer=4 fm,

corresponding to a volume &= 900 fn?. Positions of par-
tons in the transverse direction are taken to have a uniform
distribution. Their longitudinal positions are then determined
by z=7sinhy, as we have assumed thaty due to as-
med Bjorken correlation. The resulting total transverse en-

(21)

whereg,=g,=6 are spin-color degeneracies of light quarks
and antiquarks, and the minus and plus signs are for quar

and antiquarks, respectively. The inverse slope pararﬂ'eterergy per unit rapidity from both expanding quark-gluon

iS. _taken to bel =170 MeV, consistent V}’ith thle phase tran- plasma and minijet partons is about 590 GeV and is consis-
sition ‘temperature LS 165_185 MeV) rom lattice QCD tent with that measured by the PHENIX collaborat{@®].
calculations. Masses of I'ght quarks and antiquarks are Fakelolost of this transverse energy comes from soft QGP partons
to bemg=m,=300 MeV, similar to the masses of constitu- 4 the contribution from minijet partons is only about 10%.
ent quarks due to possible nonperturbative effects in thego resulting parton density is aboptgaror 1 fm=3. The
thermal parton spectra below the momentum cutpff

=2 GeV from the quark-gluon plasma including the collec-
tive flow effect are shown in Fig. 1 for gluorishort-dashed

TABLE |. Parameters for minijet parton distributions given in
Eq. (20) at midrapidity from Aut Au at \/'s=200 GeV.

A[1/Ge\?] B[GeV] n curve), u andd (solid curve, u andd (dashed curveas well
ass ands (dash-dotted curyequarks. Because of scattering
Y 3.2x10° 0.5 71 of minijet partons with thermal partons as these traverse the
u,d 9.8x10° 0.5 6.8 quark-gluon plasma, those with momentum aroymdare
u,d 1.9x10" 0.5 7.5 expected to be thermalized with partons in the quark-gluon
S.5 6.5x10° 0.5 7.4 plasma, leading to a smooth spectrum aroymd In the

present study, we neglect this effect.
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IV. THE MONTE CARLO METHOD masses. Widths of the resonances are thus not included in
In our previous studys], only partons at midrapidityy( evaluating the coalescgnce probabilitie§. Since the coales-
=0) are considered Furt,hermore only comoving partonscenC(.3 mode'l can b_e wewgd as formqtlon of bound states
i.e., partons with m&menta in the éame transverse directiofrorn mteractlng particles with energy mismatch balanced by
o Bther particles in the system, neglecting such off-shell effects

are allowed to coalesce to hadrons. In these limits, the co 5 reasonable if the energy mismatch is small. The model is

lescence formula is reduced to a one-dimensional integral thrhus applicable fop and nucleonantinucleop production

mr:ggf :,:33 avflv(:od-gIToetni?wlt?gghérgig;fefgzr:igggﬁérig tlrr‘]_ hen we take into account quark masses. For other hadrons,
P Y, W . . ) P ‘. the coalescence probability is expected to be reduced as a
stead, the multidimensional integrals in the coalescence for-

. result of energy mismatch. The reduction factor can, in prin-
mglr?t’e %:l\;?lg r?étﬁgjf/lizi)tezasr;dpélrﬁ)c’leiresSggil#ggﬁs \?v)é it:t?o_ciple, be estimated by evalgating the transition probability in )
duce a large number of test partons With uniform rﬁomentu the presence of other particles. Slnce_the coalescence radii
distribution. To take into account the large difference be-_* and A are treated as parameters In our stqdy, the off-
tween num.bers of thermal and minijet partons, a test partOShe" _effec.ts can be phenomenolqgmally taken into account

: o e S X By using different coalescence radii for different hadrons. We
with momentunypy is given a probability that is proportional

to the parton momentum distribution, e.@.Nq/dsz for find that good agreements with experimental data are ob-

. . T _1: _
quarks, with the proportional constant determined by requir:[a'mad with coalescence radii,=A, “=0.24 GeV for me

A1
ing that the sum of all parton probabilities is equal to theSONS andA,=A,7=0.45 GeV forbaryons. We note that

A )
parton number. With test partons, the coalescence formulag,‘ere are morep and K* than pions and kaons produced
Egs.(12) and(18), are rewritten as rom parton coalescence. The pion, proton, and kaon trans-

verse momentum spectra from parton coalescence shown be-
dNy, low include contr_ibutions from Qecgys pf K*, andA. _
. =9MZ pq(i)pa(j)g(Z)(pT_ PiT—Pj7) We ha\_{e also mcludeq contributions to had_ron producuon
dpt i from minijet fragmentations. These are obtained using the
KKP fragmentation functiof16], which has been shown to
X Em(Xi X5 Pi,Pj) (22) reproduce measured high transverse momentum particles at
RHIC. Explicitly, hadron momentum spectra are related to
and minijet parton momentum spectra by

dNg
d’p;

. . 2
:gsi;&k Po(1)Pq(i)P4(K) 8D (pr—pit—pjT—Pxr) dN > f iy dN  Dpagjel2,Q%) (24)
e

d?Phad dzpjet z '

XfB(Xi!Xj7Xk;pivpj!pk)- (23)
wherez= pje;/Ppaqis the fraction of minijet momentum car-
In the aboveP (i) andPq(j) are probabilities carried bigh  ried by the formed hadron ar@= py,d2z is the momentum
test quark andth test antiquark. scale for the fragmentation process. The KKP fragmentation
The Monte Carlo method introduced here allows us tofunction is denoted b pagje(z, Q).

treat the coalescence of low momentum partons on the same Since the probability for a minijet parton to coalesce with
footing as that of high momentum ones. We find that despit@ther partons to form a hadron is much smaller than 1, inde-
a decrease of eight orders of magnitude in real particle spegendent fragmentation remains the dominant mechanism for
tra, about equal numbers of test hadrons are formed at afladronization of minijet partons. It is therefore a good ap-

momenta. proximation to treat minijet fragmentation and coalescence
independently without correcting for the competition be-
V. HADRON TRANSVERSE MOMENTUM SPECTRA tween the two mechanisms. Although minijet partons have

small coalescence probabilities, their contribution to hadrons

In this section, we show results for the transverse momenef intermediate transverse momenta can be more important
tum spectra of pions, antiprotons, and antikaons using ththan that from minijet fragmentations as shown in the results
model described in previous sections. For the coalesceng@esented in the following sections. This is due to the fact
contribution, we first take into account the effects due tothat intermediate transverse momentum hadrons produced
gluons in the quark-gluon plasma and minijets by convertinghrough the coalescence process come from minijet partons
them to quarks or antiquarks of same momenta, with probwith lower transverse momentum, while in the fragmentation
abilities according to the flavor compositions in the quark-process these are from minijet partons with higher transverse
gluon plasma, as assumed in the ALCOR md8élFor both  momentum, as the fragmentation functiBmad,je(z,Qz) de-
mesons and baryons, we include not only coalescence a@ieases with increasirmg As the transverse momentum spec-
hard and soft partons as in Rg6] but also that among soft trum of minijet partons is powerlike, their numbers decrease
as well as hard partons. Furthermore, we include stable hadvith transverse momentum. The small coalescence probabili-
rons such as pion, nucleo@ntinucleon, and kaon(anti-  ties of minijet partons are thus weighted by a larger number
kaon as well as unstable resonances sucp,a&, andK*. of lower transverse momentum minijet partons, leading to a
For the latter, these are assumed to be formed with their pedirger contribution to the production of hadrons with inter-
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FIG. 2. Pion transverse momentum spectra from-Auw colli- 10’ o ; 5 5 . . . : . 5
sions at\/s=200A GeV: direct pion production from parton coa-
p; (GeV)

lescencedashed curve pions from minijet fragmentationglash-
dotted curvg and sum from the above two contributiofsolid

curve. Experimental® data[21] are shown by filled circles. FIG. 3. (Color onling Pion transverse momentum spectra from

Au-+Au collisions at\/§= 200A GeV with (solid curve and with-
. out (dashed curvecontributions from coalescence of minijet par-
mediate transverse momenta than that from the fragmentgsns with the quark-gluon plasma partons. Ratio of the two spectra
tion of higher transverse momentum minijet partons. is given in the inset. Experimenta® data[21] are shown by filled
Before we show results for hadron spectra and ellipticgjrcles.
flows, we would like to point out that the coalescence model
as formulated here is applicable if the number of hadronsigyre by the dashed curve is the pion spectrum without in-
produced is much less than the parton numbers. In this r&juding contribution from coalescence of minijet partons
spect, results for hadrons with momenta above about 1 GeVyith partons in the quark-gluon plasma. It underestimates the
which account for about 5% of all partons, are reliable. FOrpion spectrum at intermediate transverse momenta around
lower momentum hadrons, one needs to impose conservatigfs GeV. The contribution from coalescence of partons from
of parton number in converting them to hadrons via coalesminjjets with those from the quark-gluon plasma is more
cence. This correction has not been included in the preseglearly seen from the ratio of pion spectra with and without
study. this contribution, shown in the inset of Fig. 3, which is about
a factor of 2 at transverse momenta around 4 GeV. Our re-
sults thus confirm our previous results in Ré] based on a
parametrized pion spectrum from hadronization of the quark-
In Fig. 2, we show the transverse momentum spectrum ofluon plasma.
pions formed directly from parton coalescenéagashed
curve. Pions from fragmentations of minijet partons are B. Antiproton transverse momentum spectrum
shown by the dash-dotted curve. It is seen that pions from ] ] ] )
parton coalescence dominate low transverse momenta while N Fig. 4, we show the antiproton spectrum including
those from minijet fragmentations are important at highthose from decays ofA for Au+Au collisions at s
transverse momenta. The two contributions have a similar 200A GeV. Results for both witlsolid curve and with-
magnitude at transverse momentum of about 3 GeV. Als@ut (dashed curvecontributions from coalescence of minijet
shown in the figure is the total pion transverse momentunpartons with partons from the quark-gluon plasma are
spectrum from the two contributiongolid curve. Com-  shown. These include contributions from fragmentations of
pared with measured spectrum from the PHENIX Collaboraminijet partons(dash-dotted curye The contribution from
tion [21] (filled circles, the predicted spectrum of the di- coalescence of soft and hard partons becomes important
rectly produced pion at low transverse momenta is belowvhen the transverse momentum is above 3 GeV, which is
experimental data, particularly at low transverse momenta. somewhat higher than in the case of pion transverse momen-
Sincep, K*, andA decay to pions, we have also included tum spectrum. Since there are no published experimental
their contributions to the pion transverse momentum specdata for antiproton transverse momentum spectrum from
trum. It is found thap meson decays contribute significantly Au+Au collisions at 208 GeV, we compare our predic-
to the pion spectrum at low transverse momenta and bringjons with the experimental data from the PHENIX collabo-
the final pion spectrum, shown by the solid curve in Fig. 3, inration for Au+Au collisions at \s=130A GeV 4 [22],
good agreement with experimental data. Also shown in thishown by filled circles for transverse momenta below

A. Pion transverse momentum spectrum
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10" agmentatio E FIG. 5. (Color online Antiproton to pion ratio from Ad-Au
10° ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ collisions at\/s=200A GeV. Solid and dashed curves are, respec-
0 1 2 3 4 5 6 7 8 9 tively, results with and without contributions to antiprotons from

p; (GeV) coalescence of minijet partons with those from the quark-gluon
plasma. Filled squares are the experimental {b?

FIG. 4. (Color onling Transverse momentum spectra of antipro- . . . . .
tons from AutAu collisions \/szzooq GeV. The dashed curve The enhanced antiproton to pion ratio at intermediate

includes hadrons only from coalescence of partons in the quar ransverse momenta was previously attributed to antiproton
y I par ne d production from the baryon junctions in incident nucleons
gluon plasma and from independent fragmentations of minijet par;

tons (dash-dotted curyeAdding also hadrons from coalescence of [24]. The possibility of enhanced baTYO” to pion ratio due to
minijet partons with partons in the quark-gluon plasma gives th f'irt(_)n c_oalescen_ce was s_uggested in R Using a parton
solid curve. Ratio of the solid to the dashed curve is given in thed'Str'bUtIon function that is fitted to measured- pion trans-
inset. Experimentap~ data[22] at 1307 GeV are shown by filed VErse€ momentum spectrum, a parton recombination model
circles. similar to the coalescence model indeed leads to a large an-

tiproton to pion ratio at intermediate transverse momégta

In Ref. [5], the antiproton to pion anomaly is explained by
3 GeV/c. Both predictions with and without contributions the recombination of partons from a quark-gluon plasma
from coalescence of minijet partons with partons from thewith a high effective temperature. Our model further intro-
quark-gluon plasma are comparable to the experimental datduces coalescence of minijet partons with partons in the
Shown in the inset of this figure is their ratio as a function ofquark-gluon plasma. This makes it possible to account for
transverse momentum. It is seen that the ratio is close to both the large antiproton to pion ratio at intermediate trans-
factor of 5 at transverse momenta around 5.5 GeV. The corverse momenta and its behavior at low transverse momenta.
tribution from coalescence of minijet partons with those In our previous work6], an increasing antiproton to pion
from the quark-gluon plasma is thus more important for anJdatio at low transverse momenta was also seen, but it was
tiprotons than for pions. It would be of great interest to haveobtained by using different inverse slope parameters for an-

experimental data for antiprotons at such high transverse méiproton and pion transverse momentum spectra. In contrast,
menta to verify our predictions. results obtained in the present work are from coalescence of

soft partons in the quark-gluon plasma.

C. Antiproton to pion ratio
D. Antikaon transverse momentum spectrum and antikaon to

The antiproton to pion ratio is shown in Fig. 5 as a func- pion ratio

tion of transverse momentum. The solid curve is the result
including contributions from both parton coalescence and In Fig. 6, we show the antikaon spectrum including those
minijet fragmentations. The ratio increases with transvers&om decays of K*~ for Au+Au collisions at Js
momentum up to about 3 GeW/and decreases with further =200A GeV. Results including antikaon production from
increasing transverse momentum as in the experimental dag@alescence of soft partons from the quark-gluon plasma are
[12] shown by filled squares. At high transverse momentaghown by the dashed curve while those including also coa-
the antiproton to pion ratio becomes very small as it islescence between minijet partons with partons in the quark-
largely determined by the results from perturbative QCDgluon plasma are shown by the solid curve. Contributions
(pPQCD) [23]. Neglecting the contribution to antiproton pro- from minijet fragmentationgdash-dotted curyeare also in-
duction from coalescence of minijet partons with partonscluded. As for antiprotons, we compare these predictions
from the quark-gluon plasma reduces the antiproton to piotwith the experimental data shown by filled squares from the
ratio at transverse momenta above 2.5 GeV as shown by tHeHENIX collaboration for Au-Au collisions at /s
dashed curve in Fig. 5. =130A GeV [22], as there are no published data e
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10° L ——— without sth FIG 7. (Color online Antika_lon to pion ratio from Ad-Au
with s+h collisions atJE: 200A GeV. Solid and dashed curves are, respec-
. f . tively, results with and without contributions to antikaon production
0° p -~ fragmentation from coalescence of minijet partons with those from the quark-
gluon plasma.
107 L L L L L L L
°o tr 2z & 4 5 6 7 3B production from coalescence of partons from minijets and
p; (GeV) quark-gluon plasma.
FIG. 6. (Color onling Transverse momentum spectra Kf VI. TRANSVERSE FLOW EFFECT

from Au+Au collisions atys=200A GeV. The dashed curve in-
cludes contributions only from coalescence of partons in the quark- It is interesting to study the effect of transverse flow of
gluon plasma and hadrons from independent fragmentations djuark-gluon plasma on the transverse momentum spectra of
minijet partons(dash-dotted curyeAdding also hadrons from coa- produced hadrons. In fact, the increase of antiproton to pion
lescence of minijet partons with partons in the quark-gluon plasmaatio at low transverse momenta was believed to be due to a
gives the solid curve. Ratio of the solid to the dashed curve is giverstronger transverse flow effect on protons than on pj@a6$
in the inset. Experimentad ™ data[22] at 1307 GeV are shown by  Such effect was assumed in our previous stiglyby using
filled circles. a larger inverse slope parameter for the antiproton transverse
momentum spectrum than that for pions. In the present
=200A GeV. For the limited data below 2 GeV, the coales-model, soft hadrons are produced from coalescence of par-
cence model reproduces them very well without the contritons in the quark-gluon plasma, which is given a collective
bution from coalescence of minijet partons with partons fromflow velocity of 0.5, and the resulting antiproton to pion
the quark-gluon plasma as the latter becomes importanttio at low transverse momentum is found to increase with
when the transverse momentum is above 2.5 GeV. Shown ittansverse momentum. To see if this is due to the collective
the inset of Fig. 6 is the ratio of the predictions with andflow effect introduced in the model, we have repeated the
without the contribution from soft and hard parton coales-calculations without transverse flow effect on antiprotons.
cence as a function of transverse momentum. The rati@hese results, which include only contribution to antiproton
reaches more than 2 at transverse momenta around 4 GgModuction from coalescence of partons in the quark-gluon
The contribution to antikaons from coalescence of minijetplasma, are shown in Fig. 8 by dashed curves for piaps
partons with those from the quark-gluon plasma is thus comper panel and antiprotonglower panel. Compared with re-
parable to that for pions. sults obtained with a collective flow velocity of @.5shown
The antikaon to pion ratio is shown in Fig. 7 as a functionby solid curves in Fig. 8, collective flow affects the pion and
of transverse momentum. The solid curve is the result includantiproton spectra mainly at transverse momenta above 1.5
ing contributions from both parton coalescence and minijetGeV, and its effect is stronger for antiprotons than for pions.
fragmentations. For transverse momenta below about 2 Gehe reason that for low transverse momenta the inverse slope
this ratio is similar to the antiproton to pion ratio except thatparameter for pions remains smaller than that for antiprotons
its value is smaller. At higher transverse momenta, the antiin the absence of collective flow is due to the fact that most
kaon to pion ratio decreases slightly and reaches the valuew transverse momentum pions are from decayg afe-
predicted by pQCD at high transverse momda], which  sons, which gives a smaller effective slope parameter for
gives a larger antikaon to pion ratio than the antiproton topions than that of directly produced pions. Our results thus
pion ratio. Results without contribution to antikaon produc-show that the increase seen in the antiproton to pion ratio at
tion from coalescence of minijet partons with partons fromlow transverse momenta is not necessarily due to the collec-
the quark-gluon plasma are given by the dashed curve, andtive flow of quark-gluon plasma.
gives a smaller antikaon to pion ratio at intermediate trans- Since collective flow affects hadron spectra at intermedi-
verse momenta compared to that with this contribution. Ouiate transverse momenta as shown in Fig. 8 and its insets,
results thus demonstrate again the importance of antikaowhere the ratio of the pion or antiproton spectrum obtained
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102 the quark-gluon plasma, shown in Fig. 5. To confirm the
10' L 10 ] mechanism for antiproton production from coalescence of
10° L ] minijet and quark-gluon plasma partons, it is thus important
0 & ; to have a quantitative understanding of collective flow in the
101 quark-gluon plasma.
o 10,k 1 VII. ELLIPTIC FLOWS
10, F ]
% 10, b ——- withoutflow The parton coalescence model based on the test particle
9 10, | —— with flow Monte Carlo method is also useful for studying other observ-
10, ables at RHIC. One prob_Iem that can be addressed with this
=R " ] model is to study how elliptic flows of hadrons are related to
B ] that of partond3,27]. We carry out such a study following
2 10 /\ the idea of Ref[4], where the parton transverse momentum
= o ! distribution is extracted from fitting the pion transverse mo-
S I P mentum spectrum using the quark recombination or coales-
10 ¥ 2 leey). | cence model and is then used to predict that of antiprotons.
10, ¢ ! 3 Here, we extract the elliptic flows of light and strange quarks
105 . N 3 by fitting the measured pion and kaon elliptic flows based on
10, [~~~ without flow N ] the coalescence model. The resulting quark elliptic flows are
10, | — Withflow N ] then used to predict the elliptic flows of protons, =, Q,
105 s s s ‘ s s ) and ¢ mesons.
o 1 2 3 4 5 6 7 8 The elliptic flow is a measure of the anisotropy of the
p; (GeV) particle transverse momentum spectrum, i.e.,
FIG. 8. Pion(upper paneland antiproton(lower panel trans- p)z(— p§
verse momentum spectra from coalescence of partons in the quark- Vo=\ 55/ (25
gluon plasma with(solid curve$ and without(dashed curvescol- Pxt Py

lective transverse flow in the quark-gluon plasma. Ratios of these . .
. . Where the transverse axeandy are, respectively, in and out
two results are shown in the insets.

of the reaction plane. Including transverse momentum an-

with and without collective flow in the quark-gluon plasma is Isotropy, the quark transverse momentum distribution is

shown, it is expected to have a large effect on the antiproto!VeNn bY
to pion ratio at these momenta. This is shown in Fig. 9,
where the antiproton to pion ratio is given for both with dNg — dNq — dNq

(solid curve and without(dashed curvecollective flow ef- d’p; Prdprd¢  prdpr
fect on protons. It is seen that collective flow enhances sig-

nificantly this ratio for transverse momenta between 2 andvhere¢ is the azimuthal angle in the transverse plane.

5 GeV/c. The collective flow effect on intermediate trans-  In Fig. 10, we show by a dotted curve the elliptic flows of
verse momentum antiprotons is thus as strong as the effelight quarks and antiquarks together with the pion elliptic

due to coalescence of partons from minijets with those fronflow shown by a dashed curve, which is supposed to repro-
duce the measured pion elliptic flow given by filled squares

w w w w w w w [28]. The predicted proton elliptic flow obtained from the
quark and antiquark elliptic flows is then given by the dashed
15 - —— withflow ~ AU+AU@200AGeV curve and is seen to agree with that measured in experiments
——— without flow (central) shown by filled circleg28].
The elliptic flow of strange hadrons is shown in Fig. 11.
The strange quark and antiquark elliptic flddotted curve
is obtained by fitting the calculated Kaon elliptic flow
(dashed curveto the measured offilled squares[29]. The
predictedA elliptic flow shown by the dashed curve is seen
to agree with the available experimental dg28] given by
filled circles. We have also predicted tlfe meson(dashed
- __ , curve with stary = (solid curve with stans andQ elliptic
o 1 2 3 4 5 & 7 s flows (dash-dotted curve It is seen that due to a smaller
p, (GeV) (about 30% strange qua_lrk_ eIIiptic_row than that of light
quarks, the¢ meson elliptic flow is smaller than that of
FIG. 9. (Color online Antiproton to pion ratio withsolid curve ~ kaons, while the) elliptic flow is smaller than that oE,
and without (dashed curve collective flow in the quark-gluon Wwhich is further smaller than that ¢f. For all hadrons con-
plasma. Experimental data are shown by filled squares. sidered here, decrease of their elliptic flows at high trans-

[1+2v, cog2¢)], (26

g
o

p /T ratio

o
wn
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0.3 Y Y Y Y Y Y Y flavor compositions in the quark-gluon plasma are deter-
mined by the experimentally measured antiproton to proton
ratio and strange to nonstrange particle ratios. The volume of
the quark-gluon plasma is then fixed by the total transverse
energy measured in experiments. A collective flow is intro-
duced in the quark-gluon plasma with a flow velocity com-
parable to that extracted from experiments. To take into ac-
count the vast difference in the magnitude of the minijet
parton transverse momentum spectrum and that of partons in
the quark-gluon plasma, a test particle Monte Carlo method
has been introduced to efficiently evaluate the coalescence
probability of partons. Both soft partons from the quark-
gluon plasma and hard partons from minijets are used in the
coalescence model to produce hadrons such as pions, kaons
Py (GeV) (antikaon$, p mesonsK*’s, nucleongantinucleony andA

(A) resonances. Specifically, we have included coalescence
of hard minijet partons with soft partons besides that among
soft and hard partons.

The resulting pion, antikaon, and antiproton spectra are
seen to agree with available experimental data from RHIC.
For pions, contributions fromp decays are important in ex-
éaining the measured transverse momentum spectrum below

GeV. For intermediate transverse momentum spectra of
pions and antikaons between 2 and 5 GeV, including contri-

utions from coalescence of minijet partons with those from
he quark-gluon plasma are important, leading to a factor of
2 enhancement compared to results without this contribution.
This effect is even larger for antiprotons, where the enhance-
ment reaches a factor of 5 at transverse momenta around 5
VIIl. SUMMARY AND OUTLOOK GeV. We have also compared the transverse momentum de-
kpendence of antiproton to pion ratio to the experimental data.
Results from the coalescence model are found to agree quite
ell with the available data, i.e., it increases with transverse
model. The momentum spectra of partons in the quark-gluoﬁnomentum and reaches a value of about 1 at transverse mo-
plasma are taken to have an exponential form with an inversg'entum of about 3 GeV. W't.h b Increase In transverse
omentum, our model predicts that the antiproton to pion

slope parameter similar to the phase transition temperaturratio should decrease and approach the small value given by
while partons in the minijets have power-law spectra, Thethe pQCD. We have also calculated the antikaon to pion ratio
as a function of transverse momentum. The result is similar
to that for antiproton to pion ratio but with a smaller magni-
tude and a larger value at high transverse momenta. We fur-
ther find that these ratios are reduced if antiproton production
from coalescence of minijet partons with partons in the
quark-gluon plasma is neglected. This effect is, however,
comparable to that due to collective flow of the quark-gluon
plasma. To confirm the mechanism for antiproton production
from coalescence of minijet partons with partons in the
quark-gluon plasma thus requires a quantitative understand-
ing of collective flow effects in the quark-gluon plasma.

We have also studied elliptic flows of hadrons using quark
and antiquark elliptic flows fitted to the measured pion and
kaon elliptic flows. Predicted proton andl elliptic flows
agree with those measured in experiments. We have further
predicted the elliptic flows o mesonsZ, and(}, and they

FIG. 11. (Color onling Elliptic flows of kaons(solid curve, ¢ are smaller than those of nonstrange hadrons due to smaller
mesongdashed curve with starsA (dashed curve Z (solid curve  Strange quark elliptic flow than that of light quarks.
with starg, and Q (dash-dotted curye Elliptic flow of strange The parton coalescence model based on the test particle
quarks and antiquarks is given by the dotted curve. ExperimentdMonte Carlo method can be extended to include collision
data[29] are shown by filled squares for kaons and circlesfor ~ dynamics of partons and hadrons using paf®H and had-

0.25
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S
> 0.15
0.1

0.05

FIG. 10. (Color online Elliptic flows of pions(dashed curve
and protons(solid curvg as functions of transverse momentum.
Elliptic flow of light quarks and antiquarks is given by the dotted
curve. Experimental daf@8] are shown by filled squares for pions
and filled circles for protons.

verse momenta is due to our assumption that high transver
momentum minijet partons and hadrons from minijet frag-
mentations have vanishing elliptic flows. Of course, if high
transverse momentum minijet partons also develop ellipti
flows as suggested in R¢B0J, our results on hadron elliptic
flows at high transverse momenta should be modified.

In this paper, we have studied the hadronization of quar
gluon plasma and minijet partons produced in relativistic
heavy ion collisions in terms of the parton coalescenc

0.3

0.25
0.2

™
> 0.15
0.1
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ron [32] transport models. This would make it possible todoes not decrease even though the entropy density is reduced
study effects due to final-state hadronic scattering on th&hen hadrons are formed from coalescence of partons.
transverse momentum spectra and elliptic flows of hadrons,
which have been neglected in the present study as we have
compared hadron spectra and elliptic flows from parton coa-
lescence directly with experimental data. Also, including par- We thank Su Houng Lee for helpful discussions. This pa-
ton scatterings would allow us to treat properly the partorper was based on work supported by the U.S. National Sci-
spectrum around the cutoff momentupg, resulting in a ence Foundation under Grant No. PHY-0098805 and the
smooth spectrum at this momentum. It further makes it posWelch Foundation under Grant No. A-1358. V.G. was also
sible to determine both transverse and elliptic flows of parsupported by the National Institute of Nuclear Physics
tons from the collision dynamics instead of treating them agINFN) in Italy, while P.L. was supported by the Hungarian
input as in the present study. Moreover, including expansio®TKA Grant Nos. T034269 and T043455. P.L. further
dynamics of the system will ensure that the total entropythanks G. Papp and G. Fai for discussions on pQCD results.
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