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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.

DOI: 10.1103/PhysRevC.68.034904 PACS number~s!: 25.75.Dw, 25.75.Nq, 12.38.Bx
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I. INTRODUCTION

Recently, there is a renewed interest in using the pa
coalescence or recombination model to understand ha
production from the quark-gluon plasma~QGP! expected to
be formed in relativistic heavy ion collisions@1,2,4–7#. Em-
phases in these studies are, however, different from ea
ones based on the coalescence model such as the ALCO@8#
and the MICOR@9# model. Instead of addressing partic
yields and their ratios, these new studies were more c
cerned with observables related to collective dynamics
production of hadrons with relatively large transverse m
mentum. In Ref.@1#, the parton coalescence was used
convert the quark matter, which is formed from melted s
strings produced in initial soft collisions, to hadrons. Inclu
ing parton coalescence in a multiphase transport mo
~AMPT! @10#, it was found that partonic effects are importa
for describing measured large elliptic flows and narrow tw
pion correlation functions at RHIC. In Refs.@2,3#, it was
shown that hadron production based on parton coalescen
able to account for the qualitative difference between
observed elliptic flows of mesons and baryons. Based
parton recombination, a parton transverse momentum di
bution was obtained in Ref.@4# from the measured pion spec
trum and was then used to predict the kaon and proton tr
verse momentum spectra. The parton coalescence mode
further found in Refs.@5,6# to be able to explain the observe
enhancement of intermediate transverse momentum pro
and antiprotons. While coalescence of partons from a qu
gluon plasma with high effective temperature was conside
in Ref. @5#, their coalescence with high transverse mom
tum minijet partons, which are produced from initial ha
scatterings, was introduced in Ref.@6# as a new mechanism
for hadronization of minijet partons.
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Besides independent fragmentations to hadrons as us
considered, minijet partons produced in relativistic heavy
collisions @11# were allowed in Ref.@6# to coalesce with
partons from the quark-gluon plasma expected to be form
in relativistic heavy ion collisions, as suggested in Ref.@7#
for studying the flavor ordering of the elliptic flows of had
rons with intermediate transverse momenta. Since min
partons have a power-law transverse momentum spec
while partons in the quark-gluon plasma have an exponen
thermal spectrum, this mechanism leads to an enhanced
duction of hadrons with intermediate transverse moment
Because of stronger enhancement for baryons and antib
ons than for pions from this hadronization mechanism
large antiproton to pion ratio of about 1 is obtained at int
mediate transverse momenta as seen in the experimenta
from the PHENIX collaboration@12#. However, in this study
hadrons from hadronization of the quark-gluon plasma
taken to also have exponential thermal spectra extendin
all transverse momenta. Furthermore, in order to obtai
semianalytical expression for the coalescence formula, o
comoving partons at zero rapidity are considered in evalu
ing the coalescence probability for hadron production. A
though relativistic kinematics was used in this study, t
model is not fully covariant. In the present paper, we re
these simplifications by using a covariant coalescence m
and treating more generally parton coalescence via a Mo
Carlo method. Also, we include coalescence among par
from the quark-gluon plasma so that hadrons with low m
menta are treated on the same footing as those with inter
diate momenta. We show that this improved coalesce
model for partons from both quark-gluon plasma and mi
jets is able to reproduce the experimental transverse mom
tum spectra of pions, antikaons, and antiprotons measure
RHIC as well as the antiproton to pion ratio as functions
©2003 The American Physical Society04-1
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transverse momentum. We further predict the dependenc
the K2/p2 ratio on transverse momentum. Fitting quark
liptic flows to measured pion and kaon elliptic flows, th
predicted elliptic flows of protons andL are found to agree
with available experimental data. TheJ andV elliptic flows
are also predicted and are smaller than that ofL as a result of
smaller elliptic flow for light quarks than strange quark
Similarly, the predictedf meson elliptic flow is smaller than
that of kaons.

The paper is organized as follows. In Sec. II, we descr
the general formalism of a covariant coalescence model
mesons and baryons. How minijet and quark-gluon plas
partons are determined for Au1Au collisions at 200A GeV
is described in Sec. III. In Sec. IV, the Monte Carlo meth
used for treating coalescence among partons whose num
vary by many orders of magnitude is presented. Results
the transverse momentum spectra of pions, antiprotons,
antikaons obtained from the coalescence model are give
Sec. V. Ratios of the antiproton to pion and the antikaon
pion transverse momentum spectra are also shown. We
ther study the effect of coalescence of minijet partons w
those in the quark-gluon plasma. The effect of collect
flow on the spectra and ratios of produced hadrons is stu
in Sec. VI. In Sec. VII, the elliptic flow of hadrons based o
that of quarks is also studied. Finally, we conclude in S
VIII with a summary of present work and an outlook abo
future developments and applications of the parton coa
cence model.

II. THE COALESCENCE MODEL

Using the covariant coalescence model of Doveret al.
@13#, the number of mesons formed from the coalescenc
quark and antiquarks can be written as

NM5gME p1•ds1p2•ds2

d3p1

~2p!3E1

d3p2

~2p!3E2

3 f q~x1 ;p1! f q̄~x2 ;p2! f M~x1 ,x2 ;p1 ,p2!. ~1!

In the above,ds denotes an element of a spacelike hyp
surface. The functionsf q(x,p) and f q̄(x,p) are, respectively,
covariant distribution functions of quarks and antiquarks
the phase space, and they are normalized to their num
i.e.,

E p•ds
d3p

~2p!3E
f q,q̄~x,p!5Nq,q̄ . ~2!

Other factors in Eq.~1! describe the dynamic process
converting a quark and an antiquark to a bound state me
in the presence of a partonic matter. The statistical factorgM
takes into account the internal quantum numbers in form
a colorless meson from spin-1

2 color quark and antiquark. Fo
mesons considered here, i.e.,p, r, K, andK* , the statistical
factors aregp5gK51/36 andgr5gK* 51/12. The coales-
cence probability functionf M(x1 ,x2 ;p1 ,p2) depends on the
overlap of the quark and antiquark wave functions with
wave function of the meson as well as the interactions
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emitted virtual partons, which are needed for balancing
energy and momentum, with the partonic matter. Neglect
the off-shell effects and taking the wave functions of qua
and antiquark to be plane waves, the coalescence probab
function is then simply the covariant meson Wigner distrib
tion function. Since the constituent quark model describ
reasonably the properties of hadrons, the hadron Wig
function is thus approximately a Gaussian function inx1
2x2 andp12p2. Here, we take it to have a uniform distr
bution as in Ref.@6#, i.e.,

f M~x1 ,x2 ;p1 ,p2!5
9p

2~DxDp!3
Q„Dx

22~x12x2!2
…Q„Dp

2

2
1

4
~p12p2!21

1

4
~m12m2!2

…, ~3!

whereDx and Dp are the covariant spatial and momentu
coalescence radii, and they are related by the uncerta
relation Dx•Dp'1. The factors in front ofQ functions are
introduced to obtain the correct normalization for the mes
Wigner function in the nonrelativistic limit, i.e.
*d3xd3pf M(x,p)5(2p)3. Here we have used\5c51.

For ultrarelativistic heavy ion collisions at RHIC, it i
convenient to introduce rapidity variablesy and h in the
momentum and the coordinate space, respectively, and t
are defined by

y5
1

2
ln

E1pz

E2pz
, h5

1

2
ln

t1z

t2z
. ~4!

Using these variables, the spatial coordinate becomex
5(t coshh,2t sinhh,2rT), with t5At22z2 andrT denot-
ing, respectively, the proper time and transverse coordina
while the momentum isp5(mT coshy,2mT sinhy,2pT)
with mT5Amq

21pT
2 being the transverse mass in terms of t

quark massmq and its transverse momentumpT . The mo-
mentum volume element is then

d3p

E
5dyd2pT , ~5!

while the spatial volume element becomes

p•ds5tmT cosh~y2h!dhd2rT , ~6!

if we adopt a hypersurface of constant longitudinal prop
times.

The quark and antiquark phase space distribution fu
tions are then given by

f q,q̄~x,p!5
~2p!3

tmT cosh~y2h!

dNq,q̄

dhd2rTdyd2pT

, ~7!

and the yield of mesons from coalescence of quarks
antiquarks is
4-2
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NM5gME dh1d2r1Tdh2d2r2Tdy1d2p1Tdy2d2p2T

3
dNq

dh1d2r1Tdy1d2p1T

dNq̄

dh2d2r2Tdy2d2p2T

3 f M~x1 ,x2 ;p1 ,p2!. ~8!

The transverse momentum spectrum of mesons can
obtained from Eq.~8! by multiplying the right hand side with

15E d2pTd (2)~pT2p1T2p2T!, ~9!

and then differentiating both sides of the equation with
spect to pT . The resulting meson transverse moment
spectrum from quark and antiquark coalescence is

dNM

d2pT

5gME dh1d2r1Tdh2d2r2Tdy1d2p1Tdy2d2p2T

3
dNq

dh1d2r1Tdy1d2p1T

dNq̄

dh2d2r2Tdy2d2p2T

3 f M~x1 ,x2 ;p1 ,p2!d (2)~pT2p1T2p2T!. ~10!

For quarks and antiquarks produced at central rapiditie
relativistic heavy ion collisions, it is reasonable to assu
that their longitudinal momentum distributions are boo
invariant, i.e., independent of rapidity. Furthermore, these
expected to satisfy the Bjorken correlation of equal spa
and momentum rapidities, i.e.,h5y. The quark and anti-
quark phase space distribution functions in the rapidity ra
Dy can then be expressed as

dNq,q̄

dhd2rTdyd2pT

5
d~h2y!

Dy

dNq,q̄

d2rTd2pT
U

uyu<Dy/2

. ~11!

This leads to the following meson transverse moment
spectrum from coalescence of quarks and antiquarks:

dNM

d2pT

5
gM

~Dy!2E d2r1Td
2r2Td

2p1Td
2p2T

3
dNq

d2r1Td
2p1T

U
uy1u<Dy/2

dNq̄

d2r2Td
2p2T

U
uy2u<Dy/2

3E dh1dy1dh2dy2d~h12y1!d~h22y2!

3 f M~x1 ,x2 ;p1 ,p2!d (2)~pT2p1T2p2T!. ~12!

The above result can be simplified if there is no corre
tion between parton transverse momenta and positions,
as in the absence of collective transverse flow, and if part
are also uniformly distributed in the transverse space. In
case, the quark and antiquark distributions only depend
transverse momentum, i.e.,
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dNq,q̄

d2rTd2pT
U

uyu<Dy/2

5
1

pR'
2

dNq,q̄

d2pT
U

uyu<Dy/2

, ~13!

whereR' is the transverse radius of the system. Consider
a small rapidity range such asDy<1, we have

~x12x2!252t2@12cosh~h12h2!#2~r1T2r2T!2

'2t2~h12h2!22~r1T2r2T!2'2~r12r2!2

~14!

and

~p12p2!25m1T
2 1m2T

2 22m1Tm2T cosh~y12y2!

2~p1T2p2T!2'~m1T2m2T!22~p1T2p2T!2.

~15!

After carrying out the integrals in transverse space, the m
son transverse momentum spectra are given by

dNM

d2pT

5gM

6p

tDyR'
2 Dp

3E d2p1Td
2p2T

3
dNq

d2p1T
U

uy1u<Dy/2

dNq̄

d2p2T
U

uy2u<Dy/2

3d (2)~pT2p1T2p2T!Q„Dp
22

1

4
~p1T2p2T!2

2
1

4
@~m1T2m2T!22~m12m2!2#…. ~16!

This result for meson transverse momentum spectra red
to that used in our previous schematic study@6# if we assume
that only comoving quarks and antiquarks can coalesce
hadrons and replace the argument of theQ function in Eq.
~16! by Dp

2 minus the quark and antiquark relative mome
tum in meson rest frame. Since we will include collecti
transverse flow of partons in the quark-gluon plasma,
~12! will be used in the following study.

To generalize the results for mesons to formation of ba
ons and antibaryons from the parton distribution functio
we take the baryon coalescence probability function as

f B~x1 ,x2 ,x3 ;p1 ,p2 ,p3!

5
9p

2Dx
3Dp

3
QS Dx

22
1

2
~x12x2!2D

3QS Dp
22

1

2
~p12p2!2D 9p

2Dx
3Dp

3

3QS Dx
22

1

6
~x11x222x3!2D

3QS Dp
22

1

6
@~p11p222p3!2
4-3
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2~m11m222m3!2# D , ~17!

where we have taken for simplicity the same space and
mentum coalescence radii for the relative Jacobi coordin
among three quarks. The normalization off B is similar to
that for meson coalescence probability functionf M , i.e.,
(2p)6 after integrating over the relative coordinates and m
menta in the nonrelativistic limit.

For boost-invariant dynamics with Bjorken spatial a
momentum rapidities correlation, we obtain the followin
baryon transverse momentum spectrum from coalescenc
three quarks:

dNB

d2pT

5
gB

~Dy!3E )
i 51

3

d2r iTd2piT

dNq

d2r iTd2piT
U

uyi u<Dy/2

3E )
i 51

3

dh idyid~h i2yi !

3 f B~x1 ,x2 ,x3 ;p1 ,p2 ,p3!d (2)

3S pT2(
i 51

3

piTD . ~18!

In the above,gB is the statistical factor for formation of
baryon from three quarks. For baryons and antibaryons c
sidered in present study, i.e.,p, D, p̄ and D̄, the statistical
factors aregp5gp̄51/108 andgD5gD̄51/54. The above
formula can also be used for antibaryons by replacing qu
momentum spectra by the momentum spectra of antiqua

III. PARTON DISTRIBUTIONS

We consider central Au1Au collisions (0 –10 %) at
200A GeV available at RHIC. In these collisions, hard pr
cesses between initial nucleons lead to production of min
partons with large transverse momentum. Although min
partons are produced promptly, it still takes a few fm/c for
them to traverse the surrounding dense matter before
verting to hadrons. Observed quenching of high transve
momentum hadrons in these collisions seems to indicate
the dense matter is the quark-gluon plasma expected t
formed from soft processes in the collisions. In this secti
both parton momentum spectra in minijets and in the qua
gluon plasma are introduced.

A. Minijet partons

Partons at high transverse momenta~usually greater than
2 GeV! are mainly produced from initial hard collision
among nucleons. The transverse momentum distribution
these minijet partons in the midrapidity can be obtained fr
an improved perturbative QCD calculation@14#. It is given
by dNjet /d

2pT51/s tot
0210ds jet /d

2pT in terms ofs tot
0210 corre-

sponding to the total cross section at central 10% of
collisions and the jet production cross section from nucle
nucleus collisions,
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ds jet

d2pT

5E d2bd2r tAu~r !tAu~b2r !(
ab

E dxadxbd2kaTd2kbT

3g~kaT!g~kbT! f a/Au~xa ,Q2! f b/Au~xb ,Q2!

3
ŝ

p
d~ ŝ1 t̂1û!

dsab

d t̂
. ~19!

In the above,tA(r ) is the thickness function of Au at trans
verse radiusr given by integrating the nuclear density distr
bution along the longitudinal direction. The parton distrib
tion function in a nucleon in the nucleus Au is denoted
f a/Au(x,Q2) including transverse smearingg(kT). The cross
sectiondsab/d t̂ is the parton scattering cross section. Kin
matic details and a systematic analysis ofpp collisions can
be found in Ref.@14#. Using the GRV94 LO result for the
parton distribution function@15# and the Kniehl-Kramer-
Pötter ~KKP! fragmentation function from Ref.@16#, mea-
sured data in the reactionpp→p0X at As5200 GeV can be
reproduced withQ50.75pT and ^kT

2&52 GeV2.
In heavy ion collisions at RHIC, minijet partons are e

pected to lose energy by radiating soft partons as t
traverse through the quark-gluon plasma. This effect can
taken into account by lowering their transverse momenta
the energy lossDE, which depends on both the parton e
ergy E and an effective opacity parameterL/l according to
the Gyulassy-Le´vai-Vitev model@17#.

Taking as momentum cutoffp052 GeV for minijet par-
tons and using an effective opacityL/l53.5 as extracted
from fitting the spectrum of high transverse momentu
pions measured at RHIC@17,18#, the transverse momentum
spectra of minijet partons at midrapidity (y50) in central
Au1Au collisions atAs5200A GeV are shown in Fig. 1 for
gluons~short-dashed curve!, u andd ~solid curve!, ū and d̄

~dashed curve! as well ass ands̄ ~dash-dotted curve! quarks.
These spectra can be parametrized as

dNjet

d2pT

5AS B

B1pT
D n

. ~20!

Values for the parametersA, B, andn for gluons, light and
strange quarks and antiquarks are given in Table I. For l
calculation of parton coalescence probability, masses
minijet partons are taken to be the current quark masses,
10 MeV for light quarks and 175 MeV for strange quark
Also, we assume that the rapidity distribution of minijet pa
tons is uniform in the rapidity range ofyP(20.5,10.5)
considered in the present study.

B. The quark-gluon plasma

For partons in the quark-gluon plasma, their transve
momentum spectra are taken to have an exponential fo
For their longitudinal momentum distribution, we assum
that these are boost-invariant, i.e., these have a uniform
pidity distribution in the rangeyP(20.5,10.5). To take
into account collective flow of quark-gluon plasma, the
4-4
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partons are boosted by a flow velocityvT5b0(rT /R'), de-
pending on their transverse radial positionsr T . Here,R' is
the transverse size of the quark-gluon plasma at hadron
tion, andb0 is the collective flow velocity of the quark-gluo
plasma and is taken to be 0.5c. In this case, the light quark
and antiquarks transverse momentum spectra are given

dNq,q̄

d2rTd2pT

5
gq,q̄tmT

~2p!3
expS 2

gT~mT2pT•vT!7mb

T D ,

~21!

wheregq5gq̄56 are spin-color degeneracies of light quar
and antiquarks, and the minus and plus signs are for qu
and antiquarks, respectively. The inverse slope parametT
is taken to beT5170 MeV, consistent with the phase tra
sition temperature (T;165–185 MeV) from lattice QCD
calculations. Masses of light quarks and antiquarks are ta
to bemq5mq̄5300 MeV, similar to the masses of constit
ent quarks due to possible nonperturbative effects in

FIG. 1. ~Color online! Transverse momentum distributions
partons at hadronization in Au1Au collisions atAs5200A GeV for

gluons~short-dashed curve!, u andd ~solid curve!, ū andd̄ ~dashed

curve! as well ass and s̄ ~dash-dotted curve! quarks. Minijet par-
tons have transverse momenta greater than 2 GeV, while pa
from the quark-gluon plasma have transverse momenta belo
GeV.

TABLE I. Parameters for minijet parton distributions given
Eq. ~20! at midrapidity from Au1Au at As5200 GeV.

A @1/GeV2# B @GeV# n

g 3.23104 0.5 7.1
u,d 9.83103 0.5 6.8

ū,d̄ 1.93104 0.5 7.5

s,s̄ 6.53103 0.5 7.4
03490
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quark-gluon plasma near hadronization@19#. For the quark
baryon chemical potentialmb , we use a value ofmb

510 MeV to give a light antiquark to quark ratio of 0.89
which would then lead to an antiproton to proton ratio
about (0.89)350.7, consistent with the observed ratio
midrapidity in heavy ion collisions at RHIC. The transver
flow effect is taken into account through the factorgT

51/A12vT
2.

The momentum spectra for strange quarks and antiqu
are similar to Eq.~21! with mq replaced by the strange quar
massms5ms̄5475 MeV andmb replaced bymb2ms . The
strange chemical potentialms is taken to be zero in order to
have same strange and antistrange quarks numbers. Th
sulting strange quark to light quark ratio is then about 0.
Including contribution from decays ofr andK* , this would
then give a finalK2/K150.89 andK2/p250.24, compa-
rable to experimental data at midrapidity from RHIC. Equ
tion ~21! also applies to gluons after replacinggq by the
gluon spin-color degeneracygg516 and dropping the chemi
cal potential. For the gluon mass, we take it to be similar
that of light quarks in order to take into account nonpert
bative effects in the quark-gluon plasma.

Although the shape of quark-gluon plasma is nearly
lindrically symmetric, its parton momentum distribution
azimuthally asymmetric as shown by the finite elliptic flo
of hadrons observed in experiments. Since we are intere
in hadron spectra that are integrated over the azimu
angle, including such asymmetry is not expected to cha
much our results. Nonetheless, the Monte Carlo method to
described in Sec. IV to evaluate the coalescence formula
be easily extended to take into account such effects in o
to study the relation between the elliptic flow of partons a
those of hadrons as suggested in Ref.@2# and to be studied in
Sec. VII.

The quark-gluon plasma is further assumed to hav
transverse radius ofR'58.3 fm at proper timet54 fm,
corresponding to a volume ofV5900 fm3. Positions of par-
tons in the transverse direction are taken to have a unif
distribution. Their longitudinal positions are then determin
by z5t sinhy, as we have assumed thath5y due to as-
sumed Bjorken correlation. The resulting total transverse
ergy per unit rapidity from both expanding quark-gluo
plasma and minijet partons is about 590 GeV and is con
tent with that measured by the PHENIX collaboration@20#.
Most of this transverse energy comes from soft QGP part
as the contribution from minijet partons is only about 10
The resulting parton density is aboutrparton;1 fm23. The
thermal parton spectra below the momentum cutoffp0
52 GeV from the quark-gluon plasma including the colle
tive flow effect are shown in Fig. 1 for gluons~short-dashed
curve!, u andd ~solid curve!, ū andd̄ ~dashed curve! as well
ass and s̄ ~dash-dotted curve! quarks. Because of scatterin
of minijet partons with thermal partons as these traverse
quark-gluon plasma, those with momentum aroundp0 are
expected to be thermalized with partons in the quark-glu
plasma, leading to a smooth spectrum aroundp0. In the
present study, we neglect this effect.

ns
2

4-5



n
tio
o

l f
th
In
fo

ro
um
e

rto
l

ui
he
la

t
am
pi
pe
t

e
th
n
t

in
ob
rk

e
t
ha

e

d in
les-
tes
by
cts
l is

ons,
as a
in-
in

radii
off-
unt
We
ob-

t
d
ns-
be-

ion
the

s at
to

-

tion

ith
de-
for
p-
ce

e-
ve

ons
tant
ults
act
ced

tons
ion
rse

c-
se
bili-
ber
o a
r-

V. GRECO, C. M. KO, AND P. LE´VAI PHYSICAL REVIEW C 68, 034904 ~2003!
IV. THE MONTE CARLO METHOD

In our previous study@6#, only partons at midrapidity (y
50) are considered. Furthermore, only comoving parto
i.e., partons with momenta in the same transverse direc
are allowed to coalesce to hadrons. In these limits, the c
lescence formula is reduced to a one-dimensional integra
mesons and a two-dimensional integral for baryons. In
present study, we do not introduce these simplifications.
stead, the multidimensional integrals in the coalescence
mula, given by Eqs.~12! and ~18!, are evaluated by the
Monte Carlo method via test particles. Specifically, we int
duce a large number of test partons with uniform moment
distribution. To take into account the large difference b
tween numbers of thermal and minijet partons, a test pa
with momentumpT is given a probability that is proportiona
to the parton momentum distribution, e.g.,dNq /d2pT for
quarks, with the proportional constant determined by req
ing that the sum of all parton probabilities is equal to t
parton number. With test partons, the coalescence formu
Eqs.~12! and ~18!, are rewritten as

dNM

d2pT

5gM(
i , j

Pq~ i !Pq̄~ j !d (2)~pT2piT2pj T!

3 f M~xi ,xj ;pi ,pj ! ~22!

and

dNB

d2pT

5gB (
iÞ j Þk

Pq~ i !Pq~ j !Pq~k!d (2)~pT2piT2pj T2pkT!

3 f B~xi ,xj ,xk ;pi ,pj ,pk!. ~23!

In the above,Pq( i ) andPq̄( j ) are probabilities carried byi th
test quark andj th test antiquark.

The Monte Carlo method introduced here allows us
treat the coalescence of low momentum partons on the s
footing as that of high momentum ones. We find that des
a decrease of eight orders of magnitude in real particle s
tra, about equal numbers of test hadrons are formed a
momenta.

V. HADRON TRANSVERSE MOMENTUM SPECTRA

In this section, we show results for the transverse mom
tum spectra of pions, antiprotons, and antikaons using
model described in previous sections. For the coalesce
contribution, we first take into account the effects due
gluons in the quark-gluon plasma and minijets by convert
them to quarks or antiquarks of same momenta, with pr
abilities according to the flavor compositions in the qua
gluon plasma, as assumed in the ALCOR model@8#. For both
mesons and baryons, we include not only coalescenc
hard and soft partons as in Ref.@6# but also that among sof
as well as hard partons. Furthermore, we include stable
rons such as pion, nucleon~antinucleon!, and kaon~anti-
kaon! as well as unstable resonances such asr, D, andK* .
For the latter, these are assumed to be formed with their p
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masses. Widths of the resonances are thus not include
evaluating the coalescence probabilities. Since the coa
cence model can be viewed as formation of bound sta
from interacting particles with energy mismatch balanced
other particles in the system, neglecting such off-shell effe
is reasonable if the energy mismatch is small. The mode
thus applicable forr and nucleon~antinucleon! production
when we take into account quark masses. For other hadr
the coalescence probability is expected to be reduced
result of energy mismatch. The reduction factor can, in pr
ciple, be estimated by evaluating the transition probability
the presence of other particles. Since the coalescence
Dx and Dp are treated as parameters in our study, the
shell effects can be phenomenologically taken into acco
by using different coalescence radii for different hadrons.
find that good agreements with experimental data are
tained with coalescence radiiDp5Dx

2150.24 GeV for me-
sons andDp5Dx

2150.45 GeV for baryons. We note tha
there are morer and K* than pions and kaons produce
from parton coalescence. The pion, proton, and kaon tra
verse momentum spectra from parton coalescence shown
low include contributions from decays ofr, K* , andD.

We have also included contributions to hadron product
from minijet fragmentations. These are obtained using
KKP fragmentation function@16#, which has been shown to
reproduce measured high transverse momentum particle
RHIC. Explicitly, hadron momentum spectra are related
minijet parton momentum spectra by

dN

d2phad

5(
jet

E dz
dN

d2pjet

Dhad/jet~z,Q2!

z2
, ~24!

wherez5pjet /phad is the fraction of minijet momentum car
ried by the formed hadron andQ5phad/2z is the momentum
scale for the fragmentation process. The KKP fragmenta
function is denoted byDhad/jet(z,Q2).

Since the probability for a minijet parton to coalesce w
other partons to form a hadron is much smaller than 1, in
pendent fragmentation remains the dominant mechanism
hadronization of minijet partons. It is therefore a good a
proximation to treat minijet fragmentation and coalescen
independently without correcting for the competition b
tween the two mechanisms. Although minijet partons ha
small coalescence probabilities, their contribution to hadr
of intermediate transverse momenta can be more impor
than that from minijet fragmentations as shown in the res
presented in the following sections. This is due to the f
that intermediate transverse momentum hadrons produ
through the coalescence process come from minijet par
with lower transverse momentum, while in the fragmentat
process these are from minijet partons with higher transve
momentum, as the fragmentation functionDhad/jet(z,Q2) de-
creases with increasingz. As the transverse momentum spe
trum of minijet partons is powerlike, their numbers decrea
with transverse momentum. The small coalescence proba
ties of minijet partons are thus weighted by a larger num
of lower transverse momentum minijet partons, leading t
larger contribution to the production of hadrons with inte
4-6
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PARTONIC COALESCENCE IN RELATIVISTIC HEAVY . . . PHYSICAL REVIEW C68, 034904 ~2003!
mediate transverse momenta than that from the fragme
tion of higher transverse momentum minijet partons.

Before we show results for hadron spectra and ellip
flows, we would like to point out that the coalescence mo
as formulated here is applicable if the number of hadr
produced is much less than the parton numbers. In this
spect, results for hadrons with momenta above about 1 G
which account for about 5% of all partons, are reliable. F
lower momentum hadrons, one needs to impose conserva
of parton number in converting them to hadrons via coa
cence. This correction has not been included in the pre
study.

A. Pion transverse momentum spectrum

In Fig. 2, we show the transverse momentum spectrum
pions formed directly from parton coalescence~dashed
curve!. Pions from fragmentations of minijet partons a
shown by the dash-dotted curve. It is seen that pions fr
parton coalescence dominate low transverse momenta w
those from minijet fragmentations are important at hi
transverse momenta. The two contributions have a sim
magnitude at transverse momentum of about 3 GeV. A
shown in the figure is the total pion transverse moment
spectrum from the two contributions~solid curve!. Com-
pared with measured spectrum from the PHENIX Collabo
tion @21# ~filled circles!, the predicted spectrum of the d
rectly produced pion at low transverse momenta is be
experimental data, particularly at low transverse momen

Sincer, K* , andD decay to pions, we have also include
their contributions to the pion transverse momentum sp
trum. It is found thatr meson decays contribute significant
to the pion spectrum at low transverse momenta and b
the final pion spectrum, shown by the solid curve in Fig. 3
good agreement with experimental data. Also shown in
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FIG. 2. Pion transverse momentum spectra from Au1Au colli-
sions atAs5200A GeV: direct pion production from parton coa
lescence~dashed curve!; pions from minijet fragmentations~dash-
dotted curve!; and sum from the above two contributions~solid
curve!. Experimentalp0 data@21# are shown by filled circles.
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figure by the dashed curve is the pion spectrum without
cluding contribution from coalescence of minijet parto
with partons in the quark-gluon plasma. It underestimates
pion spectrum at intermediate transverse momenta aro
3.5 GeV. The contribution from coalescence of partons fr
minijets with those from the quark-gluon plasma is mo
clearly seen from the ratio of pion spectra with and witho
this contribution, shown in the inset of Fig. 3, which is abo
a factor of 2 at transverse momenta around 4 GeV. Our
sults thus confirm our previous results in Ref.@6# based on a
parametrized pion spectrum from hadronization of the qua
gluon plasma.

B. Antiproton transverse momentum spectrum

In Fig. 4, we show the antiproton spectrum includin
those from decays ofD̄ for Au1Au collisions at As
5200A GeV. Results for both with~solid curve! and with-
out ~dashed curve! contributions from coalescence of minije
partons with partons from the quark-gluon plasma
shown. These include contributions from fragmentations
minijet partons~dash-dotted curve!. The contribution from
coalescence of soft and hard partons becomes impo
when the transverse momentum is above 3 GeV, which
somewhat higher than in the case of pion transverse mom
tum spectrum. Since there are no published experime
data for antiproton transverse momentum spectrum fr
Au1Au collisions at 200A GeV, we compare our predic
tions with the experimental data from the PHENIX collab
ration for Au1Au collisions at As5130A GeV 4 @22#,
shown by filled circles for transverse momenta belo
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FIG. 3. ~Color online! Pion transverse momentum spectra fro
Au1Au collisions atAs5200A GeV with ~solid curve! and with-
out ~dashed curve! contributions from coalescence of minijet pa
tons with the quark-gluon plasma partons. Ratio of the two spe
is given in the inset. Experimentalp0 data@21# are shown by filled
circles.
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V. GRECO, C. M. KO, AND P. LE´VAI PHYSICAL REVIEW C 68, 034904 ~2003!
3 GeV/c. Both predictions with and without contribution
from coalescence of minijet partons with partons from
quark-gluon plasma are comparable to the experimental d
Shown in the inset of this figure is their ratio as a function
transverse momentum. It is seen that the ratio is close
factor of 5 at transverse momenta around 5.5 GeV. The c
tribution from coalescence of minijet partons with tho
from the quark-gluon plasma is thus more important for
tiprotons than for pions. It would be of great interest to ha
experimental data for antiprotons at such high transverse
menta to verify our predictions.

C. Antiproton to pion ratio

The antiproton to pion ratio is shown in Fig. 5 as a fun
tion of transverse momentum. The solid curve is the re
including contributions from both parton coalescence a
minijet fragmentations. The ratio increases with transve
momentum up to about 3 GeV/c and decreases with furthe
increasing transverse momentum as in the experimental
@12# shown by filled squares. At high transverse momen
the antiproton to pion ratio becomes very small as it
largely determined by the results from perturbative QC
~pQCD! @23#. Neglecting the contribution to antiproton pro
duction from coalescence of minijet partons with parto
from the quark-gluon plasma reduces the antiproton to p
ratio at transverse momenta above 2.5 GeV as shown by
dashed curve in Fig. 5.
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FIG. 4. ~Color online! Transverse momentum spectra of antipr
tons from Au1Au collisions As5200A GeV. The dashed curve

includes hadrons only from coalescence of partons in the qu
gluon plasma and from independent fragmentations of minijet p
tons ~dash-dotted curve!. Adding also hadrons from coalescence
minijet partons with partons in the quark-gluon plasma gives
solid curve. Ratio of the solid to the dashed curve is given in
inset. Experimentalp2 data@22# at 130A GeV are shown by filled
circles.
03490
e
ta.
f
a

n-

-
e
o-

-
lt
d
e

ta
,

s

s
n
he

The enhanced antiproton to pion ratio at intermedi
transverse momenta was previously attributed to antipro
production from the baryon junctions in incident nucleo
@24#. The possibility of enhanced baryon to pion ratio due
parton coalescence was suggested in Ref.@2#. Using a parton
distribution function that is fitted to measured pion tran
verse momentum spectrum, a parton recombination mo
similar to the coalescence model indeed leads to a large
tiproton to pion ratio at intermediate transverse momenta@4#.
In Ref. @5#, the antiproton to pion anomaly is explained b
the recombination of partons from a quark-gluon plas
with a high effective temperature. Our model further intr
duces coalescence of minijet partons with partons in
quark-gluon plasma. This makes it possible to account
both the large antiproton to pion ratio at intermediate tra
verse momenta and its behavior at low transverse mome

In our previous work@6#, an increasing antiproton to pio
ratio at low transverse momenta was also seen, but it
obtained by using different inverse slope parameters for
tiproton and pion transverse momentum spectra. In contr
results obtained in the present work are from coalescenc
soft partons in the quark-gluon plasma.

D. Antikaon transverse momentum spectrum and antikaon to
pion ratio

In Fig. 6, we show the antikaon spectrum including tho
from decays of K* 2 for Au1Au collisions at As
5200A GeV. Results including antikaon production fro
coalescence of soft partons from the quark-gluon plasma
shown by the dashed curve while those including also c
lescence between minijet partons with partons in the qua
gluon plasma are shown by the solid curve. Contributio
from minijet fragmentations~dash-dotted curve! are also in-
cluded. As for antiprotons, we compare these predicti
with the experimental data shown by filled squares from
PHENIX collaboration for Au1Au collisions at As
5130A GeV @22#, as there are no published data atAs

k-
r-

e
e

0 1 2 3 4 5 6 7 8
0
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1.0

1.5 with s+h
without s+h

Au+Au@200AGeV

(central)

FIG. 5. ~Color online! Antiproton to pion ratio from Au1Au
collisions atAs5200A GeV. Solid and dashed curves are, resp
tively, results with and without contributions to antiprotons fro
coalescence of minijet partons with those from the quark-glu
plasma. Filled squares are the experimental data@12#.
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PARTONIC COALESCENCE IN RELATIVISTIC HEAVY . . . PHYSICAL REVIEW C68, 034904 ~2003!
5200A GeV. For the limited data below 2 GeV, the coale
cence model reproduces them very well without the con
bution from coalescence of minijet partons with partons fr
the quark-gluon plasma as the latter becomes impor
when the transverse momentum is above 2.5 GeV. Show
the inset of Fig. 6 is the ratio of the predictions with a
without the contribution from soft and hard parton coale
cence as a function of transverse momentum. The r
reaches more than 2 at transverse momenta around 4
The contribution to antikaons from coalescence of min
partons with those from the quark-gluon plasma is thus co
parable to that for pions.

The antikaon to pion ratio is shown in Fig. 7 as a functi
of transverse momentum. The solid curve is the result incl
ing contributions from both parton coalescence and min
fragmentations. For transverse momenta below about 2 G
this ratio is similar to the antiproton to pion ratio except th
its value is smaller. At higher transverse momenta, the a
kaon to pion ratio decreases slightly and reaches the v
predicted by pQCD at high transverse momenta@25#, which
gives a larger antikaon to pion ratio than the antiproton
pion ratio. Results without contribution to antikaon produ
tion from coalescence of minijet partons with partons fro
the quark-gluon plasma are given by the dashed curve, a
gives a smaller antikaon to pion ratio at intermediate tra
verse momenta compared to that with this contribution. O
results thus demonstrate again the importance of antik
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FIG. 6. ~Color online! Transverse momentum spectra ofK2

from Au1Au collisions atAs5200A GeV. The dashed curve in
cludes contributions only from coalescence of partons in the qu
gluon plasma and hadrons from independent fragmentation
minijet partons~dash-dotted curve!. Adding also hadrons from coa
lescence of minijet partons with partons in the quark-gluon plas
gives the solid curve. Ratio of the solid to the dashed curve is gi
in the inset. ExperimentalK2 data@22# at 130A GeV are shown by
filled circles.
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production from coalescence of partons from minijets a
quark-gluon plasma.

VI. TRANSVERSE FLOW EFFECT

It is interesting to study the effect of transverse flow
quark-gluon plasma on the transverse momentum spectr
produced hadrons. In fact, the increase of antiproton to p
ratio at low transverse momenta was believed to be due
stronger transverse flow effect on protons than on pions@26#.
Such effect was assumed in our previous study@6# by using
a larger inverse slope parameter for the antiproton transv
momentum spectrum than that for pions. In the pres
model, soft hadrons are produced from coalescence of
tons in the quark-gluon plasma, which is given a collect
flow velocity of 0.5c, and the resulting antiproton to pio
ratio at low transverse momentum is found to increase w
transverse momentum. To see if this is due to the collec
flow effect introduced in the model, we have repeated
calculations without transverse flow effect on antiproto
These results, which include only contribution to antiprot
production from coalescence of partons in the quark-glu
plasma, are shown in Fig. 8 by dashed curves for pions~up-
per panel! and antiprotons~lower panel!. Compared with re-
sults obtained with a collective flow velocity of 0.5c, shown
by solid curves in Fig. 8, collective flow affects the pion a
antiproton spectra mainly at transverse momenta above
GeV, and its effect is stronger for antiprotons than for pio
The reason that for low transverse momenta the inverse s
parameter for pions remains smaller than that for antiprot
in the absence of collective flow is due to the fact that m
low transverse momentum pions are from decays ofr me-
sons, which gives a smaller effective slope parameter
pions than that of directly produced pions. Our results th
show that the increase seen in the antiproton to pion rati
low transverse momenta is not necessarily due to the co
tive flow of quark-gluon plasma.

Since collective flow affects hadron spectra at interme
ate transverse momenta as shown in Fig. 8 and its ins
where the ratio of the pion or antiproton spectrum obtain

k-
of

a
n
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FIG. 7. ~Color online! Antikaon to pion ratio from Au1Au
collisions atAs5200A GeV. Solid and dashed curves are, resp
tively, results with and without contributions to antikaon producti
from coalescence of minijet partons with those from the qua
gluon plasma.
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V. GRECO, C. M. KO, AND P. LE´VAI PHYSICAL REVIEW C 68, 034904 ~2003!
with and without collective flow in the quark-gluon plasma
shown, it is expected to have a large effect on the antipro
to pion ratio at these momenta. This is shown in Fig.
where the antiproton to pion ratio is given for both wi
~solid curve! and without~dashed curve! collective flow ef-
fect on protons. It is seen that collective flow enhances
nificantly this ratio for transverse momenta between 2 a
5 GeV/c. The collective flow effect on intermediate tran
verse momentum antiprotons is thus as strong as the e
due to coalescence of partons from minijets with those fr
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FIG. 8. Pion~upper panel! and antiproton~lower panel! trans-
verse momentum spectra from coalescence of partons in the q
gluon plasma with~solid curves! and without~dashed curves! col-
lective transverse flow in the quark-gluon plasma. Ratios of th
two results are shown in the insets.
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FIG. 9. ~Color online! Antiproton to pion ratio with~solid curve!
and without ~dashed curve! collective flow in the quark-gluon
plasma. Experimental data are shown by filled squares.
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the quark-gluon plasma, shown in Fig. 5. To confirm t
mechanism for antiproton production from coalescence
minijet and quark-gluon plasma partons, it is thus import
to have a quantitative understanding of collective flow in t
quark-gluon plasma.

VII. ELLIPTIC FLOWS

The parton coalescence model based on the test par
Monte Carlo method is also useful for studying other obse
ables at RHIC. One problem that can be addressed with
model is to study how elliptic flows of hadrons are related
that of partons@3,27#. We carry out such a study following
the idea of Ref.@4#, where the parton transverse momentu
distribution is extracted from fitting the pion transverse m
mentum spectrum using the quark recombination or coa
cence model and is then used to predict that of antiproto
Here, we extract the elliptic flows of light and strange qua
by fitting the measured pion and kaon elliptic flows based
the coalescence model. The resulting quark elliptic flows
then used to predict the elliptic flows of protons,L, J, V,
andf mesons.

The elliptic flow is a measure of the anisotropy of th
particle transverse momentum spectrum, i.e.,

v25K px
22py

2

px
21py

2L , ~25!

where the transverse axesx andy are, respectively, in and ou
of the reaction plane. Including transverse momentum
isotropy, the quark transverse momentum distribution
given by

dNq

d2pT

5
dNq

pTdpTdf
5

dNq

pTdpT
@112v2 cos~2f!#, ~26!

wheref is the azimuthal angle in the transverse plane.
In Fig. 10, we show by a dotted curve the elliptic flows

light quarks and antiquarks together with the pion ellip
flow shown by a dashed curve, which is supposed to rep
duce the measured pion elliptic flow given by filled squa
@28#. The predicted proton elliptic flow obtained from th
quark and antiquark elliptic flows is then given by the dash
curve and is seen to agree with that measured in experim
shown by filled circles@28#.

The elliptic flow of strange hadrons is shown in Fig. 1
The strange quark and antiquark elliptic flow~dotted curve!
is obtained by fitting the calculated Kaon elliptic flo
~dashed curve! to the measured on~filled squares! @29#. The
predictedL elliptic flow shown by the dashed curve is se
to agree with the available experimental data@29# given by
filled circles. We have also predicted thef meson~dashed
curve with stars!, J ~solid curve with stars!, andV elliptic
flows ~dash-dotted curve!. It is seen that due to a smalle
~about 30%! strange quark elliptic flow than that of ligh
quarks, thef meson elliptic flow is smaller than that o
kaons, while theV elliptic flow is smaller than that ofJ,
which is further smaller than that ofL. For all hadrons con-
sidered here, decrease of their elliptic flows at high tra

rk-

e

4-10



er
g

gh
pt

rk
ti
c

uo
r

tu
h

ter-
ton
e of
rse

ro-
-

ac-
jet
s in
od
nce
k-
the
aons

nce
ng

are
IC.
-
elow

of
tri-

om
r of
ion.
ce-

nd 5
de-

ata.
uite

rse
mo-

rse
ion
n by
atio
ilar
i-
fur-

tion
he
er,
on
ion
he
nd-

ark
nd

ther

aller

ticle
ion

.
ed
s

nt

PARTONIC COALESCENCE IN RELATIVISTIC HEAVY . . . PHYSICAL REVIEW C68, 034904 ~2003!
verse momenta is due to our assumption that high transv
momentum minijet partons and hadrons from minijet fra
mentations have vanishing elliptic flows. Of course, if hi
transverse momentum minijet partons also develop elli
flows as suggested in Ref.@30#, our results on hadron elliptic
flows at high transverse momenta should be modified.

VIII. SUMMARY AND OUTLOOK

In this paper, we have studied the hadronization of qua
gluon plasma and minijet partons produced in relativis
heavy ion collisions in terms of the parton coalescen
model. The momentum spectra of partons in the quark-gl
plasma are taken to have an exponential form with an inve
slope parameter similar to the phase transition tempera
while partons in the minijets have power-law spectra. T
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FIG. 10. ~Color online! Elliptic flows of pions ~dashed curve!
and protons~solid curve! as functions of transverse momentum
Elliptic flow of light quarks and antiquarks is given by the dott
curve. Experimental data@28# are shown by filled squares for pion
and filled circles for protons.

0 1 2 3 4 5 6 7 8
0

0.05

0.1

0.15

0.2

0.25

0.3

 K
0

 Λ

φ
Κ

Ω

Λ

0

s

Ξ

FIG. 11. ~Color online! Elliptic flows of kaons~solid curve!, f
mesons~dashed curve with stars!, L ~dashed curve!, J ~solid curve
with stars!, and V ~dash-dotted curve!. Elliptic flow of strange
quarks and antiquarks is given by the dotted curve. Experime
data@29# are shown by filled squares for kaons and circles forL.
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flavor compositions in the quark-gluon plasma are de
mined by the experimentally measured antiproton to pro
ratio and strange to nonstrange particle ratios. The volum
the quark-gluon plasma is then fixed by the total transve
energy measured in experiments. A collective flow is int
duced in the quark-gluon plasma with a flow velocity com
parable to that extracted from experiments. To take into
count the vast difference in the magnitude of the mini
parton transverse momentum spectrum and that of parton
the quark-gluon plasma, a test particle Monte Carlo meth
has been introduced to efficiently evaluate the coalesce
probability of partons. Both soft partons from the quar
gluon plasma and hard partons from minijets are used in
coalescence model to produce hadrons such as pions, k
~antikaons!, r mesons,K* ’s, nucleons~antinucleons!, andD

(D̄) resonances. Specifically, we have included coalesce
of hard minijet partons with soft partons besides that amo
soft and hard partons.

The resulting pion, antikaon, and antiproton spectra
seen to agree with available experimental data from RH
For pions, contributions fromr decays are important in ex
plaining the measured transverse momentum spectrum b
2 GeV. For intermediate transverse momentum spectra
pions and antikaons between 2 and 5 GeV, including con
butions from coalescence of minijet partons with those fr
the quark-gluon plasma are important, leading to a facto
2 enhancement compared to results without this contribut
This effect is even larger for antiprotons, where the enhan
ment reaches a factor of 5 at transverse momenta arou
GeV. We have also compared the transverse momentum
pendence of antiproton to pion ratio to the experimental d
Results from the coalescence model are found to agree q
well with the available data, i.e., it increases with transve
momentum and reaches a value of about 1 at transverse
mentum of about 3 GeV. With further increase in transve
momentum, our model predicts that the antiproton to p
ratio should decrease and approach the small value give
the pQCD. We have also calculated the antikaon to pion r
as a function of transverse momentum. The result is sim
to that for antiproton to pion ratio but with a smaller magn
tude and a larger value at high transverse momenta. We
ther find that these ratios are reduced if antiproton produc
from coalescence of minijet partons with partons in t
quark-gluon plasma is neglected. This effect is, howev
comparable to that due to collective flow of the quark-glu
plasma. To confirm the mechanism for antiproton product
from coalescence of minijet partons with partons in t
quark-gluon plasma thus requires a quantitative understa
ing of collective flow effects in the quark-gluon plasma.

We have also studied elliptic flows of hadrons using qu
and antiquark elliptic flows fitted to the measured pion a
kaon elliptic flows. Predicted proton andL elliptic flows
agree with those measured in experiments. We have fur
predicted the elliptic flows off mesons,J, andV, and they
are smaller than those of nonstrange hadrons due to sm
strange quark elliptic flow than that of light quarks.

The parton coalescence model based on the test par
Monte Carlo method can be extended to include collis
dynamics of partons and hadrons using parton@31# and had-

al
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ron @32# transport models. This would make it possible
study effects due to final-state hadronic scattering on
transverse momentum spectra and elliptic flows of hadro
which have been neglected in the present study as we
compared hadron spectra and elliptic flows from parton c
lescence directly with experimental data. Also, including p
ton scatterings would allow us to treat properly the par
spectrum around the cutoff momentump0, resulting in a
smooth spectrum at this momentum. It further makes it p
sible to determine both transverse and elliptic flows of p
tons from the collision dynamics instead of treating them
input as in the present study. Moreover, including expans
dynamics of the system will ensure that the total entro
v.
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does not decrease even though the entropy density is red
when hadrons are formed from coalescence of partons.
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