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Abstract The transverse momentum spectra for identified hadrons at different rapidities in central Au+Au

collisions at /sy = 200 GeV are studied in a quark combination model. The results for p, spectra of nt,

K*, p(P) and for the p/m ratios in a broader p, range at midrapidity agree well with the data. The transverse

momentum spectra of pions, protons and antiprotons at various rapidities y ~ 1, n = 2.2 and y = 3.2 are

calculated and compared with the data.
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1 Introduction

The relativistic heavy ion collider (RHIC) at
Brookhaven National Lab (BNL) provides a unique
environment to search for the quark gluon plasma
(QGP) predicted by lattice QCD calculations™ and
to study the properties of this matter at extremely
high energy densities. A huge number of data have
been accumulated and used to extract the informa-
tion about the original partonic system and its space-
time evolution. A variety of experimental facts from
various aspects imply that the strongly coupled QGP
has been probably produced in central Au+Au colli-
sions at RHIC® ™. Due to the confinement effects,
one can only detect the hadrons frozen out from the
partonic system rather than directly detect the par-
tons produced in the collisions. Therefore, one of the
important prerequisites for exploring the quark gluon
plasma is the better understanding of the hadroniza-
tion mechanism in nucleus-nucleus collisions.

The quark combination picture is successful in de-
scribing many features of multi-particle production in
high energy collisions. The parton coalescence and re-
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combination models have explained many highlights
at RHIC, such as the high ratio of p/m at interme-
19" and the quark num-
ber scaling of hadron elliptic flows!™* **/. Our quark
combination model has described the charged par-

diate transverse momenta!®—

ticle pseudorapidity densities™, hadron multiplicity
ratios, p. spectral®™ and elliptic flows [
pidity.

Recently the STAR collaboration has finely mea-
sured the transverse spectra for identified baryons

I at midra-

and mesons in a wider transverse momentum range
in central Au+Au collisions at /s = 200 GeVI,
The BRAHMS collaboration has given the transverse
momentum distributions for identified hadrons at dif-

18201 It provides a good opportu-

ferent rapidities!
nity to study the hadron production mechanism in
a larger transverse momentum range and at different
rapidities. In this paper, we use our quark combina-
tion model to study the transverse momentum distri-
butions for identified hadrons at different rapidities
y~0,1, n=2.2 and y =~ 3.2 in central Au+Au colli-

sions at /5 =200 GeV.
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2 A brief introduction of the quark
combination model

In this section we give a brief description of our
quark combination model. The model was first pro-
posed for high energy ete™ and pp collisions!*" 2%,
It has also been applied to the multi-parton systems
in high energy e*e~ annihilations®” *". Recently we
have extended the model to ultra-relativistic heavy
ion collisions!"* ¢,

The quark production from vacuum is a very so-
phisticated nonperturbative process. We have de-
veloped a simple model for quark production that
is of statistical nature without dynamic details in
ete™ collisions”. It has been found in the PHO-
BOS experiments that in the energy range /5., ~
20—200 GeV, the total multiplicity per participating
nucleon pair ((Ng,)/(Npare)) in central Au+Au col-
lisions scales with Vxy 1D the same way as (Nu,)
with /s in ete™ collisions®. In addition, the same
effect has also been observed in pp and pp data af-
ter correcting the leading particle effect!®. This sug-
gests a universal mechanism for particle production in
strongly interacting systems at high energies, which
is mainly controlled by the amount of effective en-
ergy available (per participant pair for heavy ion col-
lisions). Based on these experimental facts we have
extended the model to nucleus nucleus collisions at
RHIC energy in Ref. [14].

Our quark combination model describes the
hadronization production of initially produced
ground state mesons (36-plets) and baryons (56-
plets). In principle the model can also be applied to
the production of excited states!®. These hadrons,
through combinations of the constituent quarks, are
then allowed to decay into the final state hadrons. We
take into account the decay contributions of all reso-
nances of 56-plets baryons and 36-plets mesons, and
cover all available decay channels by using the decay
program of PYTHIA 6.15%. The main idea is to line
up N, quarks and anti-quarks in a one-dimensional
order in phase space, e.g. in rapidity, and let them
combine into the initial hadrons one by one follow-
ing a combination rule. See section 2 of Ref. [15] for
short description of such a rule. Of course, we also
take into account the near correlation in transverse
momentum by limiting the maximum transverse mo-
mentum difference Ap.. for quarks and antiquarks as
they combine into hadrons. We note that it is very
straightforward to define the combinations in one di-
mensional phase space, but it is highly complicated to

do it in two or three dimensional phase space®®. The
flavor SU(3) symmetry with strangeness suppression
in the yields of initially produced hadrons is fulfilled

in the model?" %I,

3 Transverse distributions of quarks
and antiquarks

The main purpose of the paper is to study the
applicability of the quark combination mechanism in
a wider transverse momentum regions and at differ-
ent rapidities. Firstly, we have to know the momen-
tum distribution of light and strange quarks and anti-
quarks just before hadronization. It is known that the
relativistic hydrodynamic description of the evolution
for the thermal parton matter produced in nucleus-
nucleus collisions is in many aspects successful. This
provides impressive evidence that the bulk of the par-
tonic matter produced in collisions shows efficient
thermalization and behaves hydrodynamically. What
we need is only the momentum distribution of quarks
at the point of hadronization rather than its time evo-
lution. When the expansive thermal medium evolves
to the point of the hadronization, the momentum dis-
tributions of quarks and antiquarks can be described
by a thermal phenomenology proposed in Ref. [34].

Taken into account the transverse flow of the
thermal medium, the quarks and antiquarks get a
transverse boost described by a flow velocity pro-
file B,(r) as a function of transverse radial positions
r. B.(r) is parameterized by the surface velocity f,:
Br(1) = Bs (r/ Rinax)™. The transverse flow of the ther-
mal medium can be equivalently described by a su-
perposition of a set of thermal sources, each boosted
with a transverse rapidity p=tanh~'g, ¥

dn ) Rmax
— % N J' rdrmr X
2mtpdp,. o

p.. sinh p mr cosh p
(2 o ()

where I, and K; are modified Bessel functions. N
is the normalization constant. The value of R, i
taken to be R, =13 fm™®. The hadronization tem-
perature T is taken to be 170 MeV. Values of the
parameters n, G, for light and strange quarks and an-
tiquarks are extracted from the transverse momen-
tum distributions of 1° and K? at midrapidity in our
quark combination model.

The quarks and antiquarks with high transverse
momenta come mainly from the minijets created in
the initial hard collisions among nucleons. By initial

hard scattering partons that initiate minijets acquire
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a large transverse momentum. Subsequently they fur-
ther evolve by gluon radiation and conversion of glu-
ons to quark and antiquark pairs until hadronization.
The evolution is accompanied by the loss of momenta
and virtuality for hard partons. In the quark com-
bination picture, the initial hard partons after hard
scattering are not immediately ready for combination.
What we consider is the combination of quarks and
antiquarks just before hadronization. Those quarks
and antiquarks are the parton remnants after the evo-
lution of the initial hard partons by gluon radiation
and gluon split. They are different from the jet initi-
ating hard partons that fragment into hadrons in the
fragmentation model. The large p,. spectra of identi-
fied hadrons measured by RHIC experiments exhibit
a power-law behavior™™ *¢!. Considering the parton-
hadron duality, the transverse momentum distribu-
tion of minijet quarks should also have a power-law
behavior. It can be parameterized as

dnj. B \°
_ @ty ( > _ (2)
2mtp _dp.. B+p.
For thermal quarks, We take n = 0.5 for light
and strange quarks and antiquarks, 8, = 0.45¢, 0.56¢

for light and strange quarks/antiquarks, respectively.

Values of the parameters A, B and C for minijet

quarks are given in Table 1. Normalized transverse

momentum distributions for light and strange quarks

and antiquarks at midrapidity in central Au+Au col-

lisions at /s =200 GeV are shown in Fig. 1.

Table 1. Parameters for minijet quark distribu-

tions given in Eq. (2) at midrapidity in central
Au+Au collisions at /5 =200 GeV.

A/GeV~2 B/GeV~1! C

u,d and d,d 2.32 1.5 7.25

s,5 4.51 1.5 9.5
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Fig. 1. Transverse momentum spectra of

quarks and antiquarks at midrapidity just be-
fore hadronization in central Au+Au collisions

at /Sy =200 GeV.

4 Rapidity dependence of transverse
momentum spectra for identified
hadrons

In this section, we use our quark combination
model to compute the transverse momentum spectra
of identified hadrons at different rapidities. The total
number of newborn quarks and antiquarks is given
by our quark production model™, and the number
of net-quarks from colliding nucleons is three times
of the number of participants. It has been found in
STAR Collaboration experiments that the 7t~ /7™ and
D/p ratios as a function of p,. at midrapidity are al-
most constants within a broad transverse momentum

(17

region!”. The transverse momentum distribution of
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Fig. 2. Transverse momentum spectra of pions
(a), kaons (b), proton and antiproton (c) at
midrapidity in central Au+Au collisions at
V/3xn = 200 GeV. The solid lines are our
results for ™, K+ and p, and the dotted-
dashed lines are for n~, K™ and P respectively.
The data of pions, proton and antiproton are
from the STAR Collabora‘ciomm]7 and kaons
are from BRAHMS Collaboration™®.
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net-quarks from colliding nucleons is taken the same
as that of newborn light quarks at midrapidity. We
use Ap,. =0.66 GeV for mesons and Ap, =1.0 GeV
for baryons, respectively. With this input, we can
compute the transverse momentum distributions of
various hadrons.

We calculate the transverse momentum spectra
of pions, kaons, proton and antiproton at midrapid-
ity in central Au+Au collisions at /s =200 GeV.
The results are shown in Fig. 2. The pions spectra
are corrected to remove the feed-down contributions
from K? and A. The feed-down contributions from
A and X7 are subtracted from the proton spectrum.
Our quark combination model well explain the data
in a large p,. range.

Recently the STAR Collaboration has measured
the p/mt and p/mt~ ratios at large transverse mo-
menta in central Au+Au collisions at /5. =
200 GeV, and compared the data with the predic-
tions of the recombination and coalescence models™™.
It is found that p/m* and p/m~ ratios peak at p, ~
2—3 GeV with values close to unity, decrease with in-
creasing p.., and approach p/nt ~ 0.4, p/n~ ~0.25 at
P 27 GeV. These models can qualitatively describe
the p(P)/m ratio at intermediate p.. but in general un-
derpredict the results at high p_. 17 We also compute
the p/m™ and P/t~ ratios in the range p,. <12 GeV.
The calculation results are shown in Fig. 3. Our re-
sults agree with the experimental data in the full pr
range.

L e p/n’

ratio

e pin”

Fig. 3.

pr/(GeV/c)

The ratios of p/t and P/t~ as a function of transverse momentum at midrapidity in central Au+Au

collisions at /5y =200 GeV. The shaded boxes represent the systematic uncertainties. The solid lines are

our results. Experimental data are given by STAR Collaboration

One can see from the above results that the quark
combination model can reproduce the productions of
identified hadrons quite well in a larger transverse
momentum range. It suggests that the quark combi-
nation mechanism may still play an important role at
high transverse momentum up to 12 GeV/c.

A variety of experimental facts at RHIC indicate
that the QGP has been probably produced at midra-
pidity. Based on this indication the quark combi-
nation picture has successfully explained the hadron
production at midrapidity™® *” **!. However, can the
QGP extend to forward rapidity? If it does, how
much rapidity can it extend to? Can the combina-
tion picture describe the hadron production at for-
ward rapidity yet? Fortunately, the BRAHMS Col-
laboration recently has measured the p_ spectra of
identified hadrons at different rapidities™® 2% It pro-
vides an opportunity to study the hadrons production
at different rapidities and the rapidity dependence of

(17]

| hadron transverse momentum spectra. We now make

a straightforward extension to the forward rapidity
region, and this extension should be made with no
change in the quarks p,. spectra before we draw some
useful physical information from it.

We compute the transverse momentum spectra of
pions and protons at y ~ 1 in central Au+Au col-
lisions at /s =200 GeV, the results are shown in
Fig. 4(a). The proton and antiproton spectra are cor-
rected to remove the feed-down contributions from A
and A weak decays. No significant changes for the
transverse spectra of pions and protons(antiprotons)
are observed within one unit around midrapidity. It
suggests that the hadron production at this rapidity
is still dominated by combinations in the intermedi-
ate transverse momentum range. The QGP may still
exist at y ~ 1 and it may extend much higher values
than this rapidity.
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Fig. 4. Transverse momentum spectra of pions and protons at y~ 1 (a), n=2.2 (b) and y =3.2 (c) in central
Au+Au collisions at /5y = 200 GeV. The solid lines are our results for ©* and p, and the dotted-dashed

lines are for = and P. The data of panel (a), (b), (c) are given by BRAHMS Collaboration!

In Fig. 4(b), we show the transverse momentum
spectra of pions and antiprotons at n = 2.2(2.14 <
7 < 2.26) in central Au+Au collisions at /5. =
200 GeV. The correction for feed-down from the
(anti-) lambda decays has been applied, whereas the
contamination of pions due to weak decays has not
been corrected. Our model can also well describe the
hadronic production at this rapidity.

We further compute the transverse spectra of pi-
ons and (anti-)protons at y = 3.2, the results are
shown in Fig. 4(c). No correction for decays or feed-
down has been applied to the data. One can see that
the computed results are in good agreement with the
data for pions, but can not reproduce the data for pro-
tons and antiprotons. This is probably because the
transverse momentum distribution of the net-quarks
varies with rapidity in nucleus-nucleus collisions at
RHIC. The amount of net-quarks is marginal com-
pared with that of newborn quarks in the midrapid-
ity region. Net-quarks may be highly thermalized due
to interactions with newborn quarks. Its transverse
momentum distribution will asymptotically tend to
that of newborn light quarks. However the amount
of net-quarks can approach and even exceed that of
newborn quarks at large rapidity. Therefore the ther-
malization extent of net-quarks at large rapidity is
much smaller than that at midrapidity.
verse momentum distribution at large rapidity may
be obviously different from that of newborn quarks.
It has been found that the yields and rapidity den-

Its trans-

18—20]

sities of protons and antiprotons are more sensitive
to the existence of net-quarks than that of pions in
the quark combination mechanism. Thus the rapidity
dependence of the transverse momentum distribution
for net-quarks should be mainly embodied by that of
protons and antiprotons, rather than that of pions. It
is one of the probable reasons why our quark combi-
nation model can describe well the data of pions, but
less good those of protons and antiprotons at y = 3.2.

From the above results, we can see that the quark
combination model is able to describe the transverse
momentum distribution of identified hadrons in a
broad rapidity range 0 < y < 3.2. This implies
that the quark combination hadronization mecha-
nism is still applicable to larger rapidities (at least
y =3.2). On the other hand, the BRAHMS Collab-
oration has measured the nuclear modification fac-
tor Raa for identified hadrons at forward rapidities
in central Au+Au collisions at /5 = 200 GeVE2Y,
and the data also indicate the existence of the quark
combination mechanism at forward rapidity. The
continued suppression seen in the Ras at y = 3.2
further suggests that there is different physics from
that at midrapidity. The absence of suppression in
particle production at large transverse momentum in
d+Au collisions shows that the suppression in cen-
tral Au+Au collisions at midrapidity is not an initial-
state effect but a final-state effect of the produced
density medium (jet quenching)® **). However, the
initial-state parton saturation effects are more evi-
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4421 which has been testi-

dent at large rapidity!
fied by the high rapidity suppression measured in
d+Au collisions*®. But the decreasing of the par-
ton medium density at large rapidity will lead to a
smaller jet energy loss, thus, less suppression caused
by jet quenching can be expected. Therefore the sup-
pression measured at large rapidity in central Au+Au
collisions may be the result of a compromise between
44 Maybe, the same
parton p,. spectra at y = 3.2 with that at y =0 used
in our work is just a synthetic embodiment of the two
effects.

initial- and final-state effects

5 Summary

Using the quark combination model, we study
the transverse momentum distributions for identified

References

1 Blum T et al. Phys. Rev. D, 1995, 51: 5153
2 Adams J et al (STAR Collaboration). Nucl. Phys. A, 2005,
757: 102
3 Gyulassy M, McLerran L. Nucl. Phys. A, 2005, 750: 30
4 Jacobs P, WANG X N. Prog. Part. Nucl. Phys., 2005, 54:
443
5 Kolb P F, Heinz U W. arXiv:nucl-th/0305084
6 Braun-Munzinger P, Redlich K, Stachel J. arXiv:nucl-
th/0304013
7 Rischke D H. Prog. Part. Nucl. Phys., 2004, 52: 197
Hwa R C, YANG C B. Phys. Rev. C, 2004, 67: 034902
9 Greco V, Ko C M, Levai P. Phys. Rev. Lett., 2003, 90:
202302
10 Fries R J, Muller B, Nonaka C, Bass S A. Phys. Rev. Lett.,
2003, 90: 202303
11 Voloshin S A. Nucl. Phys. A, 2003, 715: 379
12 Molnar D, Voloshin S A. Phys. Rev. Lett., 2003, 91: 092301
13 LIN Z W, Ko C M. Phys. Rev. Lett., 2002, 89: 202302
14 SHAO F L, YAO T, XIE Q B. Phys. Rev. C, 2007, 75:
034904
15 SHAO F L, XIE Q B, WANG Q. Phys. Rev. C, 2005, 71:
044903
16 YAO T, XIE Q B, SHAO F L. Chinese Physics C, 2008,
32: 356
17 Abelev B I et al (STAR Collaboration). Phys. Rev. Lett.,
2006, 97: 152301
18 Arsene I et al (BRAHMS Collaboration). Phys. Rev. C,
2005, 72: 014908
19 Arsene I et al (BRAHMS Collaboration). arXiv:nucl-
th/0610021.
20 Radoslaw Karabowicz (BRAHMS Collaboration). Nucl.
Phys. A, 2006, 774: 477—480
21 XIE Q B, LIU X M. Phys. Rev. D, 1988, 38: 2169
22 LIANG Z T, XIE Q B. Phys. Rev. D, 1991, 43: 751
23 WANG Q, XIE Q B. J. Phys. G, 1995, 21: 897
24 ZHAO J Q, WANG Q, XIE Q B. Sci. Sin. A, 1995, 38:
1474

oo

hadrons at different rapidities in central Au+Au col-
lisions at /s = 200 GeV, incorporating the col-
lective expansion of the hot medium. We use the
measured transverse momentum spectra of 7° and
K? to determine the values of necessary parameters.
Firstly we calculate the transverse spectra of iden-
tified hadrons and the ratios of protons/antiprotons
to pions in a large transverse momentum range at
midrapidity. Our model reproduces the data quite
well, which suggests that combination scenario may
still play an important role in hadronization at high
P, up to 12 GeV/c. Using the same transverse mo-
mentum spectra for quarks, we further calculate the
transverse momentum spectra at various rapidities
y~0,1,n=2.2 and y~ 3.2. The results are in good
agreement with the data except those for protons and
antiprotons at y ~ 3.2.

25 WANG Q, SI Z G, XIE Q B. Int. J. Mod. Phys. A, 1996,
11: 5203

26 SIZ G, XIE Q B, WANG Q. Commun. Theor. Phys., 1997,
28: 85

27 WANG Q, XIE Q B. Phys. Rev. D, 1995, 52: 1469

28 WANG Q, XIE Q B, SI Z G. Phys. Lett. B, 1996, 388: 346

29 WANG Q, Gustafson G, XIE Q B. Phys. Rev. D, 2000, 62:
054004

30 WANG Q, Gustafson G, JIN Y, XIE Q B. Phys. Rev. D,
2001, 64: 012006

31 Back B B et al (PHOBOS Collaboration). arXiv:nucl-
ex/0301017

32 Sjostrand T et al. Comput. Phys. Commun., 2001, 135:
238

33 Hofmann M et al. Phys. Lett. B, 2000, 478: 161

34 Schnedermann E, Sollfrank J, Heinz U. Phys. Rev. C, 1993,
48: 2462; Schnedermann E, Heinz U. Phys. Rev. C, 1994,
48: 1675

35 Retiére F et al. nucl-ex/0111013 (2001); Retiére F, Lisa M.
Phys. Rev. C, 2004, 70: 044907

36 Tadaaki Isobe (PHENIX Collaboration). Acta Phys. Hung.
A, 2006, 27: 227—230

37 Greco V, Ko C M, Levai P. Phys. Rev. C, 2003, 68: 034904

38 Hwa R C, YANG C B. Phys. Rev. C, 2004, 70: 024905

39 Adler S S et al (PHENIX Collaboration). Phys. Rev. Lett.,
2003, 91: 072303

40 Admas J et al (STAR Collaboration). Phys. Rev. Lett.,
2003, 91: 072304

41 Kharzeev D, Kovchegov Y V, Tuchin K. Phys. Rev. D,
2003, 68: 094013; Kharzeev D, Levin E, McLerran L. Phys.
Lett. B, 2003, 561: 93

42 Jalilian-Marian J, Nara Y, Venugopalan R. Phys. Lett. B,
2003, 577: 54; Dumitru A, Jalilian-Marian J. Phys. Rev.
Lett., 2002, 89: 022301

43 Arsene I et al (BRAHMS Collaboration). Phys. Rev. Lett.,
2003, 93: 242303

44 Debbe R (BRAHMS Collaboration). AIP Conf. Proc.,
2006, 870: 707—711



