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Abstract The centrality dependence of transverse momentum spectra for identified hadrons at midrapidity
in Au+Au collisions at /sny = 200GeV is systematically studied in a quark combination model. The pr
spectra of 75, K*, p(p) and A(A) in different centrality bins and the nuclear modification factors (Rcp) for
these hadrons are calculated. The centrality dependence of the average collective transverse velocity (5 (r))
for the hot and dense quark matter is obtained in Au+Au collisions, and it is applied to a relative smaller
Cu+Cu collision system. The centrality dependence of pr spectra and the Rcp for 7°, KO and A in Cu+Cu
collisions at \/snn = 200 GeV are well described. The results show that (3 (r)) is only a function of the number
of participants Npart and it is independent of the collision system.

Key words relativistic high energy nucleus-nucleus collisions, nuclear modification factor, transverse collec-

tive flow, quark combination model

PACS 25.75.-q, 25.75.Ld, 25.75.Nq

1 Introduction

The hadronic collectivity is one of the important
properties in ultra-relativistic heavy ion collisions. It
provides a lot of information on the initial spatial
anisotropy of the reaction zone™ ¥, the degree of
thermalization™ ® and the hadronization mechanism
of the hot and dense medium produced in nucleus-
nucleus collisions™ ®. It can also help to understand
the broadening of jetlike particle correlations” and
high pr jet-quenching™® . Strong partonic mul-
tiple scatterings in nucleus-nucleus collisions would
generate the collectivity of quarks, which then re-
sult in the observed collectivity of final hadrons.
The quark number scaling of the hadronic elliptic
flow v, is a piece of evidence for this original quark
collectivity!’® . Being a key hadronization mech-
anism, quark combination picture has successfully
described many features of multi-particle produc-
tion in high energy heavy ion collisions, e.g. the
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high p/m ratio in intermediate transverse momentum
region™® 7 the quark number scaling behavior of
hadron elliptic flow' *® ') and its fine structure at
small pr*”, hadron longitudinal and transverse mo-
mentum distributions” 2% the yields and multi-
plicity ratios®”. Therefore, one can extract the col-
lectivity of the hot and dense quark matter from the
data of hadrons through quark combination mecha-
nism.

In general, the nucleus-nucleus collisions in dif-
ferent centralities will produce different sizes of the
hot and dense quark matter. This would cause the
transverse collective flow for the hot and dense quark
matter varying with collision centralities. This vari-
ance of collective flow in quark level would be em-
bodied in the transverse momentum spectra of final
hadrons®> 2 and particularly in their nuclear modi-
fication factors Rcp. The thermal and hydrodynamic
models have described the centrality dependence
of the transverse momentum distributions for final

* Supported by National Natural Science Foundation of China (10775089, 10475049) and Science Fund of Qufu Normal Uni-

versity
1) E-mail: shaofl@mail.sdu.edu.cn

976 — 983



WANG Yun-Fei et al: Centrality dependence of pr spectra for

No. 12

identified hadrons in Au+Au and Cu+Cu collisions at /syn =200 GeV 977

hadrons in low pr region with a statistical hadroniza-
tion method®™ 32, Using the quark recombination at
intermediate pr and parton fragmentation at high pr,
the Duke group in Ref. [8] has explained the strong
suppression of hadron Rcp at high transverse mo-
menta, and the baryon-meson difference of hadron
Rcp in intermediate pr region. In the present paper,
with quark combination at all pt, we use our quark
combination model to study the hadron pr spectra
from central to peripheral collisions. We investi-
gate the pr spectra of identified hadrons at midra-
pidity in different centralities in Au+Au collisions
at \/snx = 200 GeV to obtain the centrality depen-
dence of transverse collective flow for the hot and
dense quark matter. Furthermore, we apply it to rel-
ative smaller Cu+4Cu collision systems, calculate the
transverse momentum spectra of final hadrons and
nuclear modification factors Rep in Cu+Cu collisions
at /syn = 200 GeV, and compare them with the
experimental data from STAR and PHENIX Collab-
orations.

In the next two sections, we briefly introduce the
quark combination model and the transverse momen-
tum spectra of quarks just before hadronization. The
results and discussions are in Sect. 4. Summary is
given in Sect. 5.

2 The quark combination model

Within the same quark combination mechanism,
all kinds of combination-like models, such as recom-
bination model™® 2! 33! and coalescence model*® !,
have their own features. Our quark combination
model was first proposed for high energy e'e”
and pp collisions® . Recently we have ex-
tended the model to ultra-relativistic heavy ion
collisions?* 2> 24491 The model describes the pro-
duction of initially produced ground state mesons
(36-plets) and baryons (56-plets). In principle, it can
also be applied to the production of excited states 2%
and exotic states®. These hadrons through com-
bination of constituent quarks are then allowed to
decay into the final state hadrons. We take into ac-
count the decay contributions of all resonances of 56-
plet baryons and 36-plet mesons, and cover all avail-
able decay channels by using the decay program of
PYTHIA 6.1%". The main idea is to line up quarks
and anti-quarks in a one-dimensional order in phase
space, e.g. in rapidity, and let them combine into
initial hadrons one by one following a combination
rule. See the second section of Ref. [24] for the short
description of such a rule. Of course, we also take
into account the near correlation in transverse mo-
mentum by limiting the maximum transverse momen-

tum difference for quarks and antiquarks as they com-
bine into hadrons. The flavor SU(3) symmetry with
strangeness suppression in the yields of initially pro-
duced hadrons is fulfilled in the model™* **).

3 pr spectra of the constituent quarks
at hadronization

It is known that the measured hadron pr spec-
tra in relativistic heavy ion collisions exhibit a two-
component behavior. The spectra take an exponen-
tial form at low pr and a power-law form at high
pr. Based on parton-hadron duality, the transverse
momentum spectra of constituent quarks just before
hadronization should also have the same property. In
principle, the quarks just before hadronization come
from two parts, i.e. the thermal quarks from the
hot medium produced in collisions and the minijet
quarks from initial hard collisions. The final hadrons
are the total contribution of the two parts. But, just
as shown in the second figure in Ref. [8], the mini-
jet quarks dominate the large transverse momenta
where thermal quarks take a very small proportion,
and thermal quarks dominate the low transverse mo-
mentum region where the minijet quarks have a small
contribution. Therefore, we can neglect the two small
contributions, similar to the treatment in Ref. [16],
and adopt a piecewise function to describe approxi-
mately the transverse momentum distribution of con-
stituent quarks:

dN,
12— = 0(po—pr) N fun(pr) +

2rprdpr
e(pT_pO)Metfjet(pT)u (1)

where 0(z) is the step function, Ny, is the number
of thermal quarks and N is the number of mini-
jet quarks. po is the transition point from thermal
distribution to power-law distribution, which is de-
termined by the spectra continuity. In fact, the inter-
action between the thermal quarks and the minijet
quarks leads to a smooth spectrum around py, and
we neglect this effect in this paper.

The hot and dense quark matter produced in
nucleus-nucleus collisions at RHIC energies shows a
significant collective character™ > %2 The pr spec-
tra of thermal quarks at hadronization can be de-
scribed by a thermal phenomenological model incor-
porating the transverse flow of thermal medium!*.
The quarks and antiquarks transversely boost with a
flow velocity profile §,(r) as a function of transverse
radial position r. G,(r) is parameterized by the sur-
face velocity B.: B.(r) = €™, where & = r/Rpax,
and R,.. is the thermal source maximum radius
(0 < &< 1). The transverse flow of thermal medium
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can be equivalently described by a superposition of a
set of thermal sources, each boosted with transverse
rapidity p=tanh~'g,!*%):

dnth

fun(pr) = AL{dSmT X

27tprdpr B

prsinh p mr cosh p
(2o (o)

where A is the normalization constant in the region
pr € [0,p0]. Iy and K, are the modified Bessel func-

constituent quark. T is the hadronization tempera-
ture. The average transverse velocity can be written
as

[pgreac
J§d§ Cn+2

With fixed hadronization temperature T'=170 MeV
and parameter n = 0.5, the average transverse veloc-
ity (f,) is able to characterize the transverse collective

(B:) = Bs. 3)

tions. my = y/p%+m? is the transverse mass of the | flow of the hot and dense quark matter.
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The values of the parameters Ny, (a), Njet (b), (8:) (c) and « (d) for the p spectra of light quarks (filled

circles) and strange quarks (open circles) at midrapidity in four different centrality bins. The corresponding
centrality bins are 0—10%, 20%—40%, 40%—60%, and 60%—80%. The solid and dashed lines are the
parameterized results for light and strange quarks respectively.

The quarks and antiquarks with high transverse
momenta are mainly from the minijets created in ini-
tial hard collisions among nucleons. Here the so-
called minijet quarks are those just before hadroniza-
tion. They are the parton remnants after the revo-
lution of the initial hard partons by gluon radiation
and split, and are different from those in the frag-
mentation model. The pr spectra of minijet quarks
at hadronization can be parameterized as follows:

Jzet@T):&—B(H@) S

2ntprdpr Po
where B is the normalization constant in the region
pr € (po,00).

There are four independent parameters in Eq. (1)
to determine the transverse momentum distributions
of quarks: Ny, Niet, (6:) and a. Here, we extract the
values of these parameters for the light and strange
quark pr spectra at midrapidity from the data of 7t°
and KS[44’ 4] respectively. In our quark combination
model, removing the resonance decay contributions
from the measured n° and K¢ transverse momentum
distributions, we get the initially produced ° and K?
transverse momentum spectra. The values of parame-
ters are inversely extracted from these initial spectra.

We obtain four groups of results corresponding to the
centrality bins 0—10%, 20%—40%, 40%—60%, and

| 60%—80%. They are shown in Fig. 1. The lines in

the figure are the parameterized results, from which
we can get the quark pr spectra in any collision cen-
trality. In Fig. 2, we also show the quark pr spectra
in four collision centralities mentioned-above.

One can see from Fig. 1 that the centrality depen-
dence of the parameter Ny, is different from that of
Nje;. As we know, the thermal quarks which domi-
nate the low pr region carry most of the collision en-
ergy. The available energy used to produce hadrons
in different centrality is proportional to the number
of nucleon participants N, at the fixed collision
energy. Therefore, the number of thermal quarks
is approximately proportional to Np.. The mini-
jet quarks with high pr are mainly from the hard-jet
created in initial hard collisions among nucleons, and
their quantity is mainly determined by the number
of binary collisions N, which is obviously different
from N,.... Generally, the higher the collision central-
ity is, the bigger the bulk volume for hot medium, the
stronger the transverse collective flow 8. The bigger
the bulk volume for hot medium is, the more energy
loss for minijet quarks, thus the steeper the minijet-
quark spectra and the bigger the parameter a. It is
further observed that the strange quarks are different
from light quarks not only in the quantity (due to
strangeness suppression) but also in the momentum
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distribution. It is easy to understand that the spec-
trum of strange quarks at high pr, due to its heavier
effective mass, is steeper than that of light quarks, i.e.
a® > In the low pr range, however, the spec-
trum of strange quarks is flatter than the light quarks
because 3 > (w4 By analyzing the data of multi-
strange hadrons ¢, Z and Q, Ref. [46] also draws the
same conclusion. Furthermore, the similar property
is also obtained in longitudinal orientation”. As we
know, the expansion evolution of the plasma in the
partonic phase is also a process of obtaining the ef-
fective mass for partons. Due to the heavier effective
mass, the strange quarks may undergo a stronger hy-
drodynamic expansion in the partonic phase than the
light quarks.
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Fig. 2. The pr spectra of the light quarks

(a) and strange quarks (b) at midrapidity in
Au+Au collisions at y/snn =200 GeV.

As is known to all, though the nucleus-nucleus col-
lisions at top RHIC energy exhibit a high degree of
transparency, there are still a few net-quarks which
stopped in the midrapidity region. The pr spec-
tra of both 7° and K° can not reflect the informa-
tion of net quarks*”. We obtain the number of net
quarks at midrapidity in different centrality bins by
fitting the rapidity densities of net-proton*®. Note

that the ratios of =/t and p/p measured by STAR
and PHENIX Collaborations reveal weak dependence
of centrality and transverse momentum!® *®/, The
transverse momentum distribution of net quarks is
taken to be the same as that of the newborn light
quarks in the model.

With the input, we can give the transverse mo-
mentum distributions of various hadrons in different
collision centralities and the nuclear modification fac-
tors Rcp for these hadrons. Just as mentioned in the
above section, we consider the decay contributions
from all available decay channels of all resonances by
using the decay program of PYTHIA 6.11*". There-
fore, we can directly compare our calculated results
with the experimental data.

4 Results and discussions

4.1 The pr spectra of hadrons in Au+Au col-
lisions

We firstly calculate the transverse momentum
spectra of * and p(p) in different centrality bins
in Au+Au collisions at /syx =200 GeV. The results
are shown in Fig. 3. Here, the pion spectra are cor-
rected to remove the feed-down contributions from K?
and A(A). The pr spectra of hadrons in low py region
are specially shown in the inserted plots. One can see
that the calculated results agree well with the data
from the STAR Collaboration. The strange hadron
production can better reflect the property of the hot
and dense quark matter produced in collisions. We
also compute the transverse momentum distributions
of strange hadrons K*, A(A) in different centrality
bins. The results are shown in Fig. 4 and compared
with the data.

As shown above, the good agreement between the
model predictions and the experimental data confirms
the validity of our model from the central to the pe-
ripheral collisions.

4.2 The nuclear modification factors Rgp for
hadrons in Au-+Au collisions

The nuclear modification factors Rcp can reflect
more precisely the variation of hadron pr spectra in

different centrality bins. It is quantified as!*®:

(2 N/ (2mprdprdy)) /N ] "
[(d2N/(2nprdprdy)) /Now] "™
(5)
In Fig. 5, we give the computed results of Rqp for
it +m~ and p+p (0—10%/60%—80%), K+ and A+A
(0—5%/60%—80%), and compare them with the ex-
perimental data.

CP(PT) =
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collisions at y/sn~ =200 GeV. The data are taken from STAR Collaboration
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Fig. 4. The transverse momentum spectra of strange hadrons in different centrality bins in Au+Au collisions
at v/snn =200 GeV. The data are taken from PHENIX and STAR Collaborations[26’ 49].
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STAR Collaboration*® %,

The hadrons in low pr region are mainly from the
thermal quark combination. As shown in the first
figure, the transverse collective flow of the hot and
dense quark matter, denoted by (5,), decreases with
the falling centrality. This leads to the pr spectra
of thermal quarks becoming softer in peripheral colli-
sions, and then results in an increasing trend of Rcp
for hadrons in low pr region. The hadrons with in-
termediate pr are mainly produced by the combina-
tion of thermal quarks with minijet quarks. As we
all know, with the decreasing collision centrality, the
volume size of the hot and dense quark matter be-
comes small and the energy loss of minijet quarks
correspondingly becomes small as they traverse the
hot and dense medium. It leads to the pr spectra
of minijet quarks becoming harder in peripheral col-
lisions, which is embodied in the decreasing value of
parameter « shown in the first figure with the falling
centrality. With the increasing of pr, the hadron Rcp
goes over from the rise caused by the combination of
thermal quarks to fall caused by the combination of
minijet quarks. One can see that the quark combi-
nation model well describes the behavior of Rep for
final hadrons in the whole pt region considering the
variation of the transverse collective flow of the hot
and dense quark matter.

In addition, the data show that the Rcp for
baryons clearly exhibits less suppression compared
with that of mesons in intermediate transverse mo-

mentum region. This type dependence of Rcp, which
is dependent upon the number of constituent quarks
rather than hadronic mass, has been qualitatively dis-
cussed earlier in Refs. [8, 50] as an experimental sup-
port of the quark combination picture. Our results
further manifest this baryon-meson difference of Rcp
in intermediate pr region.

The experimental data show that the baryon-
meson difference of Rep disappears at higher pr. Us-
ing the fragmentation mechanism, the Duke group in
Ref. [8] has explained this common degree of suppres-
sion for both baryons and mesons at high pt. Our
results from the quark combination can also describe
this behavior of Rcp at high pr. These two different
hadronization mechanisms produce similar results. It
suggests that the disappearance of baryon-meson dif-
ference of Rcp at high pr is not caused by hadroniza-
tion mechanism. The hard scatterings which take
place near the surface of the collisions produce the
back-to-back dijets. One-side jets escape almost with-
out energy loss, while the away-side jets lose signifi-
cant energy as they traverse the hot and dense matter.
The hadrons with high pr in all collision centralities
are mostly from these jets without energy loss. The
transverse momentum distributions of these minijet
quarks with high pr in central collisions, except the
quantity, are almost the same with those in peripheral
collisions. Therefore, no matter what the hadroniza-
tion mechanism is, there exists a similar suppression
of the Rcp for baryons and mesons at high pr.

It is also observed that the calculated Rcp de-
viates from the data to a certain degree. The rea-
son may be that some effects, such as the produc-
tion of excited-state hadrons and final-state rescat-
tering, are not considered currently in the model.
As we know, a small quantity of the excited-state
hadrons are produced in relativistic heavy ion colli-
sions, and the yields and momentum distributions of
final hadrons are influenced by the decay contribu-
tion of these excited-state hadrons to a certain ex-
tent. As the decay branch ratios of many excited-
state hadrons are incompletely measured, the contri-
butions of excited-state hadrons are neglected in the
current model. On the other hand, the perfect quark-
number scaling of hadron elliptic flow v, suggests that
the influence of final-state rescattering on hadron dis-
tribution is finite and small*?| so we also neglect it
in the work. These two effects would affect the fine
observable Rcp.

4.3 The pr spectra and nuclear modification
factors Rcp for hadrons in Cu+Cu colli-
sions

Now, we apply the centrality (participants) de-
pendence of parameters in Au+Au collisions which
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Fig. 6. The transverse momentum spectra of identified hadrons in different centrality bins (a) and their nuclear

modification factors Rcp (b) in Cu+Cu collisions at /snx = 200 GeV. The data are taken from PHENIX

and STAR Collaborations** °*.

determine the pr spectra of quarks in different cen-
tralities, to the relative smaller Cu+Cu collision sys-
tem at /syny =200 GeV. In Fig. 6, we show the cal-
culation results for the transverse momentum spectra
of m°,K? and hyperon A in different centrality bins
and Rcp for these hadrons in Cu+4Cu collisions at
Vsnn = 200 GeV. The pr spectra of hadrons in low
pr region are specially shown in the inserted plots.
We find that the results agree well with the data in
the low transverse momentum region in all central-
ity bins. This implies that the transverse collective
flow of the hot and dense quark matter, i.e. (3,), is
only a function of N, and irrelevant to the collision
system at the same collision energy. The good agree-
ment of our results with the 71° data at high transverse
momenta also suggests that the energy loss of mini-
jet quarks in Cu+Cu collisions is almost the same
with that in Au+Au collisions with the same partici-
pants Np.. at /sy =200 GeV. It is consistent with
the recent measurement of STAR Collaboration®® *3,
The above results suggest that the hot and dense
quark matter produced in Au+Au and Cu+Cu colli-
sions at the same N, and collision energy has sim-
ilar strong-interacting character. Of course, even at
the same N,,; and collision energy, the initial spa-
tial eccentricity of the overlap collision geometry in
Au+Au collisions is obviously different from that in

Cu+Cu collision systems. The difference is clearly
reflected by some important observations, e.g. the el-
liptic flow of final hadrons and the global polarization

of hyperon[12’ 50, 54-—56]

5 Summary

Using the quark combination model, we study sys-
tematically the centrality dependence of the trans-
verse momentum distributions for the identified
hadrons at midrapidity in Au+Au and Cu+Cu col-
lisions at /sy = 200 GeV. The centrality depen-
dence of the parameters for quark pr spectra is ex-
tracted from the data of m° and K? in Au+Au col-
lisions. We calculate the transverse momentum dis-
tributions of 7, p (p), K* and A(A) in five central-
ity bins. The good agreement between our results
and the data indicates that the quark combination
hadronization mechanism is applicable to all collision
centralities. The nuclear modification factors Rcp
for n* +7~ and p+p (010%/60%—80%), K* and
A+ A (0—5%/60%—80%) are calculated and com-
pared with the data. The quark combination model
well describes the behavior of Rcp for final hadrons
in the whole pr region considering the decrease of the
transverse collective flow of the hot and dense quark
matter from the central collisions to the peripheral
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collisions. The disappearance of the baryon-meson tum region in all centrality bins. It suggests that the

difference of Rcp at higher pr is derived from the
same transverse momentum distribution of minijet
quarks between the central and the peripheral colli-
sions rather than the hadronization mechanism. Fur-
thermore, we apply the N,,.; dependence of parame-
ters to the relative smaller Cu+Cu collision system at
the same collision energy. We calculate the transverse
momentum spectra of 71°, K°, and A at midrapidity

e

in different centrality bins and Rcp of these hadrons
in Cu+Cu collisions at y/syn = 200 GeV. The results
agree well with the data in low transverse momen-
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