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Abstract: The production of the hadronic resonances K∗0(892), φ(1020), Σ∗(1385), and Ξ∗(1530) in central AA

collisions at
√

sNN = 17.3, 200, and 2760 GeV is systematically studied. The direct production of these resonances

at system hadronization is described by the quark combination model and the effects of hadron multiple-scattering

stage are dealt with by a ultra-relativistic quantum molecular dynamics model (UrQMD). We study the contribution

of these two production sources to final observation and compare the final spectra with the available experimental

data. The pT spectra of K∗0(892) calculated directly by quark combination model are explicitly higher than the

data at low pT . 1.5 GeV, and taking into account the modification of rescattering effects, the resulting final spectra

well agree with the data at all three collision energies. The rescattering effect on φ(1020) production is weak and

including it can slightly improve our description at low pT on the basis of overall agreement with the data. We also

predict the pT spectra of Σ∗(1385) and Ξ∗(1530), to be tested by the future experimental data.
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1 Introduction

Collisions of heavy ions at extremely relativistic en-
ergies create bulk matter with extremely high temper-
ature and energy density [1]. The created matter ex-
pands, cools and finally produces thousands of hadrons
of different species after hadronization. Compared to the
stable hadrons, the produced hadronic resonances are
significantly affected by the subsequent hadron multiple-
scattering process, because of their short lifetime (usu-
ally several fm/c), which is less than or comparable to
the time span of the hadronic stage. Resonances such as
K∗0(892), φ(1020) and Σ∗(1385) have been measured by
NA49 experiments at SPS energies, STAR experiments
at RHIC energies and recent ALICE experiments at LHC
energies, and rich experimental data of yields and trans-
verse momentum pT spectra are reported [2–6]. Their
production has been studied by several models or event
generators such as UrQMD, AMPT and hybrid methods
[7–13].

In this paper, we study the production of these
hadronic resonances in relativistic heavy ion collisions
by focusing on both the initial production dynamics at

hadronization and the effects of the hadronic rescatter-
ing stage. We choose three different collision systems,
i.e., central Pb+Pb collisions at

√
sNN = 17.3 GeV, cen-

tral Au+Au collisions at 200 GeV and central Pb+Pb
collisions at 2760 GeV, which covers two order of the
magnitudes of collision energy. This enables us to study
the universal characteristics of resonance production in
relativistic heavy ion collisions, taking advantage of the
available data measured at SPS, RHIC and LHC. In
particular, we discuss the initial production dynamics
of hadronic resonances at hadronization. This is par-
tially due to the microscopic production dynamics of sta-
ble hadrons such as pions, kaons, protons, Λ, Ξ and Ω
being well established by the experimental data. It is
the quark combination mechanism that microscopically
dominates their production, not the traditional string
fragmentation2). Studying how these resonances are pro-
duced will deepen our understanding of the hadroniza-
tion dynamics and test the existing hadronization mod-
els, which have been tested against the experimental
data of stable hadrons, in relativistic heavy ion colli-
sions. In order to present our results clearly, we adopt
a two-step strategy. First, we use a combination model
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to give the pT spectra of resonance hadrons just after
hadronization. Second, including the rescattering effect
by a hadron transport model to give the final spectra of
the resonances, and presenting them against the exper-
imental data. We discuss whether the method of quark
combination + hadron rescatterings can hold the essen-
tial characteristics of resonance production in relativistic
heavy ion collisions or not.

We mainly study four resonance hadrons,
i.e. K∗0(892), Σ∗(1385), φ(1020), and Ξ∗(1530), which
have different properties in their production. K∗0(892)
has a proper lifetime of about 4 fm/c and thus will de-
cay quickly once it is produced. Their decay products,
kaons and pions, can scatter with neighboring particles
and thus lose the memory of their mother. On the other
hand, the pions and kaons also have a certain probabil-
ity of colliding to regenerate the K∗0(892). In addition,
using available experimental data, we can study the pro-
duction suppression of the vector K∗0(892) in the quark
combination model, relative to its low-lying partner kaon
(497 MeV). The φ(1020) meson has a long lifetime of
about 46 fm/c, which is longer than the effective time
duration of the hadronic rescattering stage. The initially
produced φ(1020) is hardly lost and φ(1020) can also be
produced by two kaon coalescence, and thus might have
a rescattering effect to a certain extent. Σ∗(1385) is a
baryon resonance, and apart from the different reaction
cross sections, the kinetics of daughter rescattering and
regeneration is also different from the K∗s. Thereby,
we can study the baryon meson difference of hadronic
rescattering effects. Ξ∗0(1530) is a multi-strangeness
hyperon, which can be used (together with Σ∗(1385))
to test the initial production of the JP = (3/2)+ state
relative to the JP = (1/2)+ ground state and also the
interaction dynamics of hyperons with light hadrons.

The paper is organized as follows. First we briefly
introduce the quark combination model and hadronic
rescattering model used in this work. Then we show
the rescattering effects for the production of the above
resonances, followed by a detailed discussion. Finally
we show the final pT spectra of four resonances and com-
pare them with available experimental data. A summary
is given at the end.

2 Brief introduction of working models

The quark combination model provides a good and
natural description of hadron production in the low and
intermediate pT region for QGP hadronization [14–18],
where the traditional string fragmentation fails. In this
paper, we apply the quark combination model devel-
oped by the Shandong group (SDQCM) [18] to give the
momentum spectra of hadronic resonances. Of all the
combination models “on the market”, SDQCM is unique

for its combination rule, which guarantees that mesons
and baryons exhaust the probability of all the fates of
the (anti-)quarks in a deconfined color-neutral system at
hadronization. The main idea of the combination rule is
to line up the(anti-) quarks in a one-dimensional order in
phase space, e.g., in rapidity, and then let them combine
into initial hadrons one by one according to this order
[18]. Three (anti-)quarks or a quark-antiquark pair in
the neighborhood form a (anti-)baryon or a meson, re-
spectively. The exclusive nature of the model makes it
convenient to predict K∗0(892) and other resonance pro-
duction on the basis of the reproduction of the yields and
momentum spectra of various stable hadrons. The model
has been used to explain the experimental data of yield,
rapidity and pT spectra of various identified hadrons in
relativistic heavy ion collisions at different energies [18–
23]. In those previous works, we have studied production
of stable hadrons including pions, kaons, protons, Λ, Ξ
and Ω at three collision energies. Assuming the same
combination dynamics as those stable hadrons, we can
directly compute the pT spectra of the above resonances,
using the obtained momentum distributions of quarks
just before hadronization.

We use the ultra-relativistic quantum molecular dy-
namics model (UrQMD) [24, 25] version 3.4 to calcu-
late the effects of the hadronic rescattering stage on
resonance production. The UrQMD model is a non-
equilibrium transport approach and provides a good de-
scription of the phase-space evolution of hadron sys-
tems. The interactions of hadrons include binary elas-
tic and 2 → n inelastic scatterings, resonance creations
and decays, string excitations, particle-antiparticle anni-
hilations as well as strangeness exchange reactions. The
cross sections and branching ratios for the correspond-
ing interactions are taken from available experimental
measurements, detailed balance relations and the addi-
tive quark model. The model allows convenient study
of the full phase-space evolution of all hadrons and reso-
nances in relativistic heavy-ion collisions. In this paper,
we use the hybrid mode of the UrQMD and at the chem-
ical freeze-out point we input our calculated resonance
spectra for hadronization via the Monte Carlo sampling
method and then start the hadronic rescattering pro-
cess. By comparing the spectra of the initial resonances
with those taking into account the effects of the hadronic
rescattering stage, we can study the presentation of the
two main production sources at the final state.

3 Results of hadronic rescattering effects

Figure 1 shows the mid-rapidity pT spectra of
K∗0(892), φ(1020), Σ∗(1385), and Ξ∗(1530) directly pro-
duced by hadronization and those including the effects
of the hadronic rescattering stage in central Pb+Pb col-
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lisions at
√

sNN = 17.3 GeV. Here, Σ∗(1385) refers to
Σ∗0(1385)+Σ∗−(1385) plus their anti-particles in order to
compare with the available experimental data and obtain
high statistics. Ξ∗(1530) refers to Ξ∗0(1530)+Ξ∗−(1530).
We see that the hadronic rescattering stage causes an ob-
vious suppression on low pT spectra of K∗0(892) mainly
because of the so-called signal loss, that is to say,
K∗0(892) decay products (pion and kaon) re-scattered
by neighboring hadrons. With the increasing transverse
momentum this signal loss becomes weak due to the pro-
longed fly lifetime (Lorentz effect). On the other hand,
the regeneration of K∗0(892) by pion kaon coalescence
would contribute to the yield density at intermediate
pT, as seen in pT ∼ 2 GeV in Fig. 1(a). We see that
the spectrum of the φ(1020) meson is slightly affected
by hadronic rescatterings. For Σ∗(1385) and Ξ∗(1530),
hadronic rescatterings also suppress their low pT spectra
but the magnitude is smaller than that of K∗0(892). It
also causes a slight increase of the yield density at the
moderate pT region, which is the competition of signal
loss and regeneration channels.

Fig. 1. (color online) Mid-rapidity pT spectra of
resonances with/without including the effects of
the hadronic rescattering stage in central Pb+Pb
collisions at

√

sNN = 17.3 GeV.

The effects of the hadronic rescattering stage at dif-
ferent collision energies are shown in Fig. 2. Here, in or-
der to study their energy dependence, we plot the ratio
of pT spectra of resonances incorporating the hadronic
rescattering effects to those that don’t. Figure 2(a)
shows the results of K∗0(892) in central AA collisions at
√

sNN =17.3, 200 and 2760 GeV. We see that the produc-
tion of K∗0(892) is suppressed by more than half at low
pT, and as pT increases the suppression becomes weak
due to the contribution of the regeneration channel. In
addition, we see a weak energy dependence for the ratio

of K∗0(892) from 17.3 GeV to 200 GeV but an obvious
continuous suppression as the collision energy increases
to 2760 GeV, which is partially due to the much ex-
tended lifetime of the hadronic phase at LHC energies.
For φ(1020) in Fig. 2(b), the ratio deviates from one
by around 20% in the pT region covered both at 17.3
GeV and 200 GeV, showing also a weak energy depen-
dence from SPS to RHIC energies. At LHC energy, the
φ(1020) suppression at the low pT region is relatively
strong and reaches about 30%. Compared to panel (a),
the hadronic rescattering effect on the φ(1020) is obvi-
ously smaller than that of the K∗0(892). This is closely
related to the φ(1020)’s long lifetime and the small reac-
tion cross section between φ(1020) and other particles.
Note that two kaon coalescence can regenerate φ(1020)
and thus increase the φ(1020) yield at the intermedi-
ate pT region to a certain extent (10%–20%), which is
determined by their cross section and their phase space
populations in the system evolution. For Σ∗(1385) and
Ξ∗(1530), we also find a nontrivial suppression at the low
pT region and a small increase at moderate pT due to the
competition of signal loss and regeneration.

Fig. 2. (color online) The ratio of the pT spectra
of resonances incorporating hadronic rescattering
effects to those without, at three different colli-
sion energies. The imperfect smoothness is due
to the finite statistics.

4 Final spectra of resonances

In Fig. 3, we present the pT spectra of initial and
final K∗0(892) taking into account rescattering effects
at three different collision energies, and compare them
with the experimental data [2, 4, 6]. The open circles
with dashed lines are pT spectra of direct K∗0(892) given
by SDQCM. We see that at the low pT region pT . 1
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Fig. 3. (color online) The pT spectra of K∗0(892) at
three different collision energies. Solid circles are
experimental data [2, 4, 6] and open symbols with
lines are results of initially produced K∗0(892) by
SDQCM and of those including hadron rescatter-
ing effects, respectively.

GeV, the K∗0(892) produced by hadronization is obvi-
ously greater than the data at the three collision ener-
gies. As pT increases, the QCM results begin to get closer
to the data. Note that these direct spectra of K∗0(892)
are calculated using the momentum distribution of con-
stituent light quarks and strange quarks obtained in pre-
vious works, where we have reproduced the experimen-
tal data of various stable hadrons, in particular, that of
kaons. The over-estimation at low pT shows the neces-
sity of including the significant effects of the hadronic
rescattering stage. Including these effects, we get the
final spectra of K∗0(892), which are shown as the open
squares with solid lines in Fig. 3 (a-c). In panel (a), for
Pb+Pb 17.3 GeV, we obtain a good description of ex-
perimental data. For panel (b), at Au+Au 200 GeV, we
also get an improved agreement with the data. Here, we

also plot another result, up-triangles with solid line, in
which the hadronic rescattering effect is calculated from
the ART subroutine in the AMPT model obtained in
our previous work [12]. We find that it is very close to
the present one. At LHC energy in panel (c), consid-
eration of the hadronic rescattering effects significantly
suppresses the low pT K∗0(892) production and the fi-
nal pT spectrum tends to agree with the experimental
data of the ALICE collaboration [6]. Here, we also plot
another result in which the hadronic rescattering effect
is calculated in Ref. [11], and it can be regarded as a
reference for the theoretical uncertainty of the hadronic
stage. The final K∗0(892) spectrum obtained is shown
as the up-triangles with solid line in panel (c). This re-
sult exhibits weaker suppression than we calculated. It
slightly exceeds the data in pT . 2 GeV by about 20%,
but agrees with the last data point. Together these two
results, we argue that the experimental data can be ex-
plained by the method of this paper. The results of Fig. 3
thus give us significant confidence that the initial produc-
tion dynamics of K∗0(892) at hadronization should also
be quark combination.

In meson formation in the quark combination model,
the relative production probability of the lowest-lying
vector meson (V) to pseudo-scalar meson (P) with
the same constituent quark composition is tuned by
the parameter RV/P. In previous work [12] at high
RHIC energies, we found that a value of about
0.45 for RV/P can explain the data of kaons and
K∗0(892) simultaneously. Here, we see that using the
same value, the data of both SPS and LHC ener-
gies are also explained well. This universal param-
eter value suggests a nontrivial constraint for model-
ing the spin-induced interaction dynamics at hadroniza-
tion in more sophisticated quark combination models in
future.

Figure 4 shows the results for the φ(1020) meson

and the comparison with experimental data [3, 6, 26].

As shown in Fig. 2, the rescattering effect of φ(1020)

production is weak, which is due to its long lifetime

and small interaction cross section with other parti-
cles, and relatively rare two kaon coalescence. The fi-

nal φ(1020) pT spectra including the rescattering effects,

open-squares with solid line, change little relative to the
initial ones given by SDQCM, open-circles with dashed
lines. We find a good agreement with the experimental
data at SPS (panel (a)) and RHIC (panel (b)). As the
collision energy increases to LHC energy, see panel (c),
the rescattering effects suppress, to a certain extent, the
yield density of the φ(1020) meson at low pT(. 1 GeV)
and we observe an visible decrease for the final φ(1020)
spectra there, leading to an improved agreement between
our final result and the experimental data of the ALICE
collaboration.
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Fig. 4. (color online) The pT spectra of φ(1020)
at three different collision energies. Solid circles
are experimental data [3, 6, 26] and open symbols
with lines are results of initially produced φ(1020)
by SDQCM and of those including hadron rescat-
tering effects, respectively.

Some comments on φ(1020) results at LHC energies
are in order. The data show the pT spectrum of the pro-
ton is very close to that of φ(1020) [6], which is expected
in the hydrodynamical model mainly due to their similar
mass. So it is argued in Ref. [6] that the φ(1020) me-
son production is thermal dominated at LHC energies.
Surely, thermalization is more important at LHC. How-
ever, we note that the shape of the φ(1020) distribution
calculated by the hydrodynamical model still deviates
from the data to a certain extent [6, 31], i.e. it over-
estimates the production by about 50% at pT . 2 GeV
but underestimates the data by almost the same pro-
portion at larger pT. In addition, the hydrodynamical
model fails to reproduce the Ω/φ(1020) ratio as a func-
tion of pT as pT & 2 GeV [6]. Note that the exponential
behavior of the hadronic pT spectra at LHC extends to
4 GeV for mesons and 6 GeV for baryons due to the

large collective flow [28]. On the other hand, at LHC
energy QCM still performs as well as at RHIC energies,
as shown in Fig. 4 for φ(1020) and our previous work
[21] for stable hadrons. To illustrate it more clearly, Fig.
5 shows the pT spectra of various stable strange hadrons
obtain in our work [21] with further refined quark spec-
tra for thermal components. The pT region is chosen as
0–4 GeV, because we observe that the Ω/φ(1020) ratio
linearly increases to about 4 GeV [6], showing the domi-
nant region for thermal quark combination. The relative
difference between our results and the data is less than
about 20%, which is smaller than those of the hydro-
dynamical model and others reported in the literature
[6, 29, 31–35].

Fig. 5. (color online) The pT spectra of stable
hadrons in central Pb+Pb collisions at

√

sNN =
2760 GeV. Symbols are the experimental data
[27–30] and lines are the results of SDQCM. The
data and model results for the kaon are multiplied
by a factor of 5 for clarity.

Finally, we show the results of the final Ξ∗(1530) and
Σ∗(1385) in Fig. 6. In SDQCM, the relative production
of the lowest-lying decuplet baryon (JP = (3/2)+) to
octet baryon (JP = (1/2)+) with the same constituent
quark composition is tuned by the parameter RD/O,
which is taken to be 0.5 based on symmetry analysis
and the data of pp and e+e− collisions in our previ-
ous works [18]. At present, only the data of Σ∗(1385) at
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Fig. 6. (color online) The pT spectra of Σ∗(1385)
and Ξ∗(1530) with/without incorporation of
hadronic rescattering effect, at three different col-
lision energies.

Au+Au collisions are available and are shown also in
panel (a). We see that our results at 200 GeV basically
agree with the data. The results for SPS and LHC en-
ergies are left to be tested by future experimental data.
For Ξ∗(1530), the rescattering effects at LHC energy are
stronger than that for Σ∗(1385) but are still smaller than
that for K∗0(892). We predict their final spectra for fu-
ture testing by experimental data.

5 Summary

We have studied the production of the hadronic res-
onances K∗0(892), φ(1020), Σ∗(1385), and Ξ∗(1530) in
relativistic heavy ion collisions, using the hybrid method
of quark combination hadronization plus hadronic multi-
ple scattering effects. The experimental data of K∗0(892)
and φ(1020) at central Pb+Pb collisions at

√
sNN = 17.3,

central Au+Au collisions at 200 GeV and central Pb+Pb
collisions at 2760 GeV are explained well. We find that
the effect of hadronic rescattering causes significant sup-
pression of K∗0(892) production at low pT but slight sup-
pression for φ(1020) production. The effect of hadronic
rescattering is also nontrivial for Σ∗(1385) and Ξ∗(1530)
production. We predict the final pT spectra of Σ∗(1385)
and Ξ∗(1530) for future tests by experiments.
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15 V. Greco, C. M. Ko, and P. Lévai, Phys. Rev. Lett., 90: 202302
(2003)

16 R. C. Hwa and C. B. Yang, Phys. Rev. C, 70: 024905 (2004)
17 L. W. Chen and C. M. Ko, Phys. Rev. C, 73: 044903 (2006)
18 F. L. Shao, Q. B. Xie, and Q. Wang, Phys. Rev. C, 71: 044903

(2005); C. E. Shao, J. Song, F. L. Shao et al, Phys. Rev. C,

80: 014909 (2009)
19 R. Q. Wang, F. L. Shao, J. Song et al, Phys. Rev. C, 86: 054906

(2012)
20 J. Song and F. L. Shao, Phys. Rev. C, 88: 027901 (2013)
21 R. Q. Wang, J. Song, and F. L. Shao, Phys. Rev. C, 91: 014909

(2015)
22 L. X. Sun, R. Q. Wang, J. Song et al, Chin.Phys. C, 36(1): 55

(2012)
23 J. Song, F. L. Shao, Q. B. Xie et al, Chin. Phys. C, 33(6): 481

(2009)
24 S. A. Bass, M. Belkacem, M. Bleicher et al, Prog. Part. Nucl.

Phys., 41: 225 (1998)
25 M. Bleicher, E. Zabrodin, C. Spieles et al, J. Phys. G, 25: 1859

(1999)
26 B. I. Abelev et al (STAR Collaboration), Phys. Rev. Lett., 99:

112301 (2007)
27 B. B. Abelev et al (ALICE Collaboration), Phys. Rev. Lett.,

109: 252301 (2012)
28 B. B. Abelev et al (ALICE Collaboration), Phys. Lett. B, 736:

196 (2014)
29 B. B. Abelev et al (ALICE Collaboration), Phys. Lett. B, 728:

216 (2014)
30 B. B. Abelev et al (ALICE Collaboration), Phys. Rev. Lett.,

111: 222301 (2013)
31 C. Shen, U. Heinz, P. Huovinen et al, Phys. Rev. C, 84: 044903

(2011)
32 Iu.A. Karpenko and Yu.M. Senyukov, J. Phys. G, 38: 124059

(2011)
33 Iu.A. Karpenko, Yu.M. Sinyukov, and K. Werner Phys. Rev.

C, 87: 024914 (2013)
34 P. Bozek, Phys. Rev. C, 85: 034901 (2012)
35 P. Bozek, Acta Phys. Pol. B, 43(4): 689 (2012)

014101-6


