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The energy and centrality dependence of the kaon resonance ratio (K∗0 + K̄∗0)/(K+ + K−) is explored in
the RHIC-BES and CBM-FAIR energy regime. To this aim, the ultrarelativistic quantum molecular dynamics
model is employed to simulate reconstructable K∗ resonances in Au + Au and p + p collisions from

√
sNN =

3–39 GeV. We obtain a good description of the resonance yields and mean transverse momenta over the whole
investigated energy range. The decrease of the K∗/K ratio with increasing centrality is in line with the available
experimental data. We also observe the experimenatlly measured increase in 〈pT〉 with increasing centrality
which is interpreted as a lower reconstruction probability of low-pT K∗ due to the pT dependent absorption of the
decay daughter hadrons. We conclude that the observed suppression of reconstructable K∗ resonances provides
a strong sign of an extended hadronic rescattering stage at all investigated energies. Its duration increases from
peripheral to central reactions as expected. Following a method, suggested by the STAR experiment, a lower
bound on the duration of the hadronic stage is extracted using the K∗/K ratios at chemical and kinetic freeze-out.
The resulting lifetimes are in good agreement with the experimental data, but shorter than the actual lifetime of
the hadronic phase in the transport simulations.

DOI: 10.1103/PhysRevC.111.034913

I. INTRODUCTION

Heavy-ion collisions are today’s main tool to explore
the bulk properties of quantum chromodynamics (QCD) and
strongly interacting matter at unprecedented temperatures and
densities. However, the ultrashort time scales (≈10−23 s) and
extremely small distance scales (≈10−15 m) do not allow
to map out the space-time features of such collisions di-
rectly. Thus, one has to employ indirect methods to extract
information about the space-time picture of the evolution.
A prominently employed tool to extract information on the
space-time extent of the emission source of particles, often
called the region of homogeneity, is Hanbury Brown–Twiss
(HBT) interferometry [1–4]. HBT correlation measurements
of, e.g.. ππ correlations can be used to infer the volume and
duration of the pion emission source. In this context HBT
analyses of experimental data suggest a lifetime of the region
of homogeneity of ≈5–15 fm/c[5–8].

In contrast to these quantum correlations, one may also
scrutinize short-lived hadron resonances to probe the length
of the hadronic stage. Resonances like the ρ, f0, K∗, φ, �∗,
etc., provide, due to their varying life times between 1–50
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fm/c, a differential measure of the extent of the hadronic
stage. The main idea here is that the resonances after their
creation decay and their yield is reconstructed from the daugh-
ter hadrons that have not undergone a further interaction in
the hadronic medium. Thus, the ratio of the resonance to
its ground state may provide a space-time dependent mea-
sure of the interaction strength with the hadronic phase and
thus the suppression is in a simple picture proportional to
K∗/K ≈ exp − ∫ tkin

tchem
�(t ) dt , with tchem (tkin) being the chem-

ical (kinetic) freeze-out time, while �(t ) is the space-time
dependent damping rate. To first approximation, �(t ) is the
vacuum decay width of the resonance.1 This apparent suppres-
sion of reconstructable resonance states has been theoretically
predicted [9–17] at various energies and has also been ob-
served experimentally [13,14,18–24]. A nice advantage of
vector meson resonances, e.g., ρ0, φ, J/� is that their time
integrated yield could also be measured using their decay into
dileptons [25–28], thus providing an additional handle to con-
strain the hadronic stage and its evolution. Examples for the
investigative power of resonances beyond their suppression
are, e.g., their participation in the intermediate flow [29] or

1It is important to note that the assumption of �(t ) = �Res
vac = const.

is not valid, if regeneration and or collisional broadening in the
medium is included. Especially for K∗ mesons substantial regener-
ation is present in a pion rich environment via the channel K∗ →
K + π followed by K + π ′ → K∗, where π and π ′ are different
pions.
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FIG. 1. Ratio of (K∗0 + K̄∗0)/(K+ + K−) at midrapidity as a
function the center-of-mass energy

√
sNN in p + p (blue line) and

Au + Au (central collisions (0–5 % of total cross section): red line,
peripheral collisions (70–80 % of total cross section): black line)
collisions from UrQMD. Experimental data (symbols) for each sys-
tem are taken from: e + e [42–45], p + p [18,46–48], d + Au [20],
p + Au [49,50], and C + C, Si + Si [51], Au + Au [18,52,53], and
Pb + Pb [54–56].

their potential to investigate the kinetic freeze-out [30–33] or
even the structure of the resonance [34,35].

In this paper, we explore the suppression of K∗(892) res-
onances in Au + Au reaction for collision energies ranging√

sNN = 3–39 GeV. This energy range has been under inves-
tigation at the BNL Relativistic Heavy Ion Collider (RHIC)
and its lower end will be further analysed by the future FAIR
facility in the CBM experiment.

For our study, we employ the ultrarelativistic quantum
molecular dynamics (UrQMD) model (version 3.5) [36–38].
All calculations were carried out using UrQMD in cascade
mode and without hybrid hydrodynamic evolution. For the
present study it is important that UrQMD includes all relevant
resonance decays and their regeneration during the hadronic
stage of the reaction. Resonances are reconstructed following
the paths of the decay daughters from the space-time point
of decays through the future of the simulation. Only if both
decay daughters (here, the K and the π from the K∗ de-
cay) leave the reaction zone without further interaction, the
K∗ is reconstructable [11,13,14,30,39–41]. We point out that
although this method differs from the experimentally used
mixed-event analysis of π + K invariant mass spectra this
“theoretical” method of reconstructing resonances by follow-
ing their daughter particles is well justified as is shown in the
Appendix and yields the same results as the “experimental”
method. The results are compared to the world data, with a
special focus on the recently measured STAR data.

II. ENERGY DEPENDENCE
OF THE (K∗0 + K̄∗0)/(K+ + K−) RATIOS

Figure 1 shows the ratio of (K∗0 + K̄∗0)/(K+ + K−) at
midrapidity as a function the center-of-mass energy

√
sNN in

p + p (blue line) and Au + Au (central collisions: red line,

peripheral collisions: black line) collisions from UrQMD. We
compare to the full breadth of available experimental data
(symbols), ranging from e+e− [42–45], p + p [18,46–48],
d + Au [20], p + Au [49,50] to C + C, Si + Si [51], Au + Au
[18,52,53], and Pb + Pb [54–56].

As expected, the resonance ratios increase strongly with
center-of-mass-energy at the lower beam energies and then
level-off towards higher energies. The calculations and the
experimental data are generally in line, although the uncer-
tainties in the data are rather large. For peripheral Au + Au
reactions, we observe a similar pattern as for p + p reac-
tions, both qualitatively and quantitatively. This is in stark
contrast to the results for central Au + Au reactions. Over the
whole investigated energy range, (both in experiment and in
the simulations) a strong suppression of the K∗/K in central
collisions, in comparison to p + p reactions and peripheral
Au + Au collisions, is observed. We further note that the
K∗/K ratio exhibits a weak maximum around

√
sNN ≈ 200

GeV in peripheral and central Au + Au reactions, which is
not present in the case of p + p reactions. This can be under-
stood, because the K∗/K ratio in p + p has already reached
its asymptotic value, while the increase of the fireball volume
leads to a suppression of the reconstructable K∗ resonances at
very high energies.

III. ENERGY AND CENTRALITY DEPENDENCE
OF THE K∗ YIELDS

In the following, we focus on a differential study, that
is possible due to the new STAR data. We start by a
direct comparison of the K∗ yields for various energies
and centralities as explored by the STAR experiment. The
STAR experiment has recently released new data concern-
ing the K∗ resonance, covering a range of beam energies
(
√

sNN = 7.7, 11.5, 14.5, 19.6, 27, and 39 GeV) [53]. We fur-
ther include the energies

√
sNN = 3.0 and 4.5 GeV to bridge

to the RHIC-BES II energies and to the planned FAIR facility.
The simulations are performed for minimum bias collisions of
Au + Au. To compare to the STAR data which are presented
in terms of the MC Glauber number of participants (〈Npart〉),
we extract Npart based on the Glauber model for each event as
done in the experimental data.2

We begin with a comparison of the midrapidity yields
(dN/dy||y|�0.5) of the K∗0 + K̄∗0 shown in Fig. 2. The lines
show UrQMD calculations, while the open symbols show the
experimental data from STAR [53] as open squares (with
statistical and systematic error bars) as a function of cen-
trality. As expected, the yields increase with collision energy
and towards more central reactions. The overall comparison
between model simulation and experimental data is very good
within the error bars.

Next we turn to the centrality scaling of the K∗0 + K̄∗0

yields. To this aim Fig. 3 shows the yields scaled by the num-

2We want to point out the well known fact, that the number of
participants extracted using the Glauber model is not identical to the
number of participants obtained from momentum space cuts or by
summing all nucleons that have interacted.
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FIG. 2. Centrality dependence of the midrapidity yields
dN/dy||y|�0.5 of K∗0 + K̄∗0 as a function of Npart at

√
sNN = 3.0,

4.5, 7.7, 11.5, 14.5, 19.6, 27, and 39 GeV in Au + Au collisions.
UrQMD results are shown as lines, experimental data from [53] are
shown as open squares with error bars. Note that the UrQMD results
for the lowest energies are scaled up by factors 8 and 1.5 for better
visibility.

FIG. 3. Centrality dependence of the midrapidity yields scaled
by the number of participant pairs dN/dy||y|�0.5/(〈Npart〉/2) of K∗0 +
K̄∗0 as a function of Npart at

√
sNN = 3.0, 4.5, 7.7, 11.5, 14.5, 19.6,

27, and 39 GeV in Au + Au collisions. UrQMD results are shown as
lines, experimental data from [53] are shown as open squares with
error bars. Note that the UrQMD results for the lowest energies are
scaled up by factors 8 and 1.5 for better visibility.

FIG. 4. Centrality dependence of the mean transverse momenta
〈pT〉||y|�0.5 at midrapidity of (K∗0 + K̄∗0) (UrQMD: full lines, data:
open squares) and K+ + K− (UrQMD: dashed lines, data: open
circles) as a function of Npart at

√
sNN = 3.0, 4.5, 7.7, 11.5, 14.5,

19.6, 27, and 39 GeV in Au + Au collisions. Experimental data from
STAR is taken from [53].

ber of participant nucleon pairs (dN/dy||y|�0.5/(〈Npart〉/2)) for
various collision energies. Again the lines show UrQMD cal-
culations, while the open symbols show the experimental data
from STAR [53] (with statistical and systematic error bars) as
a function of centrality. One observes that the scaling of the
K∗ yields with centrality is also well captured by the transport
simulation.

Finally, Fig. 4 shows the mean transverse momenta 〈pT〉
of the K∗ as a function of centrality for the range of energies
under study. The energy dependence of the mean transverse
momentum is surprisingly weak (except for the calculation
at

√
sNN = 3.0 GeV). For all energies one clearly observes

an increase of the mean transverse momenta towards central
reactions. Usually one attributes this increase in 〈pT〉 to the
increase in radial flow. However, in the case of resonances an
additional ’hardening’ might be present due to the potentially
higher absorption probability of low pT decay products for
more central collisions. Such an effect was described, e.g., in
[11,14,15,30,33,57]. From the comparison between the 〈pT〉
of the K∗ to the 〈pT〉 of the kaons as a function of the
centrality one observes that also the kaon mean transverse mo-
menta increase with centrality. Assuming flow dominance for
the most central reactions, one would estimate 〈pT〉 ≈ mγ vT

(with vT being the radial flow) which would suggest 〈pT〉K∗ =
mK∗

/mK 〈pT〉K . This is approximately observed. This is also
in line with the observation that 〈pT〉K∗ ≈ 〈pT〉p. In most
central reactions (Npart = 300–350), flow dominance would
then suggest quantitatively 〈pT〉K	

/〈pT〉K	 = mK	

/mK = 1.8.
In the STAR data above

√
sNN = 11.5 GeV we observe a ratio

of approximately 1.4 ± 0.1 (one should note however that the
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FIG. 5. Ratio of (K∗0 + K̄∗0)/(K+ + K−) at midrapidity as a
function of Npart at

√
sNN = 3.0, 4.5, 7.7, 11.5, 14.5, 19.6, 27, and

39 GeV in p + p (filled squares) and Au + Au (lines) collisions from
UrQMD. Experimental data from [53] are shown as open circles with
error bars.

number of participants are slightly different for the measure-
ments of kaons and K∗′s). In UrQMD, we also observe a value
of 1.4 ± 0.05. For protons flow dominance would then sug-
gest 〈pT〉p/〈pT〉K	 = mK	

/mK = 1.05. Here, STAR observes
for the ratio 1.0 ± 0.05, while UrQMD yields for the ratio
1.04 ± 0.01. Thus, one is lead to the conclusion that radial
flow is the main reason for the increase of the K∗ transverse
momenta with centrality.

IV. RESONANCE TO GROUND STATE RATIOS

After establishing agreement of the midrapidity yields
and mean transverse momenta of the K∗ resonances
with the experimental data, we can now move on and
calculate and compare resonances ratios, i.e., the ra-
tio (K∗0 + K̄∗0)/(K+ + K−). Figure 5 shows the ratio
of (K∗0 + K̄∗0)/(K+ + K−) as a function of Npart at√

sNN = 3.0, 4.5, 7.7, 11.5, 14.5, 19.6, 27, and39 GeV in p +
p (filled squares) and Au + Au (lines) collisions from
UrQMD. Experimental data from [53] are shown as open
circles with error bars. As expected, the (K∗0 + K̄∗0)/(K+ +
K−) ratio shows a decrease towards central collisions by 30%
at all investigated energies. This indicates that the rescattering
effect on the daughter particles leads to a signal loss for
the K∗ reconstruction in line with the previously observed
increase in mean pT. It is noteworthy that only at higher
energies (

√
sNN � 7.7 GeV) the ratio in very peripheral Au +

Au collisions (Npart ≈ 25) tends towards the value from p + p
collisions. At lower energies the p + p value of the ratio is
smaller than in peripheral Au + Au reactions suggesting that
threshold effects start to kick in (note that the threshold for
K∗ production is mK∗ + m� + mp = 2.945 GeV and Fermi

momenta are absent in p + p collisions). The K∗/K ratio thus
exhibits a nonmonotonic centrality dependence at the lower
collision energies. The ratios compare rather well with the
ratios measured by STAR [53] within the reported error bars.
However, one should note that towards the higher collision
energies, the simulation yields slightly less suppression for
central and peripheral reactions than observed in the exper-
imental data. Since the K∗ yields in peripheral and central
reactions where in line with the data (see Figs. 2 and 3) the
overestimation of the K∗/K can be traced back to the known
under prediction of the charged kaon yields [58].

Let us now come to the interpretation of the suppression
of the observed K∗ resonances in central reactions. Within
the UrQMD model, the suppression is clearly linked to the
signal loss that emerges from the rescattering of the daughter
particles. This interpretation is supported and in line with
with previous model studies, see, e.g., [11,14,15,57,59]. Also
the simple test of switching-off hadronic rescattering further
supports rescattering of the daughter hadrons as the dominant
process for the suppression (loss of the signal of recon-
structable resonances). However, also alternative scenarios
have been put forward that do not assume a signal loss due
to rescattering, but attribute the suppression to the cooling
of the hadronic system in partial chemical equilibrium which
suppress the K∗ via a substantially lowered (chemical) freeze-
out temperature, see, e.g., [31,60].

V. ESTIMATES FOR THE DURATION
OF THE HADRONIC STAGE

In this final section we will discuss the possibility and
problems to extract the lifetime of the hadronic stage.

The resonance’s time evolution can be described by a ki-
netic equation

NK∗
(t ) = NK∗

chem − �K∗
NK∗

dt − Lcoll dt + Greg dt, (1)

where dt is the time interval to be integrated from the chemical
freeze-out to the kinetic freeze-out (life time of the hadronic
phase, 
thadronic). �K∗

is the width of the K∗, Lcoll is the loss
rate due to collisions of the K∗, and Greg is a gain rate, e.g.,
K + π → K∗. In addition the decaying K∗ → h1h2 needs to
be observable, which can be captured by a scattering proba-
bility3 of the decays daughters P, see, e.g., [9,62].

3The interaction probability of the daughter particles depends on
the hadron species with its individual cross sections, the surrounding
medium and the development of the medium along the escape trajec-
tory of the daughter particles. In the UrQMD model the interaction
cross sections are taken either directly from available experimental
data [61] or are derived from detailed balance relations of effective
models. The typical cross section of a pion or a Kaon in the medium
is on the order of 100 mb at the resonance peak. Thus, the interaction
probability P of the decay daughters through the opaque medium is
large in the model. A critical point is however that not all scatterings
lead to loss of the resonance yield, since regeneration processes
can happen. The regeneration process is clearly important for Kaon
daughter particles in a pion dominated medium, as it will lead to K∗

regeneration.
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Assuming that the interaction probability P for the decay
daughters is large and the gain and loss rates can be neglected
during the hadronic stage one obtains the relation

NK∗
(tkin)/NK∗

(tchem) = exp(−�K∗

thadronic). (2)

With the further assumption that �K∗
in the medium can be

approximated by the vacuum width, this approximation was
used by STAR [53,63] to obtain a lower bound for the duration
of the hadronic rescattering phase in heavy-ion collisions. As
only final state particles are measurable, the yields of reso-
nances at the chemical decoupling surface cannot be measured
directly. To overcome this issue, STAR has further assumed
that the ratio at the chemical freeze-out in a nucleus + nucleus
collision is close to the ratio measured in pp and/or e+e−
reactions and used an energy independent constant fit as the
K∗/K ratio baseline at chemical freeze-out. Following this
simple approach leads to the relation

(
K∗

K

)∣∣∣∣
KFO

=
(

K∗

K

)∣∣∣∣
CFO

× exp

(
−
thadronic

τK∗

)
, (3)

in which the short-hand notation K∗/K represents the (K∗0 +
K̄∗0)/(K+ + K−) ratio, 
thadronic is the lifetime of the
hadronic rescattering phase, τK∗ = 1/�K	

vac is the (vacuum)
lifetime of the K∗ resonance and the labels “CFO” and “KFO”
refer to the chemical and kinetic freeze-out, respectively. This
procedure is then applied to the calculated centrality depen-
dent K∗/K ratios to obtain the estimates of the time between
chemical and kinetic decoupling. Before presenting the results
let us address some problems with this method:

(1) The assumptions leading to the final equation used by
STAR are rather strong and are not supported by a
microscopic analysis of the simulated heavy ion colli-
sion. In our calculations the gain and loss terms in the
hadronic phase are substantial due to the interactions
of the Kaons with surrounding pions, this also leads
to a sizable regeneration rate for K∗. These limitations
can be overcome in the kinetic equation approach by
using a full network of rate equations as it is e.g. done
for light nuclei, and resonance ratios at the CERN
Large Hadron Collider (LHC) [31,64,65]. Indeed, a
recent study [66] indicates that a full rate equation net-
work will lead to a linear decrease (instead of an
exponential drop-off) of the K∗/K ratio as a function
of time due to strong regeneration effects.

(2) The method does not account for relativistic expansion
of the fireball, leading to a relative velocity of the
K∗ with respect to the center of the fireball. A corre-
sponding γ factor has been adopted, e.g., in Ref. [56].
However, in order to keep consistency with the STAR
data [53], this additional γ factor will not be consid-
ered here.

(3) Due to the lack of high quality K∗ data in elementary
reactions, the STAR collaboration uses a constant fit
through the available pp and e+e− data as an energy
independent baseline of the ratio at chemical freeze-
out. This assumption is certainly not justified when the
collision energy decreases towards the threshold and

FIG. 6. Lower estimate for the duration of the hadronic rescat-
tering phase 
t as a function of Npart at

√
sNN = 3.0, 4.5, 7.7, 11.5,

14.5, 19.6, 27, 39, and 62.4 GeV in Au + Au (lines) collisions
from UrQMD. Experimental data from STAR [18,52,53] and AL-
ICE [54–56] are shown as open circles. Statistical and systematical
error are combined. The baseline K∗/K ratio is extracted from an
energy independent fit to the available p + p and e+e− data. The top
and bottom figures compare different assumptions for the chemical
freeze-out baseline. Top: The chemical freeze-out K∗/K ratios are
assumed to be given by the most peripheral Au + Au reaction (70–80
% of total cross section), bottom: The chemical freeze-out K∗/K
ratios are assumed to be given by the p + p reactions.

the K∗/K ratio in p + p reactions is much smaller than
in peripheral Au + Au reactions (see Fig. 1).

(4) It is usually argued that the time estimate based on this
approach yields a lower boundary for the duration of
the hadronic rescattering phase. While this is true, the
restriction is even more severe and triggers only on
the last generation of resonance, thus the ’view into
the past’ of the fireball is limited to the lifetime of the
last generation of resonances.

After these disclaimers, Fig. 6 shows the lower
estimate for the duration of the hadronic rescat-
tering phase 
thadronic as a function of Npart at√

sNN = 3.0, 4.5, 7.7, 11.5, 14.5, 19.6, 27, and 39 GeV
in central Au + Au collisions from UrQMD (lines) in
comparison to the experimental data from STAR [53] that are
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shown as open circles with error bars (assuming the energy
independent resonance ratio at chemical freeze-out discussed
above). In UrQMD we have used two different estimates for
the K∗/K ratio at chemical freeze-out: I) In Fig. 6 (top) we
present 
thadronic calculated under the assumption that the
resonance ratio at chemical decoupling equals the peripheral
Au + Au value, while II) in Fig. 6 (bottom) we depict the
hadronic lifetime under the assumption that the K∗/K ratio
at chemical freeze-out equals the value obtained in p + p
collisions.

The time estimates for the entire hadronic rescattering
phase reveal a clear pattern. For most peripheral collisions, the
lifetime is nearly zero due to the construction of the equation.
As collisions become more central, the lifetime increases,
with values increasing to 2 fm/c (similar to the life time of the
K∗) for all energies (essentially independent of the baseline
used to obtain the ratio at chemical freeze-out). Note, how-
ever, that the ’lifetime’ extracted at the lowest energies of 3
GeV and 4.5 GeV becomes negative, if one assumes that the
p + p reactions provide the baseline value for the chemical
freeze-out reference [Fig. 6 (bottom)]. As discussed above
this is due to the fact that the elementary reaction does not
allow for sufficient K∗ production such close to the threshold.
This reinforces the limitations of the current experimental
approach.

Let us finally analyze the hadronic ’lifetime’ as a func-
tion of collision energy. Here, Fig. 7 summarizes the (lower)
estimate for the duration of the hadronic rescattering phase

thadronic as a function of the center-of-mass energy

√
sNN in

Au + Au [the red line denotes the p + p baseline, the blue line
denotes the peripheral (70–80 % of total cross section) Au +
Au baseline] collisions from UrQMD. Experimental data for
the lifetime estimate based on the K∗/K ratio are taken from
[18,18,20,42–56] and are shown as open circles. We addi-
tionally show results from a previous studies investigating
the duration of the hadronic stage within dynamical simula-
tions [14,67,68]. The solid green line shows tpeak

chem − tpeak
kin from

UrQMD extracted from [67,68]. Which indicates durations
on the order of 5–7 fm/c in the lower RHIC energy range.
The curve labeled UrQMD/cg corresponds to a coarse-grained
analysis within UrQMD (see Refs. [67,68]), where the local
energy density and temperature profiles are extracted in small
space-time cells and then used to identify chemical and kinetic
freeze-out times or durations. Let us note, however, that both
the chemical freeze-out and the kinetic freeze-out distribu-
tions are very broad and overlapping. For the figure, we have
taken the time difference between the peaks of the distribu-
tions as an estimate for the duration of the time span between
chemical and kinetic freeze-out. We further show the duration
of the hadronic stage estimated from EPOS + UrQMD cal-
culations (obtained from converting charged particle densities
to collision energies) as a dashed green line [14]. Also here
we obtain similar values of 4–7 fm/c in the RHIC energy
range. As black line we further show results from a recent
analysis [66] using a full set of rate equations to relate the
K∗/K ratios to a life time of the hadronic stage. This approach
indicates hadronic life times on the order of 6–8 fm/c in the
same energy range. Let us further note, without showing the

FIG. 7. Estimate for the duration of the hadronic rescattering
phase 
t as a function of the center-of-mass energy

√
sNN in cen-

tral (top 5% of total cross section) Au + Au (lines) collisions from
UrQMD. Experimental data for the lower boundary of the lifetime
estimate based on the K∗/K ratio are taken from [18,18,20,42–56]
and shown as open circles. The red and blue lines compare UrQMD
calculations for the lower boundary of the lifetime using different
baselines for the K∗/K ratio at chemical freeze-out (see previous
figure). The solid green line shows tpeak

chem − tpeak
kin from UrQMD. The

duration of the hadronic stage estimated from EPOS + UrQMD cal-
culations is shown as dashed green line [14], while the black line
shows results from a recent analysis [66] using rate equations.

data, that also PHSD calculations [69] and hybrid model [70]
simulations suggest a lifetime of the hadronic stage on the
order of 6–10 fm/c in the RHIC energy regime. All shown
theoretical analysis indicate consistently a longer life time
than the lower limit extracted using the STAR method.

VI. CONCLUSION

The ultrarelativistic quantum molecular dynamics model
was used to simulate Au + Au and p + p collisions in the
RHIC-STAR-BES and FAIR-CBM energy range. Recon-
structable K∗ resonances where extracted and compared to
the recent STAR data. The model calculations provide a good
description of the yields and mean transverse momenta for the
K∗ resonances lining up with the experimental data. The de-
crease of the ratio (K∗0 + K̄∗0)/(K+ + K−) with centrality is
well captured by the UrQMD model and attribute to the signal
loss of the daughter hadrons. We have further employed a first
order approach to estimate the lower bound for the duration
of the hadronic rescattering phase from chemical to kinetic
freeze-out by assuming that resonance yields only decrease
with an exponential decay law. The 
thadronic estimates from
the UrQMD model with this approach follow the estimates for
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the lower bound of the hadronic life time extracted from the
experimental data for K∗/K . One should note however, that
the duration of the hadronic stage in a variety of theoretical
analysis’ is usually longer than these lower bounds.
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APPENDIX: K∗ SIGNAL RECONSTRUCTION

This appendix contains additional details regarding the re-
construction of the K∗ signal, as discussed in the main text.
Experimentally, resonances are reconstructed by an invariant
mass analysis. This means that in each given rapidity and
transverse momentum bin an invariant mass distribution is
obtained from the final state particles (with quantum numbers
consistent with the resonance) from which then the uncor-
related background is subtracted to obtain the yield (after
removing further residuals). In the simulations the analysis
is done differently (see, e.g., [11,13–15,30,39,41,71]). Here,
one follows the decay products of the resonance through the
future evolution of the matter, only if both decay daughter
particles do not rescatter, the original resonance is counted
as observable. This “theoretical” method has advantages over
the invariant mass method: I) it allows to trace back each
individual resonance and the properties at its point of de-
cay, allowing for further in-depth analysis, and II) it is
statistically much less demanding, because no background
is present, III) in the case of strong modifications of the
mass distribution it also allows to identify the respective
resonance, even if it is strongly broadened and the peak is
shifted.

Naturally, it is an important question to ask, if both meth-
ods provide the same results. While this had been checked
internally before, a one-to-one comparison has not been pub-
lished so far. Therefore, we will show here for the example
of Au + Au collisions at

√
sNN = 4.5 GeV that both methods

yield the same result.
To this aim, an invariant mass spectrum is generated us-

ing the final state K+ and π− momentum distributions from
the UrQMD model. For each K+ + π− pair, the invariant

FIG. 8. Extracted signal dN
dm (full circles) of K+ + π− pairs as a

function of the invariant mass minv. The black line corresponds to
the linear fit for the residual background, the red curve represents
the combination of the linear background and the Breit-Wigner fit
modeling the K∗(892)0 signal. The data are derived from UrQMD
simulations for Au + Au collisions at

√
sNN = 4.5 GeV with

b < 3 fm.

FIG. 9. Invariant mass distribution of K+ + π− pair after the
subtraction of the linear residual (full circles, error bars are obtained
from the variation of linear fit to the residual). The red line repre-
sents the Breit-Wigner fit showing the extracted K∗(892)0 signal.
The green line shows the reconstructed distribution of K∗(892)0

resonances using the “theoretical” method. The results are obtained
from UrQMD simulations for Au + Au collisions at

√
sNN = 4.5

GeV (b < 3 fm).
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mass is calculated. This produces the invariant mass distribu-
tion dN/dminv including the correlations from the resonance
signal. After that, the background is calculated using the in-
variant mass distribution of uncorrelated pairs. These pairs
do not stem from resonances and provide the approximation
of the background’s shape in the invariant mass spectrum.
After obtaining the background distribution, it is subtracted
from the dN/dminv spectrum. In the next step a Breit-Wigner
distribution plus a linear function (to remove the residual) is

fitted to the relevant invariant mass range as shown inf Fig. 8.
Finally, the pure K∗0 signal is obtained by subtracting the
linear background fit. The result is the pure reconstructed K∗0

signal (see Fig. 9).
One clearly observes that the “theoretical” method and the

invariant mass method provide (within the small systematic
uncertainty from the fit to the residual) the same result. Thus,
we can conclude that the application of the “theoretical”
method is justified.
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