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Abstract: Hadronic resonances play an important role in the study of the physics of heavy-ion
collisions. In these proceedings, we discuss how the resonances can probe the reaction dynamics,
the strangeness production and the properties of the hadronic phase in heavy-ion collisions at center-
of-mass energies of

√
sNN = 4–11 GeV. The resonance properties predicted by the general-purpose

event generators are found to be very sensitive to the properties and space-time evolution of the
medium produced in heavy-ion collisions.
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1. Introduction

Hadronic resonances are excited hadronic states with relatively short lifetimes. The res-
onances are copiously produced in hadronic and heavy-ion collisions and are widely acces-
sible for experimental measurements in the dominant hadronic decay channels. Even if
charged hadron identification is not possible at low momenta below several hundreds of
MeV/c, the momentum range of measurements for resonances can span to zero momenta
due to the difference between the masses of parent and daughter particles effectively
increasing the daughter particle momenta. At higher momenta, where identification of
hadrons with different techniques becomes problematic, the particle multiplicities and
hence the combinatorial background become reasonably low to allow for the extraction
of the resonance peaks in the accumulated invariant mass distributions. All these make
measurements of resonances experimentally possible in a wide range of transverse momen-
tum (pT) even in the high multiplicity environment realized in central heavy-ion collisions.
For the measurements, the experimental setup should provide a high-efficiency of track
reconstruction in a wide acceptance with a momentum resolution of ~1% and identification
of the charged hadrons in the final state.

The interest in the measurement of resonances is motivated by their high sensitivity
to different aspects of the heavy-ion collisions. The resonances, which differ by mass and
quark content, provide insights into the mechanisms that drive the multiplicity-dependent
enhancement of strangeness production and can be used to study Parton energy loss and
anomalous baryon-to-meson ratios at intermediate transverse momentum. Due to their
short lifetimes, the hadronic resonances are sensitive to the rescattering and regeneration
processes occurring between the chemical and the kinetic freeze-out in heavy-ion collisions.
Measurements of resonance yields and their ratios to the long-lived particles are used
to study the properties and lifetime of the late hadronic phase. The resonance yields
and line-shapes measured in the hadronic and leptonic decay channels probe the particle
production mechanisms and the collision dynamics.

The most advanced measurements for resonances in heavy-ion collisions are from
the experiments at SPS, RHIC and the LHC [1–8]. These experiments developed the basic
techniques for the reconstruction of resonances and showed in what areas the resonances
contribute to their physical programs. In these proceedings, we effectively expand the
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previous experience of the resonance studies and the inferred physics messages to the case
of lower collision energies expected at the NICA collider, which is now under construction
at JINR in Dubna, Russia [9].

2. The Framework for the Study of Resonance Properties

NICA collider is expected to start its regular operation only a few years from now.
While we are waiting for data to come, we can use different general-purpose event genera-
tors to estimate the resonance properties. The most often measured hadronic resonances
are listed in Table 1 along with their basic properties such as mass, width, quark content,
lifetime and the most promising decay channels for the reconstruction [10]. For the event
generators we used the UrQMD v.3.4 [11], PHSD [12], AMPT [13], EPOS 1.99 and EPOS
LHC [14] and DCMQGSM + SMM [15].

Table 1. Properties of the short-lived hadronic resonances [10].

Particle Mass
(MeV/c2)

Width
(MeV/c2) Quarks Decay BR (%)

ρ(770)0 770 150 uu+dd√
2

π+π− 100

K*(892)± 892 50.3 us, us π±K0
s 33.3

K*(892)0 896 47.3 ds π±K± 66.7
φ(1020) 1019 4.3 ss K+K− 48.9
Σ(1385)+ 1383 36 uus π+Λ 87
Σ(1385)− 1387 39.4 dds π−Λ 87
Λ(1520) 1520 15.7 uds K−p 22.5
Ξ(1530)0 1532 9.1 uss π+Ξ− 66.7

The study of the resonance production with the UrQMD, PHSD and AMPT event
generators is not a trivial task. As short-lived particles, the resonances are decayed by the
generators, and only the final state particles are available in the output files. In this case,
the resonance yields can be estimated by accumulating the invariant mass distributions
for different combinations of daughter particles, integrating the peaks from decays of the
resonances in the distributions and correcting them for the branching ratios. The whole
procedure resembles what is done for the resonance reconstruction in real data analyses
only with ideal particle identification and 100% detector efficiency. Some of the event
generators (for example, UrQMD [11]) have an option to disable the decays of a given
particle. Then the particle appears in the output files surviving to the final state. However,
it was found that the resonance yields estimated from the invariant mass distributions or
taken from the output files differ, as demonstrated in Figure 1. The figure shows the ratios of
the yields estimated for ρ(770)0 andφ(1020) mesons with the UrQMD in Au + Au collisions
at
√

sNN = 11 GeV using the two different approaches. One can see that the ρ(770)0 yields
are affected by a factor of 3–5, and the φ(1020) yields are affected by a factor of 2 in
different pT intervals. The difference can be explained by the rescattering and regeneration
processes taking place in the hadronic phase. One of the daughter particles can rescatter
with the surrounding hadrons or even be absorbed in the inelastic process. As a result of the
decorrelation of daughter particles or the loss of one of the daughters, the original resonance
cannot be reconstructed. Such processes result in the reduced reconstructed yields of the
resonances. However, there is a competing process when the hadrons recombine in new
resonances, which increases the resonance yields. The cumulative effect of rescattering
and regeneration depends on the lifetime of the resonance, type of daughter particles and
properties of the hadronic phase, such as its lifetime, density, etc. For most of the cases,
the rescattering prevails over the regeneration, and the total effect is a suppression of the
measured resonance yields in high-multiplicity collisions. In case when the resonance
yields are estimated from the invariant mass distributions of daughter particles, both
effects are taken into account. When resonance decays are disabled, the rescattering effect
is canceled out (there are no daughters), while the regeneration effect is still effective and
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increases the resonance yield. This explains the ratios shown in Figure 1. All resonance
yields presented in this study were obtained using the invariant mass method.
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Figure 1. Ratios of pT-differential yields estimated for ρ(770)0 (a) and φ(1020) (b) mesons using the two different approaches
described in the text. The results are obtained using the UrQMD [11] event generator in Au + Au collisions at

√
sNN =

11 GeV.

3. pT-Differential Production Spectra

The comparison of pT-differential production spectra predicted by different event
generators for ρ(770)0, K*(892)0, φ(1020) and Λ(1520) resonances in Au + Au collisions
at
√

sNN = 9 GeV is shown in Figure 2. The ratios of the spectra to the predictions of
the UrQMD event generator are shown in Figure 3 on a linear scale. The particle yields
were extracted from the invariant mass distributions of daughter particles in the decay
modes listed in Table 1. A few million events were simulated for each collision system
and event generator to reduce the statistical uncertainties. The systematic uncertainties
for the extracted yields are driven by uncertainties in the shape of the combinatorial
background. The uncertainties constitute ~10% for all pT intervals and are not shown in
the plots for better visibility. In the ratios shown in Figure 3, the systematic uncertainties
of the numerator and denominator partly cancel out. The corresponding uncertainty was
estimated to be equal to ~5%.

One can see that the event generators predict quite different yields for the resonances.
Similar discrepancies for the predicted resonance yields are also observed at lower and
higher collision energies in the range

√
sNN = 4–11 GeV. For ρ(770)0, K*(892) and φ(1020)

mesons, the EPOS 1.99 and EPOS LHC event generators [14] predict the largest yields, while
the UrQMD [11] and the DCMQGSM+SMM [15] predict the lowest yields. The Λ(1520)
is produced only in the UrQMD and EPOS event generators with rather different pT-
dependencies of the yields.
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Figure 2. pT-differential production spectra estimated for ρ(770)0 (a), K*(892)0 (b), φ(1020) (c) and Λ(1520) (d) resonances in
Au + Au collisions at

√
sNN = 9 GeV using different event generators referenced in the text. Statistical uncertainties are
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4. Particle Ratios

As shown in the previous section, the predicted pT-differential yields of resonances
show a strong model dependence. However, common patterns in the production of
resonances can be seen from the comparison of the particle ratios in which most of the
differences cancel out.

All considered event generators predict enhanced production of particles containing
strange quarks in central Au + Au collisions at

√
sNN = 4–11 GeV. The enhancement is

observed as a function of the final state charged-particle multiplicity as for ground-state
hadrons as for resonances. Examples of the p/π, K0

s /π, φ(1020)/π, Λ/π, Ξ/π and Ω/π
ratios predicted by different event generators in Au + Au collisions at

√
sNN = 7.7 GeV

are shown in Figure 4. One can see that the ratios increase with multiplicity, and the
enhancement is more prominent for particles containing a larger number of s-quarks.
The maximum enhancement is observed for Ω baryon, which consists of three strange
quarks. The φ(1020) meson, which consists of ss pair and has hidden strangeness plays a
key role in the study of mechanisms that drive the enhanced production of strangeness.

At LHC energies, the canonical suppression in thermal models, which explain the
observed enhancement by suppression of strangeness production at small multiplicities,
could quantitatively reproduce the observed multiplicity dependence of strangeness pro-
duction in pp, p-Pb and Pb-Pb collisions [16,17]. Only the φ(1020) meson is falling out of
the pattern predicted for nonstrange particles, showing an enhancement similar to that
for particles with open strangeness. At NICA energies, the event generators predict the
enhanced production ofφ(1020) meson in central Au + Au collisions at

√
sNN = 11 GeV and

modest-to-no enhancement at lower collision energies. Eventually, a comparison of model
predictions to real data measurements will help to differentiate the different strangeness
production mechanisms. The strange resonances and the φ(1020) meson will play an
important role in the study.

The above-mentioned effects of rescattering and regeneration in the hadronic phase
is a subject of great interest. The heavy-ion collisions are used to study the QCD matter
under extreme conditions of high temperatures and/or baryon densities with emphasis
on the observation and study of the properties of the new state of matter–the so-called
quark-gluon plasma (QGP). Once produced for a very short period of time, the QGP cannot
be observed directly. Only simultaneous study of various theoretically predicted signatures
of the QGP formation can be used for unambiguous results and conclusions. However,
some of the signatures produced at the stage of the QGP are distorted and smeared out at
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the later stages of the reactions. The hadronic gas produced at the later stages is known to
distort the measured particle yields and pT-shapes of their production spectra, the particle
correlation and flow signals, the dilepton invariant mass spectra, etc. For this very reason,
the models should be able to account for the later stages of the heavy-ion collisions to
correctly interpret the experimental results. The short-lived resonances probe the properties
of the hadronic phase and serve as a unique tool to study its properties. Properties of
the resonances can be directly measured in the experiment and compared to the model
predictions, thus validating the models and rejecting the wrong ones.

The properties of the hadronic phase are studied by measuring the ratios of resonance
yields to yields of quasi-stable particles with similar quark contents such as ρ(770)0/π,
K*(892)/K, φ(1020)/K, Λ(1520)/Λ, Σ(1385)±/Λ and Ξ(1530)0/Ξ. The yield of quasi-stable
particles is not significantly affected in the hadronic phase, while the measured yields
of resonances are sensitive to the rescattering of daughter particles and regeneration of
background hadrons. The resonances listed in Table 1 cover a wide range of lifetimes from
~1 fm/c for ρ(770)0 to ~40 fm/c for φ(1020) mesons [10]. It makes these particles very
useful to probe the hadronic phase properties. The combined effect of the hadronic phase
depends on its lifetime and density (rescattering cross-sections).
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Figure 4. Ratios p/π, K0
s /π, φ(1020)/π, Λ/π, Ξ/π and Ω/π as a function of the final state charged particle multiplicity in

Au + Au collisions at
√

sNN = 7.7 GeV as predicted by UrQMD [11] (a), AMPT [13] (b), PHSD [12] (c) and EPOS 1.99 [14]
(d) event generators.

Figures 5 and 6 show the ρ(770)0/π and K*(892)0/K ratios predicted by UrQMD [11],
PHSD [12] and AMPT [13] event generators in Au + Au collisions at

√
sNN = 11 GeV.

These event generators are used because they simulate the late hadronic cascades. The plots
on the left show the ρ(770)0/π and K*(892)0/K ratios as a function of the final state charged-
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particle multiplicity, the ratios are normalized to unity in the most peripheral bin (start
at one in the lowest-multiplicity interval). All event generators predict a suppressed
production of ρ(770)0 and K*(892)0 resonances in most central collisions, although the
absolute values of suppression are quite different. The plots on the right show the double
ratios, (ρ(770)0/π)central/(ρ(770)0/π)peripheral and (K*(892)0/K)central/(K*(892)0/K)peripheral,
as a function of the transverse particle momentum. The plots show that the suppression
occurs at low momentum and that the particle ratios tend to unity at higher momenta.
The suppression of the resonance yields in central heavy-ion collisions is explained by
rescattering prevailing over regeneration for the shortest-lived resonances with τ < 20 fm/c.
Qualitatively similar suppression of ρ(770)0 and K*(892) mesons was previously observed
in heavy-ion collisions at RHIC and LHC energies [1,4,7]; the measurements were used to
estimate the hadronic phase lifetime to be τ > 10 fm/c in central Pb-Pb collisions at

√
sNN

= 2.76 TeV [8]. Now a comparable suppression is predicted for the particles in heavy-ion
collisions at NICA energies.
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Figure 7 shows the φ(1020) /K ratio predicted by UrQMD [11], PHSD [12] and
AMPT [13] event generators in Au + Au collisions at

√
sNN = 11 GeV. The plot on the

left shows the φ(1020)/K ratio as a function of the final state charged-particle multiplicity.
We observe a model-dependent ratio; the UrQMD and PHSD event generators predict
the increasing ratio at higher multiplicities, while the AMPT generator predicts the de-
creasing ratio. At RHIC and LHC energies, the ratio showed a very weak dependence on
multiplicity consistent with a flat ratio within uncertainties [2,4]. At NICA energies, the
interplay between the rescattering and the regeneration depends on the model used to
simulate the processes. The rescattering process for the longer-lived φ(1020) meson (τ~40
fm/c) is less important than that for ρ(770)0 and K*(892) mesons (τ~1–5 fm/c) since only a
small fraction of φ(1020) mesons decay in the hadronic phase while the importance of the
regeneration effect does not depend on the resonance lifetime. The plot on the right shows
the double ratio, (φ(1020)/K)central/(φ(1020)/K)peripheral, as a function of the transverse
particle momentum. The plot confirms that the yield modifications for resonances occur at
low momentum, where the effect of the hadronic phase is most prominent.
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Figure 7. Ratios φ(1020)/K predicted by UrQMD [11], PHSD [12] and AMPT [13] event generators in Au + Au collisions at
√

sNN = 11 GeV. The φ(1020)/K ratios normalized to unity in most peripheral collisions are shown as a function of the final
state charged-particle multiplicity (a) and the (φ(1020)/K)central/(φ(1020)/K)peripheral double ratio is shown as a function of
the transverse particle momentum (b).

The rescattering and regeneration effects in the hadronic phase affect the final-state
resonance properties in many aspects. Figure 1 shows that a significant part of the reso-
nances produced at chemical freeze-out is not reconstructed in the hadronic decay channels
due to the rescattering of daughter particles. Since the momentum distributions of the re-
generating hadrons are exponential, the regeneration favors the production of lower-mass
resonances. This can significantly distort the reconstructed line-shapes for resonances by
lowering the mean masses and enhancing the lower mass tails in the invariant mass distri-
butions. This effect is a subject of separate interest. Moreover, the effect should be taken into
account when the particle yields are extracted from the invariant mass distributions using
a given peak model, especially at low momentum. Another interesting feature that follows
from Figure 1 is that the ρ(770)0, φ(1020) and probablyω(892) resonance yields measured
in the hadronic and dilepton decay channels should be quite different, the reconstructed
yields in l+l− channels should be noticeably larger. The difference between the leptonic
and hadronic decays is well captured in Figure 1. The resonances that are produced early
in the system evolution and decay in the l+l− channel are not affected by the hadronic
phase; the QCD matter is transparent for leptons. At the same time, a fraction of the
hadronic decays is not reconstructed due to the rescattering of daughter particles. Actually,
by disabling the resonance decays in Figure 1, we emulated the absence of rescattering
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for l+l− decays. The regeneration effect plays the same role for the leptonic and hadronic
decays. Qualitatively the difference of the ρ(770)0 meson yields extracted in leptonic and
hadronic decay channels can be even larger than that shown in Figure 1 since the effect of
regeneration is underestimated when the ρ(770)0 meson decays are disabled. Since about
30% of pions are produced from the ρ(770)0 decays, the lower pion multiplicity due to
disabled ρ(770)0 → π+π− decays results in a smaller contribution of regeneration.

5. Conclusions

The reconstructed properties of the short-lived hadronic resonances predicted by
UrQMD [11], PHSD [12], AMPT [13] and EPOS [14] general-purpose event generators are
sensitive to the properties of the medium produced at different stages of the heavy-ion
collisions at NICA energies. Among other things, the measurement of resonances will be
used to study the properties of the hadronic phase and to tune the corresponding model
calculations. An accurate description of the hadronic phase in the models is important for
unambiguous interpretation of the experimental measurements for many observables such
as the particle yields, correlations and collective flow coefficients.
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