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Abstract. These proceedings will cover various studies of hadronic resonances within
the UrQMD transport model. After a brief explanation of the model, various observables
will be highlighted and the chances for resonance reconstruction in hadronic channels
will be discussed. Possible signals of chiral symmetry restoration will be investigated for
feasibility.

1 Introduction

The exploration of hot and dense matter created in heavy ion collision is one of the most complex
challenges in present day physics. The initial state is unknown, although speculations at high energies
exist [1-4]. The proper theoretical treatment of interactions is still heavily debated (see e.g.[5,6]) and
the transition from a possibly deconfined phase to a hadronic phase is quite poorly understood. Reso-
nances provide an unique approach to learn about the hot and dense phase which is produced in heavy
ion collisions [7-25]. Since most hadronic resonances decay on time scales of several fm/c, plenty
of short-lived resonances will decay within the created medium and will carry the information from
that stage of the collision. This is of course dependent on the kinematics of the particles and will be
discussed later in detail.

These proceedings are structured as follows: After a brief introduction to the theoretical model
in Section 2 the possibility to explore the dense phase of heavy ion collisions using hadronic decay
channels of resonances will be discussed in Section 3. The effects of baryons will be presented and
explained in Section 4. In Section 5 the possibility of measuring the chiral partner of the p vector
meson, the a; meson, will be discussed. The manuscript will end with conclusions.

2 Model description

For the calculations discussed in these proceedings the UrQMD model has been used, a non-equilibrium
transport approach, which relies on the covariant Boltzmann equation. All cross sections are calculated
by the principle of detailed balance and the additive quark model or are fitted to available data. UrQMD
does not include any explicit in-medium modifications for vector mesons or effects to describe the
restoration of chiral symmetry. The model allows to study the full space time evolution of all hadrons,
resonances and their decay products in hadron-hadron or nucleus-nucleus collisions. This permits to
explore the emission patterns of resonances in detail and to gain insight into their origins and decay
channels. For previous studies of resonances within this model see [14-23]. For further details about
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the UrQMD model the reader is referred to [26,27]. Recent development concerning the inclusion of
a hydrodynamic phase are described in [28].

Experimentally, the reconstruction of resonances is challenging. One often applied technique is to re-
construct the invariant mass spectrum for single events. Then, an invariant mass distribution of mixed
events is generated (here, the particle pairs are uncorrelated by definition). The mixed event distribu-
tion is subtracted from the invariant mass spectrum of the single (correlated) events. As a result one
obtains the mass distributions and yields (after all experimental corrections) of the resonances by fit-
ting the resulting distribution with a suitable function (usually a Breit-Wigner function peaked around
the pole mass of the respective resonance).

If the resonance spectral function changes in the hadronic medium this is in principle visible in
the difference spectrum between true and mixed events. However, if a daughter particle (re-)scatters
before reaching the detector the signal for the experimental reconstruction is blurred or even lost.
Especially for strongly interacting decay products this effect can be sizeable. It is therefore difficult to
judge whether a deviation from an expected Breit-Wigner distribution is due to an initial deformation
or an increase of the initial width or due to the momentum dependence of the rescattering cross section
of the daughter particles.

What makes this analysis even tougher is the fact that the resonances decay over a wide range
of densities and therefore only an average value is measured. If this average value is dominated by
resonance decays at low density the information from the high density phase is blurred and may offer
only a limited view on the high density phase of the heavy ion collision.

UrQMD offers a different technique for the extraction of resonances which we apply here. We fol-
low the individual decay products of each decaying resonance (the daughter particles). If the daughter
particles do not rescatter in the further evolution of the system, the resonance is counted as ‘recon-
structable’. The advantage of this method is that it allows to trace back the origin of each individual
resonance to study their spatial and temporal emission pattern. Because UrQMD follows the space time
evolution of all particles it is possible to link production and decay point of each individual resonance.
This method also allows to explore the reconstruction efficiency in different decay branches.

In order to calculate at which density the resonance decays we have to determine the baryonic
density. The baryon density is calculated locally at the position of the resonance in the rest frame of
the baryon current (Eckart frame) as pp = j° with j* = (p3, 0). Details on the calculation of the baryon
density are discussed in [20]. In all figures we present the density in units of ground state density,
where a value of 0.16 1/fm? is assumed.

3 Density distribution of reconstructable resonances

Complementary to the study of bulk matter created in ultra-relativistic heavy ion collisions is the mea-
surement and theoretical analysis of rare probes, such as charmed particles, dileptons and resonances.
Hadronic resonances decay on time scales of several fm / ¢, which is well within the expected time
scales of the developing medium in heavy ion collisions, even after taking into account resonance
kinematics [29]. Within a hot and dense medium resonances, most notably vector mesons like the p
meson are supposed to change their spectral function [30-32], however in order to disentangle inter-
esting effects like e.g. the restoration of chiral symmetry from trivial effects it is crucial to understand
the kinematics of the resonances and the surrounding medium. Due to space constraints the focus in
this paper is put on the FAIR energy regime, however all caveats apply up to RHIC (and possibly even
up to LHC) energies as well.

Before discussing the effect of any medium-modifications due to a surrounding high density me-
dium it is useful to check the density distribution of decaying resonances. Shown in Fig. 1 (left) is the
probability distribution of baryon density at the point of production for various mesonic and baryonic
resonances. The general trend shows that reconstructable resonances are produced at very low baryon
densities, which is naively expected. What is notable is the fact that most reconstructable resonances
decay completely outside the medium. Another way to look at this is to ask a slightly different question.
Depicted in Fig. 1 (right) is the probability to reconstruct a certain resonance species as a function of
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Fig. 1. (Color online) (Left) Probability distribution of baryon density at the production vertex for various re-
constructable resonances in central (b < 3.4 fm) Au+Au collisions at 30 AGeV as a function of baryon density.
One observes that most resonances which can be reconstructed in the hadronic decay channel originate from low
baryon density. (Right) Fraction of reconstructable meson resonances as a function of baryon density at the point
of production. Baryons resonances are not shown, however exhibit the same qualitative behaviour.

baryon density. As naively expected the probability is highest at very low densities and decreases with
increasing density. A surprising feature shows up at roughly 1.5 - 2pg, where the ‘reconstructability’
increases again. This feature originates from the fact that resonances produced at high baryon density
on average have a high transverse momentum which enables the decay products to escape the collision
zone undisturbed. Fig. 2 (left), which depicts the average transverse momentum of 4 resonances as
a function of baryon density strengthens this argumentation. Lines show reconstructable resonances,
symbols show all decayed resonances. The striking feature is the different average transverse mo-
mentum between all decayed resonances and those which are reconstructable. The higher the average
transverse momentum, the larger is the chance that the resonance can be reconstructed. The < pr >
of reconstructable 4 resonances is about 200 MeV higher than for all 4 resonances. Resonances with
a large pr can leave the high density zone rather fast and move with a velocity of about < pr > /m
outwards. Although only 4 baryons are shown it has been checked that this feature is independent of
resonance species.

Another interesting feature in Fig. 2 (left) is the difference between the /s=200 AGeV and
E,5=30 AGeV curves. While the E;,,=30 AGeV data shows a decrease of < pr > as a function of
the baryon density, the 4/s=200 AGeV data show an increase. At 4/s=200 AGeV the initial collisions
(which happen at high baryon density) are more energetic and give the particles a high transverse
momentum, subsequent rescattering decreases pr. For the E;,;,=30 AGeV collisions the situation is
opposite. Initially the particle pr is small and the rescattering increases the pr due to transverse ex-
pansion. This effect depends on the collision energy and the initial transverse momentum the produced
particles pick up. More details can be found in [22]

Depicted in Fig. 2 (right) is the total transverse momentum spectrum for 4, A, 2 baryons, as well as
0, w, K* and w mesons, with full circles depicting the spectrum for all decayed resonances and open
circles for reconstructable ones. The numbers in the shaded areas indicate the percentage of recon-
structable resonances stemming from density region with p/pg > 2. One observes a clear correlation
between transverse momentum and density. For more information, please refer to [22].
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Fig. 2. (Color online) (Left) Average transverse momentum of reconstructable (line) or all (symbol) 4 baryons
as a function of baryon density for two different energies. (Right) Transverse momentum spectra for all and
reconstructable resonances for central (b<3.4 fm) Au+Au collision at 30 AGeV beam energy. Full circles depict
the spectrum for all decayed resonances (included in the analysis are 4, A, X baryons, as well as p, w, K*° and
w mesons), open circles for reconstructable resonances. The numbers indicate the percentage of reconstructable
resonances stemming from density region with p/py > 2.

4 The effect of baryon kinematics

When analyzing vector meson mass shifts it is crucial to have a proper baseline to compare to. At
certain energy scales mass shifts might have rather trivial reasons, such as the decay kinematics of
baryons. Shown in Fig. 3 (left) is the mass spectrum of p mesons as obtained from C+C collisions at
2 AGeV. Due to the decay of the N*(1520) resonance a strong bias towards low masses is given, which
originates from the fact that the N*(1520) decays to a large percentage into the Np channel (roughly
20%, see [33]). There is a strong kinematic bound on the respective p mass in this decay channel. Since
the nucleon has a fixed mass of 938 MeV, energy conservation dictates a low mass peak of the decay
ps at around 500-600 MeV. This back-of-the-envelope estimate (1520 MeV - 938 MeV = 582 MeV)
of course does not take into account that both the decaying baryon resonance and the daughter-particle
have a width, which of course needs to be taken into account in the calculations.

The aforementioned effect distorts the p meson mass spectrum, with the effect being essentially
independent of the collision system. The major factor is the collision energy and the resulting baryon /
meson ratio. The more dominant the 7 — p production channel becomes, the less prominent the low
mass tail becomes.

Another bias which distorts p meson mass spectra is the rapidity dependence of the baryon / meson
ratio. Shown in Fig. 3 (right) is the average mass of p mesons in C+C collisions at 2 AGeV (blue, lower
line) and in Pb+Pb collisions at 30 AGeV (red, upper line). One observes that the average p meson
mass decreases as a function of rapidity. The reason for this is the aforementioned effect. The higher
the baryon content, the more prominent the low mass tail is and the lower the average p meson mass
becomes. Thus, when measuring away from mid-rapidity, the average mass p meson mass will drop,
independent of any hot and dense matter effects, such as the potential restoration of chiral symmetry.
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Fig. 3. (Color online) (Left) Mass spectrum of p mesons with a detailed analysis of the different production
channels. p mesons produced by N*(1520) decays produce a low mass bump in the total spectrum. (Right) Average
o meson mass as a function of rapidity.

5 a; meson kinematics

A clear signal for the detection of the chirally restored phase is the measurement of the a; meson spec-
tral function or respectively the mass spectrum and then compare it to the p meson spectral function.
While measuring the elusive @; meson is a feat in itself, the decay kinematics make the measurement
even more difficult. When analyzing the up to date accessible particle information [33] on the a; it
becomes clear that realistically only 2 decay channels are feasible to analzyse in experimental setups,
namely @; — pr and a; — yn. The a; — pr decay is quite challenging to measure, since it involves
three-particle correlations, however the a; — 7y channel has its own caveats as will be discussed in
the following. For the full discussion the reader is referred to [19].

As shown in Fig. 4 (left) the @; meson branching ratio is strongly mass dependent, with a strong
bias towards the yr channel at low masses and a suppression of that channel at higher masses. In order
get a feeling for the relevant mass scales a Breit-Wigner distribution centered around the a; pole mass
of 1260 MeV is plotted as a shaded area. The dashed-dotted line depicts the a; meson mass spectrum
as obtained from UrQMD calculations. Both the Breit-Wigner distribution and the mass spectrum
are normalised for better comparison. By folding the branching ratio of the ¢; — yx channel with
the full mass spectrum one obtains the mass spectrum seen in that channel. Due to the strong mass
dependence in the branching ratio the mass spectrum seen in a specific channel will not necessarily
look like a ‘trivial” Breit-Wigner-resonance-distribution. Shown in Fig. 4 (right) is the mass spectrum
as obtained from the yxr channel. One observes a clear double peak structure with one peak centered
roughly around the nominal @; meson mass and one peak at much lower masses at around 500 MeV.
This is exactly the mass region where one would expect the p meson in heavy ion collisions, thus
making a comparison of mass spectra of both mesons very hard to nigh impossible.

Future experiments like the CBM experiment at FAIR might have a chance to analyze the pzr channel
via e e correlations, however further studies are needed to check the feasibility of this measurement.

6 Conclusions

The measurement and theoretical understanding of hadronic resonances in heavy ion collisions proves
to be difficult and do not necessarily reflect the hot and dense stage of heavy ion collisions. Experimen-
tally reconstructable resonances originate rarely from a stage of high baryon density, by applying a pr
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Fig. 4. (Color online) (Left) Mass dependent branching ratios for the a; meson with the two exit channel of yr and
pr as calculated from UrQMD. Filled squares depict the branching ratio of @; mesons into the exit channel pr,
whereas open squares depict the branching ratio into yz. Below a mass of 750 MeV the decay channel a; — pr
is kinematically suppressed and the channel a; — yn dominates. At masses above 750 MeV the branching ratio
into pr increases steeply. The grey shaded area depicts a normalised Breit-Wigner distribution around the a;
pole mass, whereas the circles depict the normalised mass spectrum of the @; meson as obtained from UrQMD
calculations for p+p collisions at 20 AGeV. (Right) Mass distribution of al mesons which can be reconstructed
in yx correlations in nucleus-nucleus and proton- proton collisions at 20 and 30 AGeV. Note that the p+p curves
have been multiplied by 200 for visibility.

cut one can increase the fraction of reconstructable resonances from the dense stage of the collision.
Baryon decay kinematics distort the mass spectrum, especially at low beam energies. This effect van-
ishes at higher beam energies, since the production channel of p mesons shifts from baryonic reso-
nances to 7 scattering. The average p meson mass is additionally dependent on rapidity, which needs
to be considered when doing the experimental analysis.

While the measurement of the @; meson still proves to be a prominent probe for the investigation of
chiral symmetry, the @; — yr decay channel might make a measurement and a proper interpretation
next to impossible. Mass-dependent branching ratios produce a bias at low masses, right in the mass
region of the p meson mass.
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