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Abstract. We present transport calculations with the Ultra-relativistic Quantum Molecular
Dynamics approach (UrQMD) for dilepton spectra at SIS energies and simulations for NA60
within a coarse-graining approach. While the transport model obtains a good agreement with
experiment for elementary reactions, in heavy-ion collisions an excess in the invariant mass
spectra is observed which cannot be described by the model. As the pure transport calculations
do not include explicit in-medium effects and are limited to hadronic degrees of freedom, we
present an alternative approach that uses coarse-grained output from transport calculations to
determine thermal dilepton emission rates. For this we apply the medium-modified p spectral
function by Eletsky et al. In a first exemplary comparison to data from the NA60 experiment
we find that the coarse-graining approach gives reasonable results.

1. Introduction

Dileptons are a unique tool to study the properties of hot and dense matter created in nuclear
collisions. They might serve as probes for the in-medium properties of vector mesons and the
predicted restoration of chiral symmetry [1-3]. Unlike hadrons, the lepton pairs produced in
the nuclear fireball do not participate in the strong interaction and therefore penetrate the
strongly interacting medium with negligible final-state reactions. Thus we gain insight into all
the different stages of a nuclear collision, from the first nucleon-nucleon interactions to the final
freeze-out. But this also means that in experimental measurements we obtain time-integrated
spectra only, stemming from a broad variety of sources. In consequence we need good models
that help to understand the production mechanisms and their contribution to the total spectra.
Especially at lower bombarding energies, where the dominant dilepton contribution originates
from hadronic decays, transport models have been successful in describing the experimentally
measured dilepton spectra [4-7]. In these proceedings we present recent results from our
calculations with the UrQMD model at SIS energies. However, for a hot and dense evironment
as created in ultra-relativistic heavy-ion collisions it is supposed that medium effects play a
crucial role for dilepton production, but it is highly difficult to implement them in a transport
model. We argue here that a coarse-graining approach is a good way to apply in-medium spectal
functions within an underlying microscopic description of the reaction dynamics.
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Figure 1. Invariant mass spectra for p+p at 2.2 GeV (left) and Ar+KCl at 1.756 AGeV
(right) obtained with the UrQMD transport model. The results are corrected for the HADES
acceptance, detector resolution and compared with data from the HADES Collaboration [17,18].

2. Transport Approach

For our calculations of dilepton spectra we use the Ultra-relativistic Quantum Molecular
Dynamics model (UrQMD), which is a hadronic non-equilibrium transport approach and
includes all baryons and mesons with masses up to 2.2 GeV [8-10]. In this model the production
of resonances takes place either via inelastic collisions or the decay of higher resonances. As
dilepton-production channels the Dalitz decays of the ¥, 7 and w meson and of the A(1232)
resonance are included, as well as the direct decay channels of the w, p and ¢ vector mesons.
The Dalitz decays are treated in a two-step process, first the decay into a virtual photon
and as second step the electromagnetic conversion into a lepton pair. In contrast to previous
calculations we now apply the parametrization for the radiative decay width of the A(1232) by
Krivoruchenko [11]. However, the difference in the yield is small (only few percent) if compared
to the previously used old parametrization by Wolf [12]. Dalitz decays of other baryonic states
than the A(1232) are not treated explicitly, but these resonances contribute to the dilepton
spectra via their decays into light mesons. For further details we refer the reader to [6,13].
There are several parameters that strongly influence the dilepton production within our model:
Especially the number and types of baryonic resonances which are included, their production
cross-sections and their branching ratios into light mesons. These parameters have to be adapted
to experimental constraints. However, in case of the resonance production cross-sections the
data are very limited, and almost no information is available in the HADES energy regime
up to /s = 3 GeV [14]. The situation is not better for many decay-branching ratios: When
comparing the results of different partial-wave analyses one finds big differences as well [15,16].
(Furthermore, the issue of a A form factor is still unclear, which we do not consider in this
work.) We reevaluated all the available data and adjusted some of the branching ratios and N*
and A* production cross-sections within the model to get the best possible consistency with the
available experimental data, e.g. the inclusive and exclusive resonance procuction cross-sections.
The results presented in Figure 1 show the invariant mass spectra of dileptons produced in
proton-proton reactions at 2.2 GeV (left plot) and in Ar+KCl at 1.756 AGeV (right plot)
compared to HADES data [17,18]. We see that the description of the elementary p+p reactions
is in a good agreement with experiment, while in the larger system Ar-+KCI we find on the one
side that the p contribution in our calculation overshoots the data in the pole mass region and
on the other hand that the experimental results show an excess between 150 and 500 MeV mass
which is not reproduced with our model. There may be several possible explanations for this
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Figure 2. (Left) Longitudinal profile (i.e. along the beam axis) for the energy and baryon
desities in a central In+In collisions at 158 AGeV, as obtained from the coarse-graining of
UrQMD events. The values here are given in units of the nuclear-matter ground state energy
and baryon densities. (Right) The same plot but for the transverse energy and baryon densities.

excess, e.g. bremsstrahlung effects or medium modifications of the vector mesons. However, a
different study with the GiIBUU model [19], which includes the bremsstrahlung contribution in
soft-photon approximation, still underestimates the yield in this low-mass region [20].

3. Coarse-Graining Approach

It is important to note that our present transport calculations do not include explicit in-medium
modifications, except for reabsorption and rescattering, which are dynamically implemented.
For an entirely proper calculation it would be necessary to include off-shell effects and multi-
particle interactions, which is a highly non-trivial challenge. Another problem arises at higher
bombarding energies, where dilepton emission from thermal radiation comes into play, as the
UrQMD model only includes hadronic degrees of freedom. One method to avoid these problems is
the integration of dilepton radiation from an intermediate hydrodynamic phase within a hybrid
model, using in-medium dilepton rates [21]. In the following we sketch a different approach
that uses coarse-grained transport dynamics instead of hydrodynamics to calculate in-medium
emission rates. A similar procedure was first proposed in [22].

As first step we put the UrQMD output on a 3+1 dimensional space-time grid and determine
baryon and energy density for each cell as an average over several hundred events. Assuming
thermal equilibrium we transform into the local rest frame of the cell, according to Eckart’s
definition that requires the net baryon flow to be zero. Then we apply an equation of state
to extract temperature 1" and baryon chemical potential pp. For SPS and higher energies we
use a chiral equation of state which includes chiral symmetry restoration and a deconfinement
phase transition. It shows a crossover between the hadronic and QGP phase with a coexistence
region [23].

Assuming vector meson dominance we can calculate the equlibrium [/~ emission rates per
volume and momentum in each cell according to [2] as

ENy_y  o?my L(M?)

d4zdiq M?2 (1)

m— f3(a0: T) T D™ (M. ¢: T, i),
1%

in terms of the imaginary part of the meson’s retarded propagator Im Dg/ret). Here L(M?)
accounts for the lepton phase space and the function fp is the Bose-Einstein distribution. As
the largest in-medium contribution is expected to stem from the p meson we concentrate on
this contribution in our considerations. For a complete study it will be necessary to include the
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Figure 3. (Left) Time evolution of the baryochemical potential pp and temperature T' for a
central cell in our grid of In+In collisons at 158 AGeV as obtained with a chiral equation of state.
(Right) Dimuon excess spectrum from coarse-grained dynamics for In+In at Ej,, = 158 AGeV
with dN.,/dy = 120, here in the p; < 0.2 GeV region. The in-medium p and, for comparison,
the pure vacuum contribution are shown. The results are compared to NA60 data [27].

in-medium modifications of the w and the ¢ meson, too.

Regarding the p in-medium spectral function several approaches exist, relying either on
calculations from hadronic many-body theory or on empirical scattering amplitudes obtained
from experiment. Here we apply the description by Eletsky and Kapusta [24], which uses
experimental data in linear density approximation to include the scattering from pions and
nucleons in the vector meson’s retarded self-energy, i.e. X, = yvac L ¥12N 4 327 These additional
effects on the self energy result in a broadening of the spectral width in a hot and dense medium.
At high collision energies, it is not sufficient to look only at the modifications of the vector
mesons, but also additional thermal sources must be taken into account. If a deconfined phase
is created during the heavy-ion collision we will also find a contribution from ¢g annihilation in
the Quark-Gluon Plasma. The rates can be calculated using the electromagnetic cross-section
for the annihilation of a quark-antiquark pair into dileptons [25]. Similarly we expect multi-
particle interactions in the medium. While two-pion interactions are included in the p spectral
function, it has been shown that also four-pion reactions play a crucial role for the production
of lepton pairs [26]. However, as these contributions will become dominant only above 1 GeV
in the invariant mass spectra we postpone a detailed study to a future work.

The advantage of the coarse-graining approach described above is that we can simulate a realistic
evolution of temperature and baryochemical potential during the nuclear collision related to the
underlying microscopic dynamics. This is an important aspect as only a reliable description of
the different stages enables to understand the role of the different dilepton-production channels.
To check our approach we make a first comparison with NA60 data on dimuon production in
In+In collisions at 158 AGeV [27]. In Figure 2 the longitudinal and the transverse profile of
energy and baryon density (e respectively pp) are shown, resulting from the coarse graining
of central UrQMD events at ¢t = 2 fm and 5 fm after the beginning of the collision. At the
later time time the nuclei have already passed through each other as indicated by the two peak
structures in the profile along the beam axis. In the center of the collision we find a hot and
dense region with values of € and pp reaching up to several times the ground-state densities.
The resulting time evolution of temperature and baryon chemical potential is shown in Figure
3 (left), here exemplarily for a cell at the center of the collision. The baryon chemical potential
decreases very fast after the beginning of the collision and then remains at a level of 300-400
MeV, while the temperature shows an initial peak around 250 MeV followed by a cooling down
to around 100 MeV at ¢ = 20 fm. These results are in line with similar previous studies [22,28].
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Looking at the resulting dilepton spectrum (here for p; < 0.2 GeV) in the right plot of Figure
3, we see that the low-mass tail of the excess spectrum (with all hadronic cocktail contributions
already subtracted) is nicely filled up by a broadened in-medium p. Applying only a vacuum
spectral function, in comparison, underestimates the contribution in the region below the p pole
mass significantly. Above a mass of 1 GeV the p no longer fills up the spectrum, here one
expects other thermal sources to be dominant (mainly QGP and four-pion emission) that are
not included in the present calculations.

4. Summary & Outlook

In summary we showed that our UrQMD transport calculations give a good description of
experimental dilepton spectra, but the lack of a correct implementation of medium modifications
remains a problem. To account for this we proposed that a coarse-graining approach might serve
to obtain a realistic description of the reaction dynamics and the resulting dilepton rates. Our
exemplary comparison to the data from the NA60 experiment shows a good agreement. Further
studies have to be performed, e.g. by investigating different equations of state and spectral
functions. Of special interest would be a check of the many-body calculation for the p spectral
function by Rapp and Wambach [29], which has proven successful in describing the dilepton
results from NA60 and RHIC in a fireball model [30], within our coarse-graining approach.
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