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Abstract. In this work the non-equilibrium dilepton production from a hadronic transport
approach (SMASH) is presented. The dilepton emission from the hadronic stage is of interest
for current HADES results measured at GSI in the beam energy range from 1.25 - 3.5
GeV. Also at high collision energies (RHIC/LHC) the later dilute stages of the reaction are
dominated by hadronic dynamics. The newly developed hadronic transport approach called
SMASH (=Simulating Many Accelerated Strongly-interacting Hadrons) is introduced first.
After explaining the basic interaction mechanisms, a comparison of elementary cross sections
for pion production to experimental data is shown. The dilepton production within SMASH
is explained in detail. The main contribution to the dilepton spectra in the low energy regime
of GSI/FAIR/RHIC-BES originates from resonance decays. Results of the dilepton production
with SMASH such as invariant mass spectra are shown.

1. Introduction

Lepton pairs are clean probes for strongly-interacting matter, since they only interact
electromagnetically. They are directly emitted from the hot and dense medium created in a
heavy-ion collision, whereas hadronic probes are rescattered or absorbed. It is therefore possible
to extract medium properties and medium modifications of resonances from dileptons over the
whole lifetime of such collisions. Dileptons are measured for low beam energies by the HADES
collaboration at GSI [1] and for high beam energies by STAR and PHENIX at RHIC [2, 3] or
ALICE at LHC [4].

At the moment it is not possible to describe heavy-ion collisions from first principles, since
descriptions of highly-dynamical many-body systems directly based on QCD are not feasible.
Therefore, often a combination of effective approaches is used, where the early stage is described
by models based on fluctuating color fields or strings, the hot and dense stage is governed by
relativistic dissipative hydrodynamics with an equation of state from QCD lattice calculations
and the late, dilute stage is described by hadronic transport approaches. Hadronic transport
approaches do not rely on the assumption of equilibrium and are able to describe low beam
energy collisions. For this work a new hadronic transport approach, SMASH (”Simulating Many
Accelerated Strongly-Interacting Hadrons”), is employed that constitutes an effective numerical
solution of the relativistic Boltzmann equation.
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2. Model Description
SMASH [5, 6] has been developed with the intention to provide a standard reference for the
description of a hadronic system with vacuum properties. A geometric collision criterion is
employed, where two particles interact, if the distance of closest approach is smaller than a so
called interaction distance that depends on the total cross section. This ansatz is known from
other transport models [7]. Low-energy nucleus-nucleus collisions, as well as infinite matter
calculations can be performed with the approach. It is also possible to set it up as an afterburner
for hydrodynamic simulation.

All well-established hadrons from the PDG [8] up to mass of 2 GeV are included in the model.
The m,n, p,w, @, fa, 0, K mesons and the N, A, A, X, =, Q baryonic states are incorporated.
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Figure 1. Cross section of the
process pp — ppr® for different /s
energies. Compared to data taken
from [9].
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In the few GeV energy regime the excitation and decay of resonances dominate the hadronic
cross section. Therefore, all interactions fall in one of 4 categories: elastic scatterings, inelastic
scatterings, decays and resonance absorption. In order to conserve detailed balance only 1 > 2
or 2 +> 2 processes are allowed.

Figure 1 shows an example for hadronic cross sections. The cross section for the production
of one ¥ in a proton-proton collision is shown for different \/s. The dominant contribution
to this cross section is the excitation of a nucleon state to a A resonance. Only in the higher
energy tail additional contributions from other A* and N* states contribute. Overall the 7°
production agrees well with the experimental data. However, a slight systematic undershoot
can be observed, which might be due to the negligence of non-resonant contributions to pion
production.

In Figure 2 a result for a heavy-ion collision at low energies is displayed. The figure shows
the mq spectrum for 7+ in different rapidity windows for a CC collision at a kinetic energy of
1 AGeV. Although at high mp the spectrum is slightly below the data , there is overall a good
agreement with the experimental data.

3. Dilepton Production in SMASH

Pairs of electrons or muons that are produced together are called dileptons. In SMASH all

dileptons are produced through decays. Although di-muons can be produced, in this work the

focus is only on di-electrons. Those originate either from direct decays of the vector mesons p, w

and ¢ or from Dalitz decays from the pseudoscalar mesons 7¥ and 7 or the w and A resonances.
In experiments as well as in theory a challenge for dileptons as an observable is that their

decays are very rare. Because these are electromagnetic decays, typical branching ratios are of
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the order of 107°. Therefore in transport models like SMASH the so called Time-Integration-
Method or also called Shining-Method [11, 12, 13] is used. The idea is to integrate the decay
probability for the dilepton decay over the whole lifetime of the decaying resonance. In a
timestep-based transport approach this can be achieved by radiating (shining) dileptons during
every time step and weighting those pairs according to their decay probability. In this way much
more lepton pairs are produced and statistics are improved.

10°

pp—ete X
— all

— p—ete”
— w—ete”
-- 1 snaete”
-- n—oyete

wolete”

A’ s nete~

At —pete”

Figure 3. Invariant mass spectrum of
di-electrons produced by pp collisions
at Eyy = 3.5 GeV.
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The invariant mass spectrum of the dileptons consists of all the different decay channel
contributions. Figure 3 shows the invariant mass spectrum of di-electrons produced by a proton-
proton collision with a kinetic energy of 3.5 GeV. The spectrum is missing a contribution from
the ¢ decay, since SMASH currently lacks a production mechanism for ¢ mesons in pp collisions.
The dominant contribution for low invariant masses is the pion Dalitz decay, whereas in the
intermediate mass region the direct decays of vector mesons are dominant. Those contributions
also reveal features of the spectral function of the vector mesons. Both, w and p contributions
peak at the resonance pole masses and the w peak is sharper, because the resonance has a smaller
width. Overall the spectrum looks qualitatively as expected.

Since the rapidity spectrum in Figure 4 does not have a selection in invariant mass, it is
clearly visible that the m decay is the biggest source of dileptons. Figure 4 shows the rapidity
spectrum of di-electrons of proton-proton collision at Ey;, = 3.5 GeV. The whole spectrum is
shifted to a finite rapidity, since a fixed-target setup was used. The vertical dashed line is at the
mid-rapidity value of the pp system before the collision. Every spectrum peaks at this value,
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which can be regarded as a check that the kinematic evolution works in a reasonable way.

4. Summary and Outlook

One can conclude that SMASH reproduces the hadronic cross sections well and agrees with
experimental data on pion production. An extensive description and further comparison with
data can be found in [5]. The dilepton production within the approach results in spectra
matching the expectations qualitatively. The next step is to validate the dilepton yields by
comparing with results for low-energy proton-proton and nucleus-nucleus collision measured by
HADES.

Another interesting possibility left for the future is to employ the non-equilibrium dilepton
production from a hadronic transport approach combined with a hydrodynamic approach
(hybrid model) to explore the behaviour of electromagnetic radiation in hydrodynamics relative
to transport approaches.
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