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Abstract. We present recent results on the sub-threshold production of strange and charmed
hadrons in nuclear collisions. In particular we highlight how the excitation and decay of heavy
baryonic resonances can be used to describe the production yield of ¢ mesons at the SIS18
accelerator and show how this production mechanism also consistently describes the ¢ nuclear
transparency ratio. Including even more massive baryonic resonances in the model we are able
to extend our approach and make, for the first time, realistic predictions on the sub-threshold
production of J/¥ and A. in nuclear collisions at the SIS100 accelerator at FAIR. We find that
even at a beam energy of Fj,, = 6 A GeV, charm physics is feasible at the CBM experiment,
which opens up new opportunities to study charmed hadron properties at large baryon densities.

1. Introduction

As heavy flavors in nuclear collisions have to be newly produced (as s + 5 or ¢ + ¢ pair), it is
possible to study near and sub-threshold production of strange and chamed hadrons in nuclear
collisions at energies where systems of large net baryon density are created [1]. The properties
of such hot and dense systems are in the focus of current and planned experimental programs
at the GSI/FAIR [2], NICA and RHIC facilities. For the energies considered, microscopic
transport models are usually employed and have a history of succesfully describing experimental
observables. Several previous works found that the production rates and properties of Kaons,
for example are a promising probe to extract their medium interactions in low energy nuclear
collisions [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15].

In particular strange particles, which are produced below their elementary production
threshold have proven to show interesting properties. Here one tries to understand the large
production probability for multi strange hadrons, the ¢ and the =~ , as measured by experiments
at the SIS18 accelerator [16, 17, 18, 19, 20]. Furthermore, charmed hadron production is
considered to be also an excellent probe of the properties of hot and dense nuclear matter.
Early works have argued that charmonium suppression in central nuclear collisions may serve
as signal for the formation of a deconfined medium, the so called quark gluon plasma (QGP)
[21]. In essence, it serves as a messenger of the properties of the deconfined stage. A focus of
recent investigations was on charm production at ultrarelativistic energies, i.e. in experiments
at the LHC and RHIC accelerators (see e.g. [22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32]).

In the physics program of the CBM experiment at FAIR the study of open charm and
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Figure 1. Shown (as blue short dashed line) is the distribution of the maximally available
invariant mass for resonance creation from initial scatterings of target and projectile nucleons.
Note that the peak of the distribution corresponds to the energy available in proton-+proton
collisions, at the same beam energy, while the Fermi momenta in the nucleus smear out the
distribution. The black dashed line shows the actual invariant mass distribution of N* resonances
from these initial nucleon+nucleon scatterings, which is shifted because the outgoing particles
have finite momenta. The red solid line depicts the invariant mass distribution of all N*
resonances which decay during the systems whole evolution. The left sub-figure presents results
of very peripheral collisions of Ca+Ca at Ej,, = 1.76 A GeV, while he right sub-figure depicts
results for head on collisions.

charmonium plays an essential role [2]. However, the FAIR project is planned to start with
the SIS100 accelerator, which will be able to accelerate a beam of heavy ions only to an energy
of Fi,p = 11 A GeV, an energy which is below the charm production threshold in elementary
collisions. In order to verify if the planned CBM experiment at the FAIR facility is fit to do
studies on open charm and charmonium production, it is of great importance to have reliable
estimates on the production cross sections of these states.

To this aim we will show how the transport model UrQMD is extended to investigate near
and sub-threshold strangeness and charm production.

2. The UrQMD model
In this work we employ the newest version of the UrQMD transport model [33, 34]. The
UrQMD model is based on the propagation and scattering of hadrons and hadronic resonances.
All the hadron properties, i.e. their masses, quantum numbers, widths as well as scattering
cross sections are, where known, taken from the particle data book [35]. In recent publications
we have presented new features that were implemented and which turned out to be essential for
the description of strange particle production below their elementary energy threshold [36, 37].
These processes are the strangeness exchange reactions Y + 7 <+ N + K as well as new decay
channels for the most massive baryonic resonances included in UrQMD.

The direct resonance production cross section, in elementary p+p collisions, implemented
in UrQMD follows from a phenomenological parametrization of measured experimental cross
sections and phase space considerations. Here the cross section has the general form:

0172%374(\/§) X (253 + 1)(254 + 1) <p3’4>1 ‘M(mg, M4)|2 , (1)
(p1,2) 8

where S3 and Sy are the spin of the outgoing particles, and (p; ;) the average momentum of
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¢/K ratio for central (b < 5 fm) Au+Au
collisions, calculated with the UrQMD model.
Experimental results are shown as symbols
[17, 39, 20, 40, 41, 42].

Figure 2. The transparency ratio R calcu-
lated within our approach (lines) compared to
ANKE data from [38] (symbols).

the in- and out-going particles respectively. The matrix element |M (ms,m4)| is assumed to not
explicitly depend on the spins but only on the masses of the outgoing particles. It is given as:

1
(m4 — ?713)2(7714 + m3)2 )

| M (m3,my)|> = A (2)

The parameter A is determined by a fit to available data and is the same for any specific
process, i.e. N+ N — N + N¥*, for all N*. The mass dependence of the production cross
section is then essentially determined by phase space which has been shown to lead to a good
description of measured resonance production cross sections.

It is important to note that in the current version the model does not include any additional
medium effects which would change the hadron properties in nuclear collisions and we have
not included any hadronic potentials. Thus, we only investigate basic effects like secondary
scatterings as well as Fermi momenta on particle production.

3. Strange results

When discussing sub-threshold production of ¢’s in nuclear collisions one should note that there
are two distinct mechanisms which allow for the production of hadrons with masses, higher than
what is energetically forbidden in elementary reactions: One reason is that in a nucleus, the
nucleons acquire Fermi momenta due to their bound state. Because of the Fermi momenta, the
actual energy of two colliding nucleons will not be exactly the initial center of mass energy but
a smeared out energy distribution. This allows for collisions of nucleons at energies higher than
the initial center of mass energy. Furthermore energy can be accumulated due to secondary
interactions of already excited states, produced earlier in the collision [43, 44].

To understand the deep sub-threshold production of multi-strange hadrons we will first in-
vestigate the production probability of resonance states with sufficiently high mass to decay
into a ¢ in collisions of Ca+Ca. Figure 1 shows the calculated invariant mass distributions of
N* baryons produced in Ca+Ca collisions at a fixed target beam energy of Ej,p = 1.76 A GeV
[45]. Tt is clear from this figure that a substantial number of N* resonances with masses larger
than the apparent threshold energy is produced in the nuclear collision. We can utilize the
decays of the most massive N* resonances implemented in UrQMD, namely the N* — N + ¢
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Figure 5. Comparison of the J/W¥ production
Figure 4. Comparison of the A, cross section yield in p+p and central A+A collisions from
in p+p collsions from the UrQMD approach the UrQMD approach (symbols) with previous
with previous theoretical estimates [46]. theoretical estimates (green short dashed)
[47].

channel, in order to describe the production of ¢ mesons near and below their elementary
threshold energies [37]. In particular we will use the N* states with masses larger than 2 GeV,
included in the UrQMD model, as their decay channels are experimentally not well constrained
and they have a sufficiently large mass. One should note that, by introducing these new de-
cay channels we also naturally, through detailed balance relations, introduce reactions of the
kind M + N < N* <+ N + ¢, where M could be any meson that couples to the N* (e.g. 7,
w, p or ). We are also able to describe ¢ absorption in cold nuclear matter, within our ap-
proach, as shown in figure 2, without the inclusion of an addition in-medium broadening of the ¢.

Using ANKE data on near threshold ¢ production in p + p collisions [48] we find, that a

branching fraction of Nt *f = 0.2%, for all the above mentioned N* resonances, provides a very
good description of the measured ¢ production cross section.

A ratio which has shown an interesting beam energy dependence, especially below the ¢
production threshold is the ¢/K~ ratio, which is shown in figure 3 for nuclear collisions at
different beam energies, measured by several experiments [17, 39, 20, 40, 41, 42]. Results from
our simulations for most central (b < 3.4 fm) Au+Au collisions are shown as the red line.

From the comparison in figure 3, it is clearly visible that the qualitative and quantitative

behavior of the data, a rapid increase of the ¢/K~ ratio for sub-threshold energies, is nicely
reproduced in our simulations. Also the value of the ratio is in nice agreement with the HADES
Ar+KCl data with E,p, = 1.76 A GeV as well as the FOPI results for Ni+Ni collisions at 1.91
A GeV. An interesting feature of the calculations is the peak in the ratio at a beam energy of
approximately 1.2 A GeV. The experimental confirmation of this peak, by ¢ measurements at
even lower than the current beam energies, would further support our approach for ¢ production
in nuclear collisions.
However, we also observe that above the low SPS energy regime the present model underpredicts
the ¢/ K~ ratio. This can be understood as a result of the above mentioned high threshold for
¢ production in the string break-up. Because string excitation dominate the particle production
at beam energies above \/syy > 5 GeV, the ¢ must always be produced together with a Kaon-
Antikaon pair, which strongly suppresses the ¢ production.
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4. Charming results

In the previous section we have shown that the near and sub-threshold production of strange
hadrons can be well descibed by the use of heavy baryonic resonance decays. The resonances
essentially serve as energy reservior and likely decay according to phase space dominance. In
the following we will estimate also charm sub-threshold productio rates based on the same basic
assumptions. Therefore we need to determine the branching fraction of the N* into the relevant
charm channels, i.e. we need to determine the probability of N*— N + J/¥ and N*— A, + D.

To fix this crucial input we use the measured J/W cross section in p+p collisions at ,/5,, = 6.7
GeV. The resulting branching fraction, to describe the experimentally measured J/V¥ yield is
Inggyw/Tiot = 2.5 - 10~°. This branching ratio is two orders of magnitude smaller than the
corresponding decay into a ¢ meson.

First we can compare the obtained A, and J/W¥ production cross sections with previous near
threshold estimates [46, 47], as shown in figures 4 and 5. Our estimates are in reasonable
agreement (J/¥) or even very conservative estimates (A.) as compared to previous work.

Figure 6 summarizes the results of the sub-threshold charm production in nuclear collisions,
obtained with our model [49]. Even at a fixed target beam energy of Fj,, = 6 A GeV we
expect a yield of 3 x 1077 J/W¥ and 4 x 1076 A, and D per central Aut+Au event. For the
highest available beam energy for heavy nuclei at the SIS100, Fi,, = 11 A GeV, we expect
that yield to be one order of magnitude larger. Hence we predict that a significant number of
charmed hadrons can be measured at the CBM experiment, already with the SIS100 accelerator
in place. This is of particular interest as the baryon number densities achieved at these low beam
energies are very large, opening up the possibility to study charm production and propagation
in a very dense hadronic environment. Of particular interest here is to understand and quantify
the interaction of charmed hadrons with the nuclear environment and possible effects of chiral
symmetry restoration of charmed hadron properties.

5. Summary

We have presented a method to describe the near and sub-threshold production of strange and
charmed hadrons in a microscopic transport approach. By employing baryonic resonances as
energy reservoir we are able to explain the measured beam energy dependence of the ¢/ K~ ratio.
For the first time predictions for the sub-threshold production of charmed hadrons in nuclear
collisions are presented showing that charm studies are feasible at the SIS100 accelerator planned
for FAIR.
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