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Strangeness production within partonhadronstring dynamics (PHSD)

The nature of confinement and the phase transition from a partonic system of quarks, antiquarks and gluons -a quark-gluon plasma (QGP) -to interacting hadrons, as occurring in relativistic nucleus-nucleus collisions, is a central topic of modern high energy physics. In the present work, the dynamical evolution of the heavy ion collision is described by the PHSD transport approach [1] incorporating the off-shell propagation of the partonic quasi-particles according to [2] as well as the transition to resonant hadronic states (or strings). Here we employ the PHSD approach -described in [1,3] -to strangeness production in nucleus-nucleus collisions at moderate relativistic energies, i.e. at SPS energies up to 160 A•GeV.

The PHSD approach

A consistent dynamical approach -valid also for strongly interacting systems -can be formulated on the basis of the Kadanoff-Baym equations [START_REF] Kadanoff | Quantum Statistical Mechanics[END_REF][START_REF] Cassing | [END_REF] or off-shell transport equations in phase-space representation, respectively [2,[START_REF] Cassing | [END_REF]. In the Kadanoff-Baym theory the field quanta are described in terms of propagators with complex selfenergies. Whereas the real part of the selfenergies can be related to mean-field potentials, the imaginary parts provide information about the lifetime and/or reaction rates of time-like 'particles' [6]. Once the proper (complex) selfenergies of the degrees of freedom are known, the time evolution of the system is fully governed by off-shell transport equations (as described in Refs. [2,[START_REF] Cassing | [END_REF]).

The PHSD approach is a microscopic covariant transport model that incorporates effective partonic as well as hadronic degrees of freedom and involves a dynamical description of the hadronization process from partonic to hadronic matter [1]. Whereas the hadronic part is essentially equivalent to the conventional HSD approach [7] the partonic dynamics is based on the Dynamical QuasiParticle Model (DQPM) [8] which describes QCD properties in terms of single-particle Green's functions (in the sense of a two-particle irreducible approach) and leads to effective strongly interacting partonic quasiparticles with broad spectral functions as degrees of freedom.

The off-shell parton dynamics also allows for a solution of the hadronization problem: the hadronization occurs by quark-antiquark fusion or 3 quark/3 antiquark recombination which is described by covariant transition rates as introduced in Ref. [3,9], obeying flavor current-conservation, color neutrality as well as energy-momentum conservation. Since the dynamical quarks become very massive close to T c , the formed resonant 'pre-hadronic' color-dipole states (q q or qqq) are of high invariant mass, too, and sequentially decay to the ground state meson and baryon octets increasing the total entropy. This solves the entropy problem in hadronization in a natural way [10].

Partonic energy fractions

We start with a consideration of energy partitions in order to map out the fraction of partonic energy in time for relativistic nucleus-nucleus collisions. The question emerges to what extent the partonic phase shows up as a function of centrality. To this aim we study the partonic energy E p (b) relative to the energy converted from the kinetic motion of the impinging nuclei at impact parameter b, i.e.

R p (b) = E p (b)/(E B (t = 0, b) -E B (t → ∞, b))
, which is displayed in Fig. 1 for impact parameter b from 1 fm to 13 fm in steps of 2 fm. The system is Pb+Pb at 158 A•GeV. One observes that even at very central collisions the partonic energy fraction R p only reaches about 40% and decreases to about 20% (in the peak) for very peripheral reactions. More striking is the fact that the duration of the partonic phase shrinks substantially when going from central to peripheral reactions. Thus the 'popular picture' that a partonic phase is reached in the overlap region of the nuclei at top SPS energies is by far not substantiated by the PHSD calculations. This has been been pointed out before in Refs. [11]. In conclusion, very central collisions show a sizeable fraction of space-time regions of partonic nature, but also of the hadronic (or string-like) corona. At first sight this looks discouraging, but one should concentrate on observables with a special sensitivity to the partonic phase, e.g. strangeness [3], dileptons [12], charm [13], jets [14], etc.

We continue with the ratio R p as a function of bombarding energy concentrating here on the FAIR and full SPS energy regime but considering only central collisions (b = 1 fm). The results are displayed in Fig. 2 for central Pb+Pb collisions at 160, 80, 40, and 20 A•GeV as a function of time and demonstrate that the average duration of the partonic phase does not change very much with bombarding energy, however, the partonic volume shrinks by about a factor of three when stepping down in bombarding energy from 160 to 20 A•GeV. Thus, according to our PHSD calculations there should be a QGP also at lower SPS and at FAIR energies but its space-time volume is significantly smaller than that for the hadronic phase. As one of the consequences, our preliminary findings within PHSD do not indicate a pronounced "horn" [15,16] at 25-30 AGeV (cf. HSD restults [17]). The latter phenomenon might be attributed to a first order phase transition at the lower SPS energy, while the current version of PHSD incorporates only a cross over between the hadronic and partonic phases as expected for low quark chemical potential.

Particle spectra in comparison to experiment

It is of interest, how the PHSD approach compares to the HSD [7] model (without explicit partonic degrees of freedom) as well as to experimental data. In Fig. 3 to the data of the NA49 Collaboration [15]. Here the slope of the π -spectra is only slightly enhanced in PHSD relative to HSD which demonstrates that the pion transverse motion shows no sizeable sensitivity to the partonic phase. However, the K ± transverse mass spectra are substantially hardened with respect to the HSD calculations at all bombarding energies -i.e. PHSD is more in line with the data -and thus suggest that partonic effects are better visible in the strangeness-degrees of freedom.

The hardening of the kaon spectra can be traced back to parton-parton scattering as well as a larger collective acceleration of the partons in the transverse direction due to the presence of repulsive vector fields for the partons. The enhancement of the spectral slope for kaons and antikaons in PHSD due to collective partonic flow shows up much clearer for the kaons due to their significantly larger mass (relative to pions). We recall that in Refs. [17] the underestimation of the K ± slope by HSD (and also UrQMD) had been suggested to be a signature for missing partonic degrees of freedom; our present PHSD calculations support this early suggestion.

The strange antibaryon sector is of further interest since here the HSD calculations have always underestimated the yield [18]. In this respect we compare in Fig. 4 (top part) the multiplicities of (Λ + Σ 0 )/N wound (l.h.s.) and ( Λ + Σ0 )/N wound (r.h.s.) as functions of the number of wounded nucleons N wound for Pb+Pb collisions at 158 A•GeV at mid-rapidity from PHSD and HSD to the experimental data from the NA57 Collaboration [19] and the NA49 Collaboration [20]. Whereas the HSD and PHSD calculations both give a reasonable description of the Λ+Σ 0 yield of the NA49 Collaboration, both models underestimate the NA57 data (open triangles) by about 30%. An even larger discrepancy in the data from the NA49 and NA57 Collaborations is seen for ( Λ + Σ0 )/N wound (r.h.s.); here the PHSD calculations give results which are in between the NA49 data (solid dots) and the NA57 data (open triangles). We see that HSD underestimates the ( Λ + Σ0 ) midrapidity yield at all centralities. This observation points towards a partonic origin but needs further examination. The latter result suggests that the partonic phase does not show up explicitly in an enhanced production of strangeness (or in particular strange mesons and baryons) but leads to a different redistribution of antistrange quarks between mesons and antibaryons. To examine this issue in more detail we show in Fig. 4 (bottom part) the multiplicities of Ξ -baryons (l.h.s.) and Ξ+ antibaryons (r.h.s.) -devided by N wound -as a function of the number of wounded nucleons for Pb+Pb collisions at 158 A•GeV at mid-rapidity from PHSD and HSD in comparison to the experimental data from the NA57 Collaboration [19] and the NA49 Collaboration [21,20]. The situation is very similar to the case of the strange baryons and antibaryons before: we find no sizeable differences in the double strange baryons from HSD and PHSDin a good agreement with the NA49 data -but observe a large enhancement in the double strange antibaryons for PHSD relative to HSD.

Summary

The PHSD approach has been applied to nucleus-nucleus collisions from 20 to 160 A•GeV in order to explore the space-time regions of 'partonic matter'. We have found that even central collisions at the top SPS energy of ∼160 A•GeV show a large fraction of non-partonic matter. It is also found that though the partonic phase has only a very low impact on rapidity distributions of hadrons [3], it has a sizeable influence on the transverse-mass distribution of final kaons due to the repulsive partonic mean fields and parton interactions. On the other hand, the most pronounced effect of the partonic phase is seen on the production of multi-strange antibaryons due to a slightly enhanced ss pair production in the partonic phase from massive time-like gluon decay and a more abundant formation of strange antibaryons in the hadronization process. We also mention that partonic production channels for dileptons appear to be visible in the µ + µ -spectra from In+In collisions at 158 A•GeV in the intermediate invariant mass range [12].
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 12 Fig. 1. The partonic energy fraction as a function of time for impact parameters b from 1 fm to 13 fm in steps of 2 fm for Pb+Pb at 158 A•GeV.
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 23 Fig.3. The π -, K + and K -transverse mass spectra for central Pb+Pb collisions at 40, 80 and 158 A•GeV from PHSD (thick solid lines) in comparison to the distributions from HSD (thin solid lines) and the experimental data from the NA49 Collaboration[15].
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 4 Fig.[START_REF] Kadanoff | Quantum Statistical Mechanics[END_REF]. Top: The multiplicities of (Λ + Σ 0 )/N wound (l.h.s.) and ( Λ + Σ0 )/N wound (r.h.s.) as a function of the number of wounded nucleons for Pb+Pb collisions at 158 A•GeV at mid-rapidity from PHSD (blue solid lines) and HSD (red dashed-dotted lines) in comparison to the experimental data from the NA57 Collaboration[19] (open triangles) and the NA49 Collaboration[20] (solid dots). The calculations have an error of 5-10% due to limited statistics. Bottom: The multiplicities of Ξ -/N wound (l.h.s.) and Ξ+ /N wound (r.h.s.) vs N wound for Pb+Pb collisions at 158 A•GeV at mid-rapidity. Line coding as above.
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