arXiv:hep-ph/0105201 19 May 2001

STRANGENESS ENHANCEMENT IN HEAVY ION COLLISIONS

KRZYSZTOF REDLICH1^;2 AND AHMED TOUNSI3 1Gesellschaft für Schwerionenforschung, D-64291 Darmstadt, Germany 2Institute of Theoretical Physics, University of Wrocław, PL-50204 Wrocław, Poland 3 LPTHE, Université Paris 7, 2 pl Jussieu, F–75251 Cedex 05

We argue that the main features of baryon and anti-baryon enhancement observed by the WA97 collaboration can be described using canonical formulation of strangeness conservation. Within this formulation strangeness enhancement could be larger at lower collision energies.

1 Introduction

Ultrarelativistic heavy ion collisions provide a unique opportunity to study the properties of highly excited hadronic matter under extreme conditions of high density and temperature^{1,2,3,4,5}. From the analysis of rapidity distribution of protons and of their transverse energy measured in 158 A GeV/c Pb+Pb collisions an estimate of the initial condition leads to energy density of 2-3 GeV/fm^3 and a baryon density of the order of 0.7/fm^3. Lattice QCD at vanishing baryon density suggest that the phase transition from confined to the quark-gluon plasma (QGP) phase appears at the temperature T_c = 173 � 8 MeV which corresponds to the critical energy density^6 ϵ_c ¸ 0.6 � 0.3 GeV/fm^3. One could thus conclude that the required initial conditions for quark deconfinement are already reached in heavy ion collisions at SPS energy. It will be discussed to what extend the composition of the final-state hadrons, in particular their strangeness content can be considered as a probe of quark deconfinement in the initial state.

2 Strangeness in quark-gluon plasma

It was argued that enhanced production of strange particles could be a signal of QGP formation in heavy ion collisions^7. In the QGP the production and equilibration of strangeness is very efficient due to the a large gluon density and a low energy threshold for dominant QCD processes of ss̄ production. In the hadronic system the higher threshold for strangeness production was expected to make the strangeness yield considerably smaller and the equilibration time much longer. (Recently, it was argued^{8,9} and shown in terms of a microscopic transport approach^{10} that multi-mesonic reactions could, however, accelerate the equilibration time of antibaryons in high density hadronic medium.)

From these strangeness QGP characteristics one expects: a global strangeness enhancement measured by the total number of produced < ss̄ > quarks per participant A_{part} or per produced light quarks < uū + dd̄ > which should increase from pp, pA to AA collisions and enhancement of multistrange (anti-)baryons in central AA collisions, with respect to proton induced reactions.

Large strangeness content of the QGP plasma should be reflected in a very specific hierarchy of multistrange baryon enhancement: E_Λ < E_Σ < E_Ω. This hierarchy is observed by the WA97 and NA57 collaboration^{11,12} which measure the yield per participant in Pb+Pb relative to p+Pb and p+Be collisions. Indeed the enhancement pattern of the (anti)hyperon yields is seen to increase with strangeness content of the particle and there is a saturation of this enhancement for A_{part} > 100. Recent results of the NA57 collaboration are showing in addition an abrupt change of anti-cascade enhancement for lower centrality. Similar behavior was previously seen on the K^+ yield measured by the NA52 experiment in Pb-Pb collisions^{13}. These results are very interesting as they might be interpreted as an indication of the onset of new dynamics. However, a more detailed experimental study and theoretical understanding are still required here. It is, e.g, not clear what is the origin of different centrality dependence of Ξ and Ξ̄ as well as inconsistences between the NA52 and the WA97 data.

A number of different mechanisms^{14,15,16,17,18,19} was considered to describe the magnitude of the enhancement and centrality dependence of (multi)strange baryons measured by the WA97. Microscopic transport models make it clear that the WA97 data can not be explained by pure final state hadronic interactions. Only the combination of the formers with an additional prehadronic mechanisms like baryon junction processes, color ropes or color flux tubes overlap can partly explain the enhancement pattern and the magnitude for the most central collisions. However, the detailed centrality dependence is still not well reproduced within the microscopic models. An alternative description of multistrange particle production was formulated in terms of macroscopic thermal models with^{20,22} and without^{23} chemical equilibrium. In equilibrium the parameters are temperature T , baryon and strangeness chemical potentials. In non-equilibrium one also uses two other parameters γ_q for u and d quarks and γ_s for s quark. These parameters measure deviations from full equilibrium. The fits of reference^{23} with more parameters are more precise, but fail to reproduce the Ω and Ω̄ yields. Besides, the hadronization temperature is found lower (T_f ¸ 145 MeV) than the one found in equilibrium (T_f ’ 170 MeV). This led to the development of sudden hadronization model with super-cooling^{23}.

However the equilibrium thermal model^{20,21} describes all existing WA97 and NA49 data. The model was formulated in the grand canonical (GC) ensemble with a partition function which contains the contributions of most hadrons and resonances and preserves the baryon number, strangeness and charge conservation. The particle ratios depends only on two parameters; temperature T and baryon chemical potential μ_B. With T_f ¸ 170 MeV, corresponding to the energy density ϵ_f ¸ 0.6GeV/fm^3, and with the baryon chemical potential μ_B ¸ 270MeV, corresponding to baryon density of 0.16GeV/fm^3, the statistical model reproduces the experimental data. Furthermore this model is also consistent^{24,25,26} with the recent data of the STAR collaboration in Au+Au collisions at RHIC^{27}. The main difference with SPS, as expected because of higher collision energy with less stopping, is a smaller value (μ_B ¸ 50 MeV) of baryon chemical potential. The freezeout temperatures in central A+A collisions at the SPS and RHIC coincide within errors^a with the critical temperature from lattice QCD. This could indicate that all particles are originating from deconfined medium and that the chemical composition of the system is

a At RHIC a precise determination of Tf is not yet possible as fits with 160 < Tf < 200 give similar value of χ^2. Data like, e.g, Ω/π or Ξ/π ratios are necessary to a better determination of Tf .^{26}

established during hadronization^{3,4,5}.

Figure 1: Particle multiplicities per participant normalized to its value in p+A system as a function of Apart.

calculated in statistical model in (C) ensemble^{18} .

Figure 2: K^+/π^+ ratio at midrapidity in A+A relative to p+p collisions. For the compilation of data see refs. [33,34].

3 Canonical description of stangeness enhancement

The enhancement of strange(anti)-baryons reported by the WA97 and its variation with centrality may be explained in canonical formulation of statistical thermal model. What the WA97 measures is the ratio of strange (anti-)baryon yields in the large Pb-Pb system and in the small p-Be or p-Pb system. For small systems with rare production of strange particles strangeness conservation must be implemented locally on an event-by-event basis^{28}, i.e, canonical (C) ensemble for strangeness conservation must be used. The (C) ensemble is relevant in the statistical description of particle production in low energy heavy ion^{29}, or high energy hadron-hadron or e^+e� reactions^{30} as well as in peripheral heavy ion collisions at SPS^{22}. The exact conservation of quantum numbers, that is the canonical approach, is known to severely reduce the phase-space available for particle productions^{31}.

Fig.1 shows the multiplicity per participant of Ω, Ξ, and Λ relative to its value in a small system with only two participants. One sees that the statistical model in (C) ensemble reproduce the basic features of WA97 data: the enhancement pattern and enhancement saturation for large A_{part} indicating here that (GC) limit is reached. The quantitative comparison^{22} of the model with experimental data requires an additional assumption on the variation of μ_B with centrality to account for larger value of B̄/B ratios in p+A than in Pb+Pb collisions^{11}. However, an abrupt change of enhancement seen in the NA57 data for Ξ̄ is very unlikely to be reproduced in terms of this approach.

One of the consequences of the model is that the enhancement pattern seen in Fig. 1 should not be only a feature of the SPS data. In terms of statistical model strangeness enhancement and enhancement pattern should be also present in heavy ion collisions at lower energies and should be even more pronounced. This is in contrast e.g. to UrQMD predictions which are showing increasing enhancement with beam energy^{17}. In Fig.2 we show a compilation of the data on K^+/π^+ ratio in A+A relative to p+p collisions. This double ratio could be referred to as a strangeness enhancement factor. The enhancement is indeed seen to be larger at the smaller beam energy and is smoothly decreasing towards higher energy. If strangeness enhancement is indeed of thermal origin then similar behavior is also expected for multistrange baryons. This could put in question^{32} the observed strangeness enhancement from p+p to A+A as an appropriate characteristics to signal deconfinement. To possibly observe QGP from the strangeness composition of the fireball one should rather search for non-monotonic behavior of strange particle species versus centrality or collision energy.

Acknowledgments

We acknowledge stimulating discussions with R. Baier, P. Braun-Munzinger, B. Friman, M. Gazdzicki, W. Nörenberg, H. Oeschler, H. Satz, and R. Stock.

References

1. Proceedings of Quark Matter ’99 , Nucl. Phys. A 661 (1999). 2. H. Satz, Rept. Prog. Phys. 63, 1511 (2000).

3. R. Stock, Phys. Lett. 456, 277 (1999); Prog. Part. Nucl. Phys. 42, 295 (1999). 4. J. Stachel, Nucl. Phys. A 654, 119c (1999).

5. U. Heinz, Nucl. Phys. A 685, 414 (2001); Nucl. Phys. A 661, 349 (1999). 6. F. Karsch, Nucl. Phys. B (Proc. Suppl.) 83-84, 14 (2000). 7. P. Koch, B. Müller, and J. Rafelski, Phys. Rep. 142, 167 (1986). 8. R. Rapp and E. Shuryak, hep-ph/0008326, E. Suryak, et al., to appear. 9. C. Greiner, and S. Leupold, nucl-th/0009036. 10. W. Cassing, in preparation.

11. E. Andersen, et al., WA97 Collaboration, Phys. Lett. B 449, 401 (1999). 12. N. Carrer, NA57 Collaboration, Talk presented at QM2001, Nucl. Phys. A in prep. 13. S. Kabana et al., NA52 Collaboration, J. Phys. G 27, 495 (2001); G. Ambrosini, et al., NA52 Collaboration, New J. Phys. 22 (1999).

14. S. Soff, et al.,J. Phys. G 27, 449 (2001).

15. L. Bravina, Talk presented at QM2001, Nucl. Phys. A in preparation. 16. S. E. Vance et al.,Phys. Rev. Lett. 83, 1735 (1999) ; J. Phys. G 27, 627 (2001). 17. M. Bleicher, W. Greiner, H. Stöcker, and N. Xu, Phys. Rev. C 62, 061901 (2000). 18. A. Capella and C. A. Salgado, Phys. Rev. C 60, 054906 (1999). 19. Z. Lin et al., nucl-th/0011059.

20. P. Braun-Munzinger, I. Heppe, and J. Stachel, Phys. Lett. B 465, 15 (1999). 21. F. Becattini, J. Cleymans, A. Keranen, E. Suhonen, K. Redlich, hep-ph/0011322. 22. J. S. Hamieh, K. Redlich, and A. Tounsi, Phys. Lett. B 486, 61 (2000); K. Redlich, and A. Tounsi, J. Phys. G 27, 413 (2001).

23. J. Letessier, and J. Rafelski, Int. J. of Mod. Phys. E 9, 107 (2000). 24. N. Xu, nucl-ex/0104021. 25. K. Redlich, hep-ph/0105104.

26. P. Braun-Munzinger, D. Magestro, K. Redlich, and J. Stachel, in preparation. 27. J. Harris, STAR Collaboration, Talk presented at QM2001, Nucl. Phys. A, in prep. 28. C.M. Ko, V. Koch, Z. Lin, K. Redlich, M. Stepanov, and X.N. Wang, nuc-th/0010004, Phys. Rev. Lett. to appear; S. Jeon, V. Koch, K. Redlich, and X.N. Wang, nuclth/0105035.

29. J. Cleymans et al., Phys. Rev. C 60, 054908 (1999) ; Phys. Rev. Lett. 81, 5284 (1998). 30. F. Becattini, Z. Phys. C 69, 485 (1996) ; F. Becattini, et al., Z. Phys. C 76, 269 (1997). 31. R. Hagedorn, CERN Rep. 71 (1971); E. Shuryak, Phys. Lett. B 42, 357 (1972); K.

Redlich, et al. Z. Phys. C 50, 201 (1980); R. Hagedorn et al.,Z. Phys. C 27, 541 (1985). 32. See also: H. Drescher, J. Aichelin and K. Werner, Rapport, Subatech, 00-21. 33. J. C. Dunlop et al., Phys. Rev. C 61, 031901 (2000).

34. Ch. Blume, NA49 Collaboration, Talk presented at QM2001, Nucl. Phys. A, in prep.