arXiv:hep-ph/0111261 v1 21 Nov 2001

CERN-TH/2001–329 PAR/LPTHE/01–39

Strangeness enhancement and Energy dependence in Heavy Ion Collisions

K. Redlich^{a,∗)} and A. Tounsi^{b)} a Theoretical Physics Division, CERN, CH-1211 Geneva 23, Switzerland b Laboratoire de Physique Théorique et Hautes Energies, Université Paris 7, F-75251 Cedex 05, France

ABSTRACT

The canonical statistical model analysis of strange and multistrange hadron production in central A–A relative to p–p/p–A collisions is presented over the energy range from √ s = 8.73 GeV up to √ s = 130 GeV. It is shown that the relative enhancement of strange particle yields from p–p/p–A to A–A collisions substantially increases with decreasing collision energy. It is largest at √ s = 8.7 GeV, where the enhancement of Ω, Ξ and Λ is of the order of 100, 20 and 3, respectively. In terms of the model these results are due to the canonical suppression of particle thermal phase space at lower energies, which increases with the strangeness content of the particle and with decreasing size of the collision fireball. The comparison of the model with existing data on energy dependence of the kaon/pion ratio is also discussed.

∗) Permanent address: Institute of Theoretical Physics, University of Wrocław, PL-50204 Wrocław, Poland: redlich@rose.ift.uni.wroc.pl

CERN-TH/2001-329 November 2001

1 Introduction

The production of strange particles is extensively studied in heavy ion experiments in a very broad energy range from GSI/SIS to BNL/AGS and from CERN/SPS up to BNL/RHIC [1]. The amount of data available for K^+ and K^− yields already allows a detailed analysis of the kaon excitation function in A–A collisions [2, 3, 4] as well as an analysis of the relative enhancement of kaon production in A–A with respect to p–p collisions [3, 5, 6]. Of particular interest is here the behaviour of K^+ yield with energy, as this is the most abundantly produced particle with non–vanishing strangeness. The kaon excitation function at midrapidity, as the K^+/π^+ ratio, is a very abruptly increasing function of the collision energy between SIS up to top AGS. At higher energies it reaches a broad maximum between 10 AGeV and 40 AGeV [5] and, gradual decrease up to RHIC energy [7, 8]. In the microscopic transport models the increase of the kaon yield with collision energy is qualitatively expected, owing to a change in the production mechanism from associated to direct kaon emission. However, the hadronic cascade transport models are as yet not providing the quantitative explanation of the experimental data. The Hadron String Dynamics (HSD) model [9] severely underpredicts the top AGS results on K^+/π^+ ratio, while RQMD [3] overpredicts the yield at lower energies and gives too small yield at the SPS. The Statistical model SM, on the other hand, provides quite a satisfactory description of the kaon excitation function and of the K/π midrapidity ratio in the whole energy range from SIS up to RHIC [10, 11]. A detailed analysis of the experimental data at SIS [10], AGS [12, 13], SPS [13, 14] and recently also at RHIC [15, 16, 17] has shown that hadronic yields and their ratios resemble those of a population in chemical equilibrium. Most particle multiplicities measured in nucleus–nucleus collisions are well consistent with the thermal model predictions [13, 14, 15, 18]. A similar analysis of particle yields in hadron–hadron collisions [19] also shows the consistency of the statistical model with the data.

Recently, it was argued [20] that SM can also describes a basic future of strangeness enhancement from p–A to A–A collisions measured by WA97 Collaboration [21]: the enhancement pattern and enhancement saturation for a large number of participants N_{part}. The enhancement of (multi)strange baryons is of particular interest, since it was conjectured to be a signal for quark–gluon plasma formation in heavy ion collisions [22]. The centrality dependence of the (multi)strange baryon enhancement, increasing with the strangeness content of the particle, was shown to appear in the SM as a consequence of the canonical suppression of the particle phase space in a small system. Satisfactory agreement of the SM with data confirmed that SM provides a tool to make a prediction for hadron production in A–A collisions.

In this paper we apply (SM) formulated in the canonical ensemble [23, 24] to study the energy dependence of the (multi)strange baryon enhancement from p–p to A–A collisions. We first show that the observed relative enhancement of the K^+/π^+ ratio in A–A to p–p collisions from top AGS up to top SPS energy can be quantitatively described by the SM. We then make a prediction for relative (multi)strange baryon enhancement at √ s = 8.73, 12.3, 17.3 GeV at SPS and √ s = 130 GeV at RHIC energies. We show that at RHIC the enhancement of (multi)strange baryons is expected to be comparable with the one measured at the top SPS energy; however, it could be almost an order of magnitude larger at lowest ( √ s = 8.73 GeV) SPS energy.

2 Statistical description of strangeness enhancement

Within the statistical approach, hadron production is commonly described by using the grand canonical GC partition function, where the charge conservation is controlled by the related chemical potential. In this description a net value of a given U(1) charge is conserved on the average. The GC approach can be valid only if the total number of particles carrying a quantum number related with this symmetry is very large. In the opposite limit of small particle multiplicities, conservation laws must be implemented exactly and locally, i.e. the canonical C ensemble for conservation laws must be used [23, 25, 26]. The local conservation of quantum numbers in the canonical approach severely reduces the thermal phase space available for particle production. The exact charge conservation is therefore of crucial importance in the description of particle yields in proton–induced processes [19, 20], in e^+–e^− [19], as well as in peripheral heavy ion collisions [27].

In the present analysis of the energy dependence of the strangeness enhancement, we adopt the statistical model, which has previously been used to analyse hadron productions in heavy ion collisions [20, 24]. This model is formulated in the canonical ensemble with respect to strangeness conservation, whereas baryon number conservation is controlled by the chemical potential. Within this framework particle multiplicity ratios depend only on two thermal parameters: the temperature T and the baryon chemical potential μ_B, as well as the correlation volume, which is assumed to scale with the number of participating projectile nucleons.

The canonical model description of strangeness conservation including multistrange particle contributions was described in detail in [20, 24, 27]. We quote here the final results [24] for particle density, which are relevant to our discussion of the energy dependence of the strangeness enhancement.

The number density n^s_i of particle i carrying strangeness s is found to be

n^s_i =

Z^1_i Z^C_{S=0} ∞∑ n=−∞ ∞∑ p=−∞ a^p_3a^n_2 a^{−2n−3p−s} 1 I_n(x_2)I_p(x_3)I_{−2n−3p−s}(x_1), (1)

where Z^C_{S=0} = ∞∑ n=−∞ ∞∑ p=−∞ a^p_3a^n_2 a^{−2n−3p}

1 I_n(x_2)I_p(x_3)I_{−2n−3p}(x_1) (2)

is the canonical partition function for a system with total stangeness S = 0. The variables a_i and x_i are defined by a_i = √ S_i/S_{−i}, x_i = 2 √ S_iS_{−i}, and S_n = V ∑ k Z^1_k is the sum over all particles and resonances carrying strangeness n. For a particle of mass m_k, with degeneracy factor g_k, carrying baryon number B_k with the corresponding chemical potentials μ_B, the oneparticle partition function in Boltzmann approximation reads

Z^1_k ≡ g_k 2π^2 m^2_kT K_2 ( m_k T ) exp(B_k μ_B); (3)

here I_i and K_2 are the modified Bessel functions.

It can be shown that, in the limit of large x_1, that is for large strangeness multiplicity, the above formula coincides with the grand canonical result.^1 In the opposite limit, that of small

1 This can be easily seen for charges and baryons neutral system by making a large argument expansion of the Bessel functions in Eq. (1).

x_1, the equilibrium density of (multi)strange baryons is strongly suppressed with respect to their grand canonical value [20].

To study the energy and centrality dependence of (multi)strange particle yields in terms of the above model, one needs to establishes first the variation of thermal parameters with energy and centrality. From a previous analysis [28] one knows that temperature to a good approximation is only a function of the collision energy and is independent from the number of participating nucleons. For fully integrated, 4π particle yields, one can also assume that the baryon chemical potential is weakly changing with centrality. The above assumption could be partly justified by data since for √ s = 8.73 GeV the total number of pions per participant in central Pb–Pb (⟨π⟩/⟨N_{part}⟩=2.5) and in p–p (⟨π⟩/⟨N_{part}⟩ ∼ 2.62) almost coincide [29] (see also Fig. 1). In the SM and with the same temperature, the above can only be valid if the baryon chemical potential is weakly centrality–dependent. For larger collision energies, such as at RHIC, ⟨π⟩/⟨N_{part}⟩ is seen in Fig. 1 to increase from p–p to central Au–Au collisions. Thus, here μ_B is decreasing with increasing centrality. With a freeze–out temperature T ∼ 175 MeV and μ_B ∼ 50 MeV required to reproduce the RHIC data [24], this would correspond to an increase of μ_B from 50 MeV at most central Au–Au collisions to 70 MeV in p–p collisions. This change, however, will only weakly influence the relative enhancement of (multi)strange particles. We thus assume, for simplicity, that the baryon chemical potential is centrality– independent.^2 Thermal parameters are, however, very sensitive to collision energy. At the AGS [12] and SPS [14] we use the chemical freeze–out parameters as obtained from a detailed analysis of the experimental data. In particular at √ s = 17.3 GeV, T ∼ 168 MeV and μ_B ∼ 266 MeV.

At RHIC we adopt the values from [24]. At 40 AGeV the available data are still not sufficient to make a precise determination of freeze–out parameters [30]. To estimate these values we use the relation between T and μ_B as determined by the unified freeze–out conditions of fixed energy per particle [32] and the measured result on ⟨π⟩/N_{part} = 2.55 ± 0.15 for Pb–Pb collisions at 40 AGeV [4]. The Pb–Pb data at 80 AGeV for ⟨π⟩/N_{part} are still not known. Here we use instead the extrapolated to 80 AGeV value from Fig. 1, leading to ⟨π⟩/N_{part} ∼ 3.4. Thermal parameters for 40 and 80 AGeV extracted in this way are: T = 145 ± 5 MeV, μ_B = 370 ± 20 MeV and T ∼ 152 MeV, μ_B ∼ 280 MeV correspondingly. Finally, the volume parameter appearing in Eq. (1) is assumed to be proportional to the number of projectile participants, V ≃ V_0N_{part}/2 where V_0 ≃ 7 fm^3 is taken as the volume of the nucleon.

In Fig. 2 we show the compilation of the data on the K^+/π^+ ratio in A–A relative to p–p collisions [3, 4]. This double ratio could be referred to as strangeness enhancement factor. The enhancement is seen in the data to be the largest at the smallest beam energy and is decreasing towards higher energy. The line is a smooth interpolation between the canonical model results for √ s = 17.3, 12.3, 8.73, 5.56 GeV, obtained with the parameters described above.

The enhancement seen in Fig. 2 is entirely due to the suppression of the K^+/π^+ ratio in p–p collisions with decreasing energy and not due to a dilution of this ratio by excess pions in the A–A system. The K^+/π^+ ratio is known experimentally not to vary within 30% in the energy range from √ s ∼ 5 GeV at AGS up to √ s = 130 GeV at RHIC [3, 4, 11]. This behaviour is also described by the statistical model as a consequence of particular distributions of thermal

2 In general in p–p collisions the baryon number should also be treated canonically [13]. However, since here the baryon number B = 2 the canonical suppression is much less effective than in the case of strangeness. The canonical corrections due to baryon number should not exceed 30% [31].

Figure 1: Total number of pions per participant (⟨π⟩/N_{part}), 4π ratio versus energy. The data at lower energies in A–A as well as in p– p collisions are from [29]. The RHIC results are from [33]. The short-dashed and dashed lines represent the fit to the data.

Figure 2: K^+/π^+ ratio in A+A relative to p+p collisions. For the compilation of data, see [3, 4, 11]. The dashed line represents the statistical model results.

parameters with collision energy [24].^3

The results in Fig. 2 show that in terms of the SM the energy dependence of the strangeness enhancement could be related with the suppression of the thermal phase space available for strangeness production in p–p collisions. Having in mind the above agreement, we apply this model to analyse the enhancement for multistrange baryons. Two relevant questions are here of particular interest: (i) Is the enhancement pattern observed by WA97 a characteristic feature of the top SPS energy or can it also be seen at lower energies ? (ii) Is the enhancement for multistrange baryons a decreasing or increasing function of energy? In Fig. 3 and Fig. 4 we show the results on relative (multi)strange baryon enhancement from p–p to Pb–Pb collisions at √ s = 8.73 GeV and at √ s = 130 GeV, respectively. It is clear that the same enhancement pattern as at the SPS is expected in the SM model to appear for all relevant energies.

To see the dependence of the strength of the enhancement with energy, we show in Fig. 5 and Fig. 6 the relative enhancement of Ξ and (Ω + Ω̄) for different collision energies. The enhancement is the largest at lowest energy; for Ω, it can even be larger by a factor of almost 10 at 40 A GeV than observed at the SPS. This behaviour could already be partly deduced from the experimental data. Indeed, combing the Si–Pb results for Ξ^− production obtained by the E810 Collaboration [38] and the E802 value for pion or K^− yield in Si–Au collisions [39] at

3 We have to point out that the NA49 data in the full phase space shows a depletion in the K^+/π^+ ratio from 40 A GeV to 160 A GeV. This behaviour was previously conjectured as a possible signal of deconfinement [36].

Figure 3: Centrality dependence of the relative enhancement of particle yields/participant in central Pb–Pb to p– p collisions at fixed energy √ s = 8.73 GeV.

Figure 4: Centrality dependence of the relative enhancement of particle yields/participant in central Pb–Pb to p– p collisions at fixed energy √ s = 130 GeV.

the top AGS energy, one can estimate that Ξ^−/π^+ ∼ 0.0076; this within errors, coincides with the value of Ξ^−/π^+ ∼ 0.0074 obtained by NA49 in Pb–Pb at √ s = 17.3 GeV [40], as seen in Fig. 7. In p–p collisions the Ξ^−/π^+ ratio is obviously a strongly decreasing function of energy. From the above one could therefore expect that the relative enhancement of Ξ^− from p–p, p–A to A–A collisions should be larger at AGS than at SPS energy, which is seen in Fig. 5. In addition the ratio containing only newly produced particles such as e.g. Ξ^−/K^−, is also seen in Fig. 7 to be larger at AGS than SPS. The energy dependence of the Ξ^−/π^+ and Ξ^−/K^− ratios was calculated in Fig. 7 along the freeze–out curve [32] following the method described in [24].

The results of Fig. 5 and Fig. 6 show a saturation of the enhancement, which indicates that the grand canonical limit was reached. It is clear from these figures that this saturation is shifted towards larger centrality with decreasing energy.

In p–p collisions local strangeness conservation required that there be associated production of particles, e.g. Ξ has to appear together with two other strangeness 1 particles, to neutralize strangeness. In high energy central A–A collisions, there are already sufficiently many strange hadrons being produced for strangeness to be conserved on the average, which substantially increases thermal particle production. The associated production and locality of strangeness conservation is an origin of the suppression of particle thermal phase space, which increases with the strangeness content of the particle as well as with decreasing collision energy. As a consequence the enhancement from p–A to A–A collisions with decreasing energy is seen in Fig. 5 and Fig. 6 to be stronger for Ω than for Ξ. At RHIC the freeze–out temperature was found to be consistent, within errors, with the one at the SPS as well as with the critical temperature found in the Lattice Gauge Theory. As a consequence the enhancement of (multi)strange baryons at √ s = 130 GeV RHIC energy is seen in Fig. 4 to be comparable with that at the SPS. The change in baryon chemical potential from 266 MeV to 50 MeV, evidently does

Figure 5: Centrality dependence of relative enhancement of Ξ^− yields/participant in central Pb–Pb to p–A reactions at different collision energies.

Figure 6: Centrality dependence of relative enhancement of (Ω + Ω̄) yields/participant in central Pb–Pb to p–p reactions at different collision energies.

not influence the strength of the enhancement. Thus, also an increase of the energy from 130 to 200 GeV should not change the above results much. These predictions are in obvious disagreement with UrQMD [37]. There, the production of strangeness is very sensitive to the initial conditions. In UrQMD the early stage multiple scattering may imply an increase of the colour electric field strength. Consequently, according to the Schwinger mechanism, this should increase the production of (multi)strange baryons. Under similar kinematical conditions as at the SPS, the UrQMD model predicts at RHIC an increase in relative strength of Ω yields from p–A to A–A by a factor of 4 [37].

The strangeness enhancement pattern measured by the WA97 Collaboration at the SPS [21] was predicted as a signal for quark-gluon plasma formation [22]. In the context of the considered SM model the enhancement pattern of (multi)strange baryons should be observed at all SPS energies, with increasing strength towards lower beam energy. Thus, the results of the above SM make it clear that strangeness enhancement and enhancement pattern are not a unique signal of deconfinement, since these features are expected to be there also at energies where the initial conditions are very unlikely for deconfinement.

The quantitative results shown in Figs. 3–6 contain some uncertainties. The magnitude of the enhancement is very sensitive to the temperature taken at a given collision energy. Changing T by 5 MeV, a typical error on T in a thermal analysis, can change, for instance, the enhancement of Ω shown in Fig. 3 by a factor of 2. The N_{part} dependence of the strange hadron enhancement seen in Figs. 3–6 was obtained by assuming a linear dependence of a volume parameter V in Eq. (1) with N_{part}. In general, V could have a weaker dependence with centrality, which could be reflected with an only moderate increase of the enhancement, with centrality and saturation appearing at larger volume. In addition, including the variation of the thermal parameters, in particular of the baryon-chemical potential, with centrality, or

Figure 7: Ratios of Ξ^−/π^+ and Ξ^−/K^− as a function of collision energy. The data at the SPS are fully integrated NA49 results. The corresponding ratio at the top AGS was obtained from E810 results on Ξ^− measured in Si–Pb collisions in the rapidity interval 1.4lyl2.9 [38] normalized to the full phase space values of π^+ and K^− yield obtained in Si-Au collisions by E802 [39].

extending the model to a canonical description of baryon number conservation [19], or finally including a possible asymmetry between the strangeness under saturation factors in p–p and A–A collisions [13, 19], could change our numerical values. However, independently of these uncertainties, the main results: (i) enhancement decreasing with increasing collision energy, and (ii) enhancement pattern being preserved at all SPS energies, are always valid.

3 Summary and conclusions

In conclusion, we have shown that, in terms of the statistical model, the relative enhancement of (multi)strange baryons from proton–proton or proton–nucleus to nucleus–nucleus collisions is a decreasing function of the collision energy. Experimentally this fact already, had been obtained for kaon yields and is shown to be expected for multistrange baryons. In addition, an increase of the enhancement with the strangeness content of the particle is a generic feature of our model, independent of the collision energy. On the qualitative level the only input being required in the model to make the above predictions is the information that freeze–out temperature is increasing with collision energy and that the chemical potential shows the opposite dependence. The above conditions are well confirmed by a very detailed analysis of particle production at different collision energies.

We have presented the quantitative predictions for a relative enhancement of Λ, Ξ and Ω yields in the energy range from √ s = 8.7 up to √ s = 130 GeV. We have discussed the possible uncertainties of the presented results. The relative enhancement at RHIC was found to be lower than at the SPS. This is in contrast with the UrQMD predictions, which are showing the opposite behaviour [37] . The statistical model applied here is also very unlikely to be capable of explaining an abrupt change of the Ξ̄/N_{part} enhancement recently reported by the NA57 Collaboration [43].

4 Acknowledgements

One of us, K.R., acknowledges a partial support from the LPTHE Universite Paris 7 and the Polish Committee for Scientific Research (KBN-2P03B 03018). Interesting discussions with F. Becattini, P. Braun-Munzinger, J. Cleymans, A. Keranen, H. Oeschler, H. Satz and R. Stock are also acknowledged.

References

[1] For e recent review, see eg. S.A. Bass, M. Gyulassy, H. Stocker, and W. Greiner; J. Phys.

G25 (1999) R1; H. Satz, Rep. Prog. Phys. 63 (2000) 1511.

[2] R. Stock, Phys. Lett. 456 (1999) 277; Prog. Part. Nucl. Phys. 42 (1999) 295. [3] J. C. Dunlop, and A. Ogilvie, Phys. Rev. C61 (2000) 031901; C. A. Ogilvie, nuclex/0104010.

[4] Ch. Blume, NA49 Coll., Proceedings of QM2001, in print. [5] J. Cleymans, and K. Redlich, Phys. Rev. C60 (1999) 054908. [6] M. Gazdzicki, M. Gorenstein, and D. Roehrich, hep-ph/0006236. [7] J. Harris, STAR Coll., Proceedings of Qm2001, in print. [8] N. Xu, nucl-ex/0104001.

[9] W. Cassing, Nucl. Phys. A661 (1999) 468c and references therein.

[10] J. Cleymans, H. Oeschler, and K. Redlich, Phys. Rev. C59 (1999) 1663; Phys. Lett. B485 (2000) 27; H. Oeschler, J. Phys. G27 (2001) 257.

[11] K. Redlich, hep-ph/0105104, Nucl. Phys. A698 (2002) 94c.

[12] P. Braun-Munzinger, J. Stachel, J.P. Wessels, and N. Xu, Phys. Lett. B344 (1995) 43 and B365 (1996) 1.

[13] F. Becattini, J. Cleymans, A. Keranen, E. Suhonen, and K. Redlich, Phys. Rev. C64 (2001) 024901.

[14] P. Braun-Munzinger, I. Heppe, and J. Stachel, Phys. Lett. B465 (1999) 15. [15] P. Braun-Munzinger, D. Magestro, K. Redlich, and J. Stachel, hep-ph/0105229, Phys.

Lett. B in print.

[16] N. Xu, and M. Kaneta, hep-ex/0104021. [17] W. Florkowski, and W. Broniowski, nucl-th/0106009. [18] M. Gorenstein, and D. Yen, Phys. Rev. C59 (1999) 2788.

[19] F. Becattini, Z. Phys. C69 (1996) 485; F. Becattini, and U. Heinz, Z. Phys. C76 (1997) 269.

[20] J. S. Hamieh, K. Redlich, and A. Tounsi, Phys. Lett. B486 (2000) 61 ; J. Phys. G27 (2001) 413.

[21] E. Andersen et al., WA97 Coll., Phys. Lett. B449 (1999) 401.

[22] J. Rafelski, and B. Müller, Phys. Rev. Lett. 48 (1982) 1066; P. Koch, B. Müller, and J. Rafelski, Phys. Rep. 142 (1986) 167; J. Rafelski, Phys. Lett. B262 (1991) 333.

[23] R. Hagedorn, Thermodynamics of stron interactions, CERN Report 71-12 (1971); E.

Shuryak, Phys. Lett. B42 (1972) 357; J. Rafelski, Phys. Lett. B97 (1980) 279; K. Redlich, and L. Turko, Z. Phys. C5, (1980) 201; R. Hagedorn and K. Redlich, Z. Phys. C27 (1985) 541.

[24] P. Braun-Munzinger, J. Cleymans, H. Oeschler, and K. Redlich, hep-ph/0106066. [25] C.M. Ko, V. Koch, Z. Lin, K. Redlich, M. Stephanov, and X.N. Wang, Phys. Rev. Lett.

86 (2001) 5438.

[26] S. Jeon, V. Koch, K. Redlich, and X.N. Wang, nucl-th/0105035. [27] J. Cleymans, K. Redlich, and E. Suhonen, Z. Phys. C51 (1991) 137. [28] F. Becattini, M. Gazdzicki, and Sollfrank, Eur.Phys. JC5 (1998) 143. [29] M. Gazdzicki, and D. Roehrich, Z. Phys. C66 (1995) 77.

[30] R. Stock, presented at the Workshop on Strangeness Production in Nuclear Collisions from 1 to 200 GeV, Trento, June, 2001.

[31] M. Gazdzicki, and M. Gorenstein, Phys. Lett. B483 (2000) 60. [32] J. Cleymans, and K. Redlich, Phys. Rev. Lett. 81 (1998) 528. [33] The 4π results at √ s = 56 GeV were estimated from PHOBOS mid-rapidity data from [35], scaled by the same factor as required in p–p collisions when going from mid-rapidity to full phase space. The results at √ s = 130 GeV are from [34]. The 4π results at √ s = 200 GeV were estimated by multiplying the √ s = 130 GeV results by the same factor (modulo an increase in rapidity interval) as recently measured by PHOBOS at mid–rapidity [35].

[34] I.G. Bearden, et al., nucl-ex/0108016.

[35] B.B. Back, et al., nucl-ex/0105001; Phys. Rev. Lett. 85, (2000) 3100; nucl-ex/0108009. [36] M. Gazdzicki, et al., Z. Phys. C65 (1995) 215, Acta Phys. Pol. B30 (1999) 2705. [37] M. Bleicher, W. Greiner, H. Stöcker, and N. Xu, Phys. Rev. C62 (2000) 061901. [38] S. E. Eiseman et al., E810 Coll., Phys. Lett. B297 (1992) 44 and B325 (1994) 322. [39] T. Abbott et al., E802 Coll., Phys. Rev. C60 (1999) 044904; Y. Akiba et al., E802 Coll., Nucl. Phys. A590 (1995) 179c.

[40] R. A. Barton et al., Na49 Coll., J. Phys. G27 (2001) 367.

[41] P. Braun-Munzinger, and J. Stachel, Nucl. Phys. A606 (1996) 320; J. Stachel, Nucl. Phys.

A654 (1999) 119c.

[42] U. Heinz, Nucl. Phys. A685 (2001) 414. [43] F. Antinori, et al., NA57 Coll., hep-ex/0105049.