arXiv:nucl-th/0306037 v1 11 Jun 2003

Strange Quark Matter 2003

Strangeness at SIS energies

Volker Koch

Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

Abstract. In this contribution we discuss the physics of strange hadrons in low energy (≃ 1 − 2 AGeV) heavy ion collision. In this energy range the relevant strange particle are the kaons and anti-kaons. The most interesting aspect concerning these particles are so called in-medium modifications. We will attempt to review the current status of understanding of these in medium modifications. In addition we will briefly discuss other issues related with kaon production, such as the nuclear equation of state and chemical equilibrium.

1. Introduction

The production of strange particles in heavy ion collisions has been studied extensively for all available energies. While fits to particle yields [1] seem to indicate a common systematic for particle production over the entire energy range, as far as strange particle production and dynamics is concerned there is, at least from the theoretical point of view, a conceptual difference between the low energies and the ultra-relativistic regime. At low energies, the system is dominated by (nonstrange) baryons, whereas for SPS-energies ( √ s = 20 GeV) and higher the system is temperature dominated. In the limit of perfect flavor SU(3) symmetry a system at zero baryon chemical potential and finite temperature preserves the SU(3) flavor symmetry. Contrary to that, a system at low temperature, but large chemical potential, breaks the SU(3) flavor symmetry explicitely. The extreme example is a cold nucleus which consists only of protons and neutrons, but does not contain any hyperons. As a consequence, slow kaons and anti-kaons feel, contrary to pions, repulsive and attractive mean field potentials, respectively. This is analogous to pions in neutron matter, where the in-medium potentials for positive and negative pions are different due to the explicit isospin breaking of neutron matter. As the bombarding energy is increased, and the system becomes more temperature dominated, these effects are less relevant and more difficult to extract experimentally. Thus, low energy heavy ion collision provide a unique environment to study the SU(3) flavor dynamics and its effects on the strangeness sector at densities above the nuclear matter ground state density.

Historically, the interest in kaon production at low energies has been motivated by the search for the nuclear equation of state [2]. Since at these energies kaons are produced either sub or near threshold, kaon production should be sensitive to the equation of state. This approach, however, can only work if all other forces on the kaons, such as mean fields, are well understood. By now a rather consistent picture of kaon production has emerged, and the resulting equation of state is in agreement with the analysis of flow observables.

In recent years the production of anti-kaons has received considerable attention. Especially the connection to the structure of compact (neutron) stars, with the possible formation of a kaon (K^−) condensate [3, 4], generated interest in anti-kaon production at high densities. Unfortunately, the environment generated in a heavy ion collision is different from that of a neutron star. The system is a finite temperature (T ≃ 70 MeV) and the kaons observed in experiment have finite momenta. Therefore, a careful extrapolation to the conditions inside a compact star – zero temperature and momentum – needs to be carried out. This, as we shall discuss, introduces quite some ambiguities and model dependencies which require further detailed investigation.

This contribution is organized as follows. First, we will discuss the conceptual differences between kaon and anti-kaon production. Then we will briefly summarize the present understanding of kaon (K^+) production, which is rather non-controversial. A large part of this contribution will be devoted to anti-kaon production, because here the interpretation of the data is not yet settled. Also, the in-medium properties for anti-kaons present a nice and possibly tractable example for in-medium modifications of hadronic properties. Before we conclude, we will briefly mention how kaon production can also be utilized to address the question of equilibration in these collisions.

Throughout this contribution we will concentrate on the SIS energy regime. While some of the effects are also seen at the lower AGS energies (≃ 4 AMeV), there, temperature effects wash out most of the interesting dynamics responsible for the anti-kaon in-medium properties.

2. Kaon and anti-kaon production in a density dominated environment

Initially, the properties of kaons in dense matter has been discussed in the framework of chiral perturbation theory. In ref. [3] the leading order interaction between a kaon and nucleon has been given by δL = − 3 8f^2

(K̄i^↔∂ K)N̄ γ_0N + c(K̄K)(N̄ N ) (1)

The first term reflects the vector interaction analogous to the Weinberg-Tomozawa term know from pion physics. This term is repulsive for kaons and attractive for antikaons. The second term, which is due to explicit symmetry breaking, is attractive for both, kaon and anti-kaon. The coefficient of this term is much less known than that of the vector interaction. The resulting interaction is repulsive for the kaons, in agreement with experiment, but attractive for anti-kaon, which is not supported by K^−-nucleon scattering data which also give a repulsive scattering length [5]. The reason for this discrepancy is the existence of the Λ(1405) resonance right below the K̄ − N -threshold, which couples strongly to the the K̄ − N system. Thus, resummed chiral perturbation theory is required in order to describe the K̄ − N system correctly[6, 7]. As a result, the Λ(1405) is generated as a bound state, which in fact has already been proposed almost forty years ago [8].

The importance of the Λ(1405) illustrates the essential difference between the antikaon–nucleon and kaon–nucleon system. While the former is dominated by resonances, the latter does not show any significant structure in the scattering amplitude, since the strange anti-quark cannot be absorbed into a baryon resonance. This difference will also affect the in medium properties of kaons and anti-kaons. Since the kaonnucleon interaction is non-resonant, we expect that the impulse approximation should describe the kaon-nucleus system as well as kaon propagation in heavy ion collision rather well. We thus expect that a straightforward mean field description should be reasonable for kaons in nuclear matter. This is different for the anti-kaon. Here we expect strong mixing with resonance-hole states, similar to pion propagation in nuclear-matter. Thus a detailed coupled channel treatment is called for.

2.1. Kaon properties in dense matter

Let us first discuss the simpler case of kaons in matter. As already pointed out, we expect that kaons in matter should be reasonably well described by a mean-field obtained via the impulse approximation. And indeed this works rather well for the description of kaon-nucleus scattering experiments [9]. Since the scattering amplitude is non-resonant, corrections due to finite temperature should be small, and thus, the impulse approximation should provide a reasonable estimate for the kaon mean field potential. Using the measured scattering length one obtains

U_{opt} ≃ 20 MeV ρ ρ_0 (2) which is slightly repulsive.

Figure 1. Left panel: Kaon squeeze out obtained by the KAOS collaboration [10]. The lines are transport calculations [13] with (full) and without(dashed) a kaon potential. Right panel: Kaon sideways flow at AGS energies obtained by the E895 collaboration [16]. Also shown are the results of transport calculations using the RQMD model.

As predicted by Ko et al. [12], this repulsion should be visible in kaon flow observables and, as can be seen in Fig. 1, the data clearly favor a repulsive mean field for the kaons. For SIS energies, where transport calculations are more reliable, the above mean field potential (2) leads to a quantitative agreement with the data [10, 11] for the so-called squeeze out and the sideways flow [12, 14, 15]. The repulsive potential for the kaons is even seen at AGS energies (left panel of Fig. 1). Strong flow away from the nucleons is observed [16]. Thus the presence of a repulsive mean field for kaons in nuclear matter up to twice nuclear matter density seems to be called for.

In addition, the resulting kaon yield as a function of system size can be utilized to extract information about the equation of state. Again, the data are reproduced, and, provided the kaon mean field is taken into account, the resulting equation of state is consistent with other observables such as nucleon flow [17, 18].

2.2. Anti-kaons in dense matter

While the properties of kaons in dense matter seem to be rather well described by a simple repulsive mean field potential based on the impulse approximation, the situation for anti-kaons is much more complicated; the main reason being the aforementioned coupling to baryon resonances. The effect of this more complex dynamics becomes already apparent in the spectroscopy of kaonic atoms, where very low nuclear densities are probed. Whereas the K̄ − N -amplitude is repulsive, kaonic atoms call for an attractive mean field [19]. Thus, already at densities well below nuclear matter density the impulse approximation fails. The observed attraction in kaonic atoms can be naturally explained if one assumes that the Λ(1405) resonance is indeed a K̄ − N -bound state [20]. In this case, Pauli-blocking of the K̄ − N intrinsic wavefunction shifts this state up in energy above the K̄ − N threshold before it then dissolves. As a result, the underlying attractive K̄ − N interaction, which was responsible for the binding of the Λ(1405), is revealed. The resulting attractive potential is then in reasonable agreement with the findings from kaonic atoms, which by themselves are somewhat model dependent [19]. This is similar to proton-neutron scattering in the deuteron channel, where the scattering amplitude is repulsive due to a bound state just below threshold. Again, the true interaction is attractive and is only revealed in an atomic nucleus where the deuteron is dissolved due to Pauli-blocking. While this idea has first been developed based on an effective K̄ − N interaction [20], more refined calculations employing re-summation techniques using chiral Lagrangians find the same result [21, 22, 26]. But the Λ(1405) is only one of many resonances the anti-kaon can couple to, and a consistent treatment requires the coupling of all these channels. As a result a rather complex spectral distribution for the excitations with the quantum numbers of the anti-kaon emerges. An example of a K^− spectral function based on a chiral Hamiltonian is shown in Fig.2. In this model not only the Λ(1405) but many other resonances are generated dynamically. The spectral function for zero momentum kaons shows the mixing of the kaon with resonance-hole states and, as the density is increased, the strength broadens considerably. Obviously, a simple quasiparticle plus mean field description of the anti-kaon will oversimplify this situation considerably.

In addition, a resonance dominated interaction also should lead to strong energy/momentum dependencies for the spectral distribution. Furthermore, one would also expect that the strong density dependent mixing of states should modify the transition rates between the states. In the simple model of ref. [20], where the essential in-medium effect is due to Pauli-Blocking of the Λ(1405) one immediately expects that for kaons with momenta that are large compared to the Fermi momentum of the nuclear matter, the free (slightly repulsive) K̄ −N interaction should re-emerge. This indeed is found as shown in Fig.3 (left panel). The right panel of Fig.3 shows the results of a calculation based on a different, more sophisticated interaction [28]. Again with increasing momentum, the K̄ potential becomes less attractive. But in this case, some net attraction remains even for momenta of the order of 500 MeV.

The momentum dependence of the K̄ in-medium modifications can also be read off from the spectral distribution shown in Fig.2. The set of curves on the right shows the spectral function for a anti-kaon momentum of q = 500 MeV. Not only are the distributions much less broadened but they all peak at the energy of a free kaon. Thus, the effective kaon potential is essentially zero, whereas at zero momentum almost all the strength accumulates below the free value. Thus, this calculation also predicts a

Figure 2. Example for an in-medium anti-kaon spectral function [25]. The dashed vertical lines indicate the energies for a free anti-kaon at the given momentum.

Figure 3. Anti-kaon optical potential. Left from ref. [27], right from ref. [28]

reduced attraction as the momentum of the kaons is increased.

Finally, let us turn to the cross sections. One of the crucial channels for K̄ production in low energy heavy ion collisions is the strangeness exchange reaction

Y + π ↔ K̄ + N (3)

For example, the Λ(1405) resonance couples to both channels, and as this resonance moves in mass as a result of Pauli blocking, this cross section may change considerably [27, 23]. Actually, as shown in [23], this may explain the observed pion distribution from stopped anti-kaon reactions. In Fig.4 we show the results of two different calculations for the in-medium change of the cross section for the reaction (3). In both cases, the cross sections are enhanced, even though the calculations and results differ in the details.

Figure 4. In-medium cross sections. Left from ref. [27], right from ref. [29]

While the general trends of all calculations concerning the the in-medium properties of anti-kaons agree qualitatively, there are obvious model dependencies. Those, be it the momentum dependence of the optical potential or the density/momentum dependence of the cross sections, can only be resolved with more detailed experimental knowledge about the underlying K̄ − N scattering amplitudes. At present the available data are rather poor and only better measurements of the elementary reactions will allow to make definitive conclusions about the rather interesting in-medium properties exhibited in the above figures.

2.2.1. Experimental results and their interpretation How are the above theoretical considerations born out in experimental data? As already discussed in the previous section, kaons appear to fit into a rather consistent framework. As for anti-kaons, the situation is, as expected, considerably more complex. Most prominent is the discovery by the KAOS collaboration [24], that the production of anti-kaons in heavy ion collisions compared to proton-proton collisions is much more enhanced then that of kaons. Indeed if plotted with respect to the threshold energy, the excitation function of the anti-kaons and kaons are identical (see Fig.5). Initially this observation gave rise to speculations about reduction of in-medium kaon masses, as predicted by simple first order chiral perturbation theory. However, from the above considerations, this scenario seems too naive. In particular, the kaons observed by the KAOS collaboration have a momentum larger than approx. 300 MeV in the matter rest frame. At these momenta, all microscopic calculations predict reduced if not vanishing attraction.

In addition, microscopic models predict a considerable modification of the cross section for the most important productions channel (3). So what is the correct interpretation of these data? Most disturbingly, at present transport models, which in this energy regime often serve as reference, do not agree on the anti-kaons yield even absent any in-medium modifications. While the calculations of [27, 30] more or less reproduce the measured K^− yield, the calculations of [14, 31] definitely call for some additional source of K^−. Fortunately, these discrepancies are presently being investigated [32].

But there is additional experimental information, which may guide us independent of the details of the transport model results. Namely, the kaon to anti-kaon ratio

Figure 5. Kaon and anti-kaon production as a function of energy as measured by the KAOS collaboation[24]. Also shown are the N − N thresholds.

is essentially independent of centrality. How can this be understood in terms of density dependent in-medium effects. The densities reached in central collisions are considerably higher then those in more peripheral ones. Maybe there is a much simpler explanation to the anti-kaons production, as proposed by Oeschler [33].

Suppose the strangeness exchange reaction as given by Eq.3 is fast compared to the lifetime of the system. Then a relative chemical equilibrium between hyperons and anti-kaons is established, with N (Y ) ≫ N (K̄). Furthermore, in the initial hard collisions strangeness conservation requires that as many hyperons as kaons are produced. Consequently, given the number of kaons, the number of hyperons is determined and in turn the number of anti-kaons. Note that this process does not require any in-medium modifications and is consistent with the observation [1] that the anti-kaon yields follow a thermal model.

Indeed transport calculations give support to this picture. As shown in Fig.6, the rates for both directions of the reaction (3) are almost identical, meaning relative chemical equilibrium between hyperons and anti-kaons is essentially established. As an interesting consequence an increase of the cross section for these transition has only limited effect on the final anti-kaon yield [27, 30]. As shown in the lower part of the right panel of Fig.6 increasing the cross section by a factor of three does not enhance the K^− yield by the same amount.

There is actually an even more amusing consequence of this scenario. As shown in Fig.7, in-medium potentials for kaons have a larger impact on the anti-kaon yield than in-medium potentials for the anti-kaons themselves. This is again a simply corollary of the relative chemical equilibrium between hyperons and kaons. Given the number of hyperons, the anti-kaon number is fixed at a rather late stage of the collision. The number of hyperons, however, is directly linked to the number of kaons and is established early on in the dense phase of the collision. Thus, a repulsive kaon potential, which reduces the kaon yield, affects the final anti-kaon yield much more effectively than an anti-kaon potential.

Another, more sobering consequence of this scenario is that heavy ion reaction may actually not be the right environment to study the rather rich in-medium

Figure 6. Left: Number of collisions Y + π ↔ K^−N [27] as a function of the c.m. energy. Right: Number of collisions Y + π ↔ K^− N [30] as a function of time (top) and number of K^− for different cross sections (bottom).

Figure 7. Number of K^− for different choices of kaon and anti-kaon mean field potentials [30].

properties of anti-kaons. If equilibrium physics dominates, then the subtle dynamics are hard to unravel. Anti-kaon nucleus scattering experiments, therefore, seem to be the better environment to study this interesting question.

In summary, the picture for the in-medium behavior of kaons seems to be reasonably well under control and consistent with simpler systems, such as kaonnucleus scattering. Anti-kaons, however, are much more complex because of their strong mixing with baryon hole states. While the different theoretical models agree qualitatively, a quantitative agreement requires better knowledge of the underlying amplitudes. Therefore, in order to make progress in this interesting field, detailed K^−-nucleon scattering data are called for.

3. Other aspects: equilibrium

As already mentioned in the introduction, it is somewhat surprising that the strange particles, like all other particles, seem to follow the same universal chemical freezeout curve which connects density dominated systems created at SIS with temperature dominated systems at SPS and RHIC. As we have argued before, in a dense system the properties of kaons and anti-kaons are quite different. And indeed, taking the in-medium spectral functions seriously, a fit to a thermal model should take these spectral distributions into account. Simply using free particle properties does not seem to be the correct procedure. In ref. [34] an attempt in this direction has been made. By weighting the in-medium spectral distribution with a thermal distribution the authors are forced to use much lower temperatures for the anti-kaons in order to reproduce that data. Or, in other words, they do not find chemical equilibrium in these reactions. However, one should interpret these result with some caution. The in-medium spectral function for the anti-kaons contains considerable strength form hyperon-hole pairs. What happens to this strength as the system expands? This will depend on the time scales involved. In the adiabatic limit, the spectral distribution de-mixes and all the strength will accumulate in the kaon branch. However, if the expansion is sudden, some of the strength will remain in the hyperon-hole branch, which then materializes as hyperons in the final state. Therefore, a more detailed dynamical calculation is required before any definite conclusions can be drawn about the effect of in-medium spectral functions on the final state anti-kaons number.

Another surprising aspect of the success of the thermal model is the fact that the kaon should be in chemical equilibrium with the rest of the matter. Kaons interact with small cross sections and it seems that the lifetime of the system is too short for any equilibrium to establish [35]. Luckily, kaons at SIS energies represent one of the few systems, where the degree of equilibrium can be determined experimentally. As discussed in [36] the number of kaon pairs, though difficult to determine experimentally, provides a direct measurement on the degree of equilibration. This is essentially due to the fact, that at SIS energies strangeness is rare and thus needs to be conserved explicitly and not only on the average as it is usually done in the grand-canonical approximation [37]. At higher energies similar arguments can be made, but much more complicated measurements are needed, since strangeness is not rare anymore [38]. If indeed, the measurement of the kaon pairs establishes chemical equilibrium, then additional processes, such as many body collisions or possible new in-medium effects need to be invoked in order to explain this. Thus, potentially new physics may emerge from these investigations.

4. Summary

In this contribution we have discussed strangeness at SIS energy heavy ion collisions. We have concentrated on the in-medium properties of kaons and anti-kaons and have pointed out the conceptual difference between the two in a density dominated environment.

In particular the anti-kaons in matter are an interesting example for in-medium modifications via coupling to hyperon-hole modes etc. Since strangeness is involved, the number of possible channels is limited and thus a quantitative understanding of these effects in the future is conceivable. However, in order to make progress, detailed information about the basic K̄ − N system is needed. We have also pointed out that

Strangeness at SIS energies 10

heavy ion collisions may not be the most appropriate tool to study this system, since efficient partial equilibrium may wash out most of the dynamics. It rather appears that K^−-nucleus scattering experiments are more appropriate to investigate all the interesting phenomena associated with the in-medium propagation of a hadron.

Finally, we have mentioned that kaons at SIS energies may actually be one of the few examples where the question of equilibrium can be addressed in experiment. In case of the anti-kaons, the subtle coupled channel dynamics needs to be controlled before this issue can be addressed with confidence.

Acknowledgments

I would like to thank M. Lutz and C. Sturm for providing some of the figures and J. Aichelin for many useful discussions on the status of the transport calculations. This work was supported by the Director, Office of Science, Office of High Energy and Nuclear Physics, Division of Nuclear Physics, and by the Office of Basic Energy Sciences, Division of Nuclear Sciences, of the U.S. Department of Energy under Contract No. DE-AC03-76SF00098.

References

[1] J. Cleymans and K. Redlich, Phys. Rev. C 60 (1999) 054908 [arXiv:nucl-th/9903063]. [2] J. Aichelin and C. M. Ko, Phys. Rev. Lett. 55 (1985) 2661. [3] D. B. Kaplan and A. E. Nelson, Phys. Lett. B 175 (1986) 57.

[4] G. E. Brown, C. H. Lee, M. Rho and V. Thorsson, Nucl. Phys. A 567 (1994) 937 [arXiv:hep-ph/9304204].

[5] A. D. Martin, Nucl. Phys. B 179 (1981) 33.

[6] N. Kaiser, P. B. Siegel and W. Weise, Nucl. Phys. A 594 (1995) 325 [arXiv:nucl-th/9505043]. [7] E. Oset and A. Ramos, Nucl. Phys. A 635 (1998) 99 [arXiv:nucl-th/9711022]. [8] R. H. Dalitz et al., Phys. Rev 153 (1967) 1617. [9] D. J. Ernst, Phys. Rev. C59 (1999) 2627. [10] Y. Shin et al, Phys. Rev. Lett. 81 (1998) 1576.

[11] P. Crochet et al. [FOPI collaboration], Phys. Lett. B 486 (2000) 6 [arXiv:nucl-ex/0006004]. [12] G. Q. Li, C. M. Ko and B. A. Li, Phys. Rev. Lett. 74 (1995) 235 [arXiv:nucl-th/9410017]. [13] G. Q. Li, C. M. Ko and G. E. Brown, Phys. Lett. B 381 (1996) 17.

[14] E. L. Bratkovskaya, W. Cassing and U. Mosel, Nucl. Phys. A 622 (1997) 593 [arXiv:nucl-th/9703047].

[15] Z. S. Wang, C. Fuchs, A. Faessler and T. Gross-Boelting, Eur. Phys. J. A 5 (1999) 275 [arXiv:nucl-th/9809043].

[16] P. Chung et al, Phys. Rev. Lett. 85 (2000) 940.

[17] C. Sturm et al. [KAOS Collaboration], Phys. Rev. Lett. 86 (2001) 39 [arXiv:nucl-ex/0011001]. [18] C. Fuchs, A. Faessler, E. Zabrodin and Y. M. Zheng, Phys. Rev. Lett. 86 (2001) 1974 [arXiv:nucl-th/0011102].

[19] A. Gal, Nucl. Phys. A 691 (2001) 268 [arXiv:nucl-th/0101010]. [20] V. Koch, Phys. Lett. B 337 (1994) 7 [arXiv:nucl-th/9406030]. [21] T. Waas, N. Kaiser and W. Weise, Phys. Lett. B 365 (1996) 12. [22] A. Ramos and E. Oset, Nucl. Phys. A 671 (2000) 481 [arXiv:nucl-th/9906016]. [23] A. Ohnishi, Y. Nara and V. Koch, Phys. Rev. C 56 (1997) 2767 [arXiv:nucl-th/9706084]. [24] F. Laue et al. [KaoS Collaboration], Phys. Rev. Lett. 82 (1999) 1640 [arXiv:nucl-ex/9901005]. [25] M. F. Lutz and C. L. Korpa, Nucl. Phys. A 700 (2002) 309 [arXiv:nucl-th/0105067]. [26] M. Lutz, Phys. Lett. B 426 (1998) 12 [arXiv:nucl-th/9709073].

[27] J. Schaffner-Bielich, V. Koch and M. Effenberger, Nucl. Phys. A 669 (2000) 153 [arXiv:nucl-th/9907095].

[28] L. Tolos, A. Ramos, A. Polls and T. T. Kuo, Nucl. Phys. A 690 (2001) 547 [arXiv:nucl-th/0007042].

[29] M. F. Lutz, arXiv:nucl-th/0212021.

Strangeness at SIS energies 11

[30] C. Hartnack, H. Oeschler and J. Aichelin, Phys.Rev.Lett. 90 (2003) 102302 [arXiv:nucl-th/0109016].

[31] G. Q. Li and G. E. Brown, Phys. Rev. C58 (1998) 1698. [32] J. Aichelin, private communication.

[33] H. Oeschler, J. Phys. G 27 (2001) 257 [arXiv:nucl-ex/0011007]. [34] L. Tolos, A. Polls, A. Ramos and J. Schaffner-Bielich, arXiv:nucl-th/0302082. [35] E. L. Bratkovskaya, W. Cassing, C. Greiner, M. Effenberger, U. Mosel and A. Sibirtsev, Nucl.

Phys. A 675 (2000) 661 [arXiv:nucl-th/0001008].

[36] S. Jeon, V. Koch, K. Redlich and X. N. Wang, Nucl. Phys. A 697 (2002) 546 [arXiv:nucl-th/0105035].

[37] C. M. Ko, V. Koch, Z. W. Lin, K. Redlich, M. A. Stephanov and X. N. Wang, Phys. Rev. Lett.

86 (2001) 5438 [arXiv:nucl-th/0010004].

[38] A. Majumder and V. Koch, arXiv:nucl-th/0305047.