arXiv:hep-ph/0007215 19 Jul 2000

Strangeness enhancement from strong color fields at RHIC

M. Bleicher^{a,ξ} �, W. Greiner^b, H. Stöcker^b, N. Xu^a a Nuclear Science Division, Lawrence Berkeley Laboratory, Berkeley, CA 94720, U.S.A. bInstitut für Theoretische Physik, Goethe-Universität, 60054 Frankfurt am Main, Germany

In ultra-relativistic heavy ion collisions, early stage multiple scatterings may lead to an increase of the color electric field strength. Consequently, particle production - especially heavy quark (and di-quark) production - is greatly enhanced according to the Schwinger mechanism. We test this idea via the Ultra-relativistic Quantum Molecular Dynamics model (UrQMD) for Au+Au collisions at the full RHIC energy ( √ s = 200 AGeV). Relative to p+p collisions, a factor of 60, 20 and 7 enhancement respectively, for Ω (sss), Ξ (ss), and Λ, Σ (s) is predicted for a model with increased color electric field strength.

LBNL-preprint: LBNL-46167

One of the major goals of the relativistic heavy ion collider (RHIC) at Brookhaven National Laboratory is to explore the phase diagram of hot and dense matter near the quark gluon plasma (QGP) phase transition. The QGP is a state in which the individual hadrons dissolve into a gas of free (or almost free) quarks and gluons in strongly compressed and hot matter (for recent reviews on the topic, we refer to [1,2]). The achievable energyand baryon densities depend on the extend to which the nuclei are stopped during penetration, thus on centrality and bombarding energy.

Strange particles, especially multi-strange baryons (which have more than one strange quark) carry vital information about the collision dynamics [3–10]. Relative strangeness abundancies have been proposed as a powerful tool for searching the transition from hadronic matter to partonic matter in high energy nuclear collisions [3–5]. Indeed, strangeness enhancement has be observed in heavy ion collisions at all collision energies with different colliding systems.

Recently, measurements by the WA97 and the NA49 collaborations clearly demonstrated the relative enhancement of the (anti-)hyperon yields (Λ, Ξ, Ω) in Pb-Pb collisions as compared to p-Pb collisions [11–16]. The observed enhancement increases with the strangeness content (|S| = 1, 2, 3) of the probe under investigation

�_{Feodor Lynen Fellow of the Alexander v. Humboldt Foun-}

dation, E -mail: bleicher@nta2.lbl.gov

[11–16]. For the (Ω� + Ω�)-yield the enhancement factor is as large as 15.

A number of different mechanisms are under debate to understand this strong increase in strangeness production with centrality and beam energy:

• Equilibrated (gluon rich) plasma phase: Chemical and flavour equilibration times are predicted to be shorter in a plasma phase than in a thermally equilibrated hadronic fireball of T ∼ 160 MeV [3]. Thus, a dominant production mechanism for strangeness in an equilibrated gluon rich plasma phase (Hot glue scenario [17]), might be the production of ss pairs via gluon fusion (gg → ss) [3]. This might allow for strangeness equilibration within the lifetime of the QGP, resulting in strong strangeness enhancement compared to hadronic scenarios.

• Baryon-junctions: A baryon junction exchange mechanism was proposed to explain valence baryon number transport in nuclear collisions. Recently it was extended to study midrapidity (anti-)hyperon production [18]. It was found that Baryon junctionanti-junction (J anti-J) loops can indeed enhance anti-Lambda, anti-Xi, anti-Omega yields at SPS energies. While this mechanism leads to a reasonable description of central interactions, it can not explain the enhancement in the measured hyperon to anti-hyperon ratios with increasing centrality.

• Diquark breaking and sea-diquarks: A new version of the dual parton model, featuring an improved diquark breaking mechanism has been applied to explain the observed strangeness enhancement at the full SPS energy [19]. Here, the strange- and antibaryon production invokes strings originating from diquark-antidiquark pairs in the nucleon sea to reproduces the observed yields of p and Lambda and their antiparticles. However cascades are underestimated by 50% and Omega’s are underestimated by a factor five. Agreement with measured data can only be achieved in this model if additional final state interactions among hadrons are taken into account.

• Strong color fields: Another kind of string-hadronic models employs the Schwinger mechanism [20] of a fragmenting color field (string) directly. However, in central high energy heavy ion collisions the string density can be so high that the color flux tubes overlap [21,22]. Consequently, the superposition of the color electric fields yields an enhanced particle production [21,22]. In particular, the heavy flavors and diquarks are dramatically enhanced due to a higher effective string tension [22–24]. Note that the strong color field leads to the enhancement not only of the heavy flavors and diquarks but also enhances the high p_t tail of the transverse momentum distribution of all created particles. However, the changes in the final p_t are rather moderate in AA collisions due to final state interactions [22]. A consistent enhancement of hyperons and anti-protons is necessary to support this scenario. In fact, it has been shown that this approach is consistent with the measured anti-proton and hyperon yields at SPS energies, if rescattering effects are taken into account [25,26].

As a tool for our investigation of heavy ion reactions at RHIC the Ultra-relativistic Quantum Molecular Dynamics model (UrQMD 1.2) is applied [27]. UrQMD is a microscopic transport approach based on the covariant propagation of constituent quarks and diquarks accompanied by mesonic and baryonic degrees of freedom. It simulates multiple interactions of ingoing and newly produced particles, the excitation and fragmentation of color strings and the formation and decay of hadronic resonances. At RHIC energies, the treatment of subhadronic degrees of freedom is of major importance. In the UrQMD model, these degrees of freedom enter via the introduction of a formation time for hadrons produced in the fragmentation of strings [28–30]. The leading hadrons of the fragmenting strings contain the valence-quarks of the original excited hadron. In UrQMD they are allowed to interact even during their formation time, with a reduced cross section defined by the additive quark model, thus accounting for the original valence quarks contained in that hadron [27]. Those leading hadrons therefore represent a simplified picture of the leading (di)quarks of the fragmenting string. Newly produced (di)quarks do, in the present model, not interact until they have coalesced into hadrons – however, they contribute to the energy density of the system. For further details about the UrQMD model, the reader is referred to Ref. [27].

In the following two different scenarios will be explored in order to study the speculation of a string tension increase in heavy ion collision at RHIC energies: UrQMD calculations with the standard color flux tube break-up mechanism (i.e. a string tension κ = 1 GeV/fm) will be contrasted by UrQMD simulations with an in-medium κ increased to 3 GeV/fm. According to the implemented Schwinger mechanism for the string fragmentation (m denoting the ((di-)quark masses)

γ_X = P (XX) P (qq̄) = exp − π(m^2_X − m^2_q ) κ ! , (1)

this results in an enhancement of the strangeness and diquark production probabilities to γ_s = 0.72 and γ_{qq} = 0.46 (for κ = 3 GeV/fm) compared to γ_s = 0.37 and γ_{qq} = 0.093 for κ = 1 GeV/fm. Note that a decrease of the (di-)quark masses due to chiral symmetry restoration may lead to a similar enhancement as the κ = 3 GeV/fm scenario.

Fig. 1 depicts the particle rapidity distributions (a, b) and ratios from Au+Au (b = 2 fm) to p+p collisions (c, d) at the RHIC full energy √ s = 200AGeV. The symbols denote: Ω� + Ω� (full circles), Ξ� + Ξ� (full triangles), Σ^0 + Σ^0 (reversed triangle), Λ^0 + Λ^0 (full square) and anti-protons (open circles). (a) shows the rapidity distributions with string tension κ = 1GeV/fm; (b) shows the same as (a) with κ = 3GeV/fm. (c) depicts the ratio R(y) =^{dNdy} Au(y)/A_{part} dN dy pp(y)/2 of the particle yields per partic-

ipant from central AA collisions over that of the p+p collisions with κ = 1GeV/fm; (d) same as (c), however with κ = 3GeV/fm for Au+Au.

FIG. 1. Particle rapidity distributions and ratios from Au+Au (b = 2 fm) and p+p collisions at the RHIC full energy √ s = 200AGeV. (a) Rapidity distributions with string energy density κ = 1GeV/fm^3; (b) same as (a) with κ = 3GeV/fm^3;

(c) ratio R(y) =^{dNdy} Au(y)/A part dN dy pp (y)/2 of the particle yields per

participant from central nuclear collisions over that of the p+p collisions with κ = 1GeV/fm; (d) same as (c) with κ = 3GeV/fm. Ω� + Ω� (full circles), Ξ� + Ξ� (full triangles), Σ^0 + Σ^0 (reversed triangles), Λ^0 + Λ^0 (full squares) and anti-protons (open circles).

A strong enhancement of the (anti-)hyperon production compared to scaled pp interactions is predicted (cf. (c)). This enhancement is purely due to rescattering between constituent (di-)quarks and hadrons in the medium. If strong color fields, similar to Pb+Pb at SPS [25,26], are present, the model predicts a dramatic enhancement in the multi-strange hadron production, up to a factor of 100 (in case of the Omega) at midrapidity.

The enhancement of the hyperon yields is strongly dependent on the centrality of the events as shown in Fig. 2: (a) shows the particle yields with string tension κ = 1GeV/fm, while (b) is same as (a) with κ = 3GeV/fm. Fig. 2(c) shows the ratio R =^{N Au (Apart)/Apart}_{N pp/2} of the particle yields per participant^1 from central AA collisions over that of the inelastic p+p collisions with κ = 1GeV/fm. (d) depicts the same as (c) with κ = 3GeV/fm for Au+Au collisions. The symbols are: Ω� + Ω� (full circles), Ξ� +Ξ� (full triangles), Σ^0 +Σ^0 (reversed triangle), Λ^0+Λ^0 (full square) and anti-protons (open circles).

FIG. 2. Particle 4π yields and ratios as a function of number of participants from Au+Au and inelastic p+p collisions at the RHIC full energy √ s = 200AGeV. (a) yields with string energy density κ = 1GeV/fm^3 ; (b) same as (a) with κ = 3GeV/fm^3; (c) ratio R =^{N Au(Apart)/Apart}_{N pp/2} of the particle yields per participant from central AA collisions over that of the p+p collisions with κ = 1GeV/fm^3; (d) same as (c) with κ = 3GeV/fm^3 for the Au+Au interactions. Ω� + Ω� (full circles), Ξ� +Ξ� (full triangles), Σ^0 +Σ^0 (reversed triangles), Λ^0 + Λ^0 (full squares) and anti-protons (open circles).

The 4π yields and ratios as a function of number of participants from Au+Au at the RHIC full energy √ s =

1The number of participating nucleons in this paper is defined as:

Apart = A1 + A2 − Σ (Nucleons with pT ≤ 270 MeV). This prescription yields a reasonable parametrization of the experimental data on Apart.

200AGeV increase rapidly with centrality (a, b) by two orders of magnitude when going from peripheral (A_{part} ≈ 25) to central collision. The enhancement itself is most pronounced when scaled with the number of participating nucleons A_{part} and compared to p+p collisions at the RHIC full energy (c, d).

Finally, Fig. 3 depicts an inside view into a central (b=2 fm) Au+Au collision at the full RHIC energy. Open circles show the mass distribution of excited strings. Filled circles and squares represent the probabilities of a [3] − [ 3] string of a given mass to decay into Ωs with κ = 1 and 3 GeV/fm, respectively. The increase of the string tension to κ = 3 GeV/fm leads to a strong increase of the Omega production over all inspected string masses (compare full circle with full squares). However, the probability to excite a string with a large mass is strongly suppressed, as can been seen by the exponential decrease of probabilities above excitation energies of 2 GeV. Therefore, most of the Ω’s are produced from rather low mass strings. This is in contrast to the expectations that early (high energetic) collisions lead to high mass excitations and give the major contribution to the multi-strange hyperon yield.

FIG. 3. Probability distributions of strings (open circles). Filled circles and squares represent the probabilities of strings to decay into Ωs with κ = 1 and 3 GeV/fm, respectively.

In conclusion, the UrQMD model has been applied to Au+Au reactions at RHIC energies. This model treats the dynamics of the hot and dense system by constituent (di-)quark and hadronic degrees of freedom. (Anti-)Hyperon yields in central Au+Au collisions at the full RHIC energy ( √ s = 200 AGeV) strongly enhanced in comparison to inelastic pp interactions at √ s = 200 GeV or peripheral Au+Au collisions. This enhancement grows dramatically with the strangeness content of the hyperon. The present model predicts that strangeness enhancement occurs as a threshold effect already at rather small number of participants (≈ 25) due to rescattering. Increasing the string tension, similar to SPS energies (or reducing the effective masses of the constituent quarks to the current quark mass values yields large additional enhancement, which grows with the strangeness content even stronger: Λ’s are enhancement by a factor of 7, while Ω’s are enhanced by a factor of 60 compared to pp.

ACKNOWLEDGEMENTS

This research used resources of the National Energy Research Scientific Computing Center (NERSC). This work is supported by the U.S. Department of Energy under contract No. DE-AC03-76SF00098, the BMBF, GSI, DFG and Graduiertenkolleg ’Theoretische und experimentelle Schwerionenphysik’. M. Bleicher is supported by the A. v. Humboldt foundation. M. Bleicher wants to thank the Nuclear Theory Group at LBNL for financial support and fruitful discussions.

[1] S.A. Bass, M. Gyulassy, H. Stöcker and W. Greiner, J. Phys. G25 (1999) R1.

[2] J. W. Harris, B. Müller, Ann. Rev. Nucl. Part. Sci. 46 (1996) 71 [3] J. Rafelski, B. Müller, Phys. Rev. Lett. 48, 1066 (1982);

(E) 56 2334 (1986).

[4] P. Koch, B. Müller, J. Rafelski, Phys. Rep. 142, 167 (1986).

[5] P. Koch, B. Müller, H. Stöcker, W. Greiner, Mod. Phys. Lett. A3, 737 (1988).

[6] P. Senger, H. Ströbele, Journal of Physics G25, R59 (1999).

[7] Strangeness in Quark Matter (Padua, Italy, 1998), Journal of Physics G25, 143 (1999).

Strangeness in Quark Matter (Santorini, Greece, 1997), Journal of Physics G23, 1785 (1997).

Relativistic Aspects of Nuclear Physics (Rio, Brazil, 1995), T. Kodama et al., eds., World Scientific. Strangeness in Hadronic Matter (Budapest, Hungary, 1996), Budapest, Akademiai Kiado.

Strangeness in Hadronic Matter (Tucson, AZ, 1995), AIP Conf. 340.

Strange Quark Matter in Physics and Astrophysics (Aarhus, Denmark, 1991), Nucl. Phys. B 24B, (1991).

[8] R. Stock, Phys. Lett. B456, 277 (1999).

[9] J. Rafelski, J. Letessier, A. Tounsi, Acta Phys. Pol. B27, 1037 (1996).

[10] W. Cassing, E. L. Bratkovskaya, Phys. Rep. 308 , 65 (1999).

J. Geiss, W. Cassing, C. Greiner, Nucl. Phys. A 644, 107 (1998).

[11] E. Andersen et al. (WA97 collaboration), Phys. Lett B433, 209 (1998).

[12] R. Lietava et al. (WA97 collaboration), Journal of Physics G25, 181 (1999).

[13] R. Caliandro et al. (WA97 collaboration), Journal of Physics G25, 171 (1999).

[14] S. Margetis et al. (NA49 collaboration), Journal of Physics G25, 189 (1999).

[15] F. Gabler et al. (NA49 collaboration), Journal of Physics G25, 199 (1999).

[16] D. Evans et al. (WA85 and WA94 collaborations), Journal of Physics G25, 209 (1999).

[17] E. Shuryak, Phys. Rev. Lett. 68 (1992) 3270 [18] S. E. Vance and M. Gyulassy, Phys. Rev. Lett. 83, 1735 (1999) [nucl-th/9901009].

[19] A. Capella and C. A. Salgado, Phys. Rev. C60 (1999) 054906 [hep-ph/9903414].

[20] J. Schwinger, Phys. Rev. 82, 664 (1951).

[21] T. S. Biro, H. B. Nielsen, J. Knoll, Nucl. Phys. B245, 449 (1984).

J. Knoll, Z. Phys. C38, 187 (1988).

[22] H. Sorge, M. Berenguer, H. Stöcker, W. Greiner, Phys. Lett. B289, 6 (1992).

N. S. Amelin, M. A. Braun, C. Pajares, Phys. Lett. B306, 312 (1993).

H. Sorge, Nucl. Phys. A630, 522 (1998) and refs. therein. [23] M. Gyulassy, Quark Gluon Plasma, Advanced Series on Directions in High Energy Physics, Vol. 6, edited by R. C. Hwa, World Scientific, Singapore, 1990.

[24] L. Gerland, C. Spieles, M. Bleicher, P. Papazoglou, J. Brachmann, A. Dumitru, H. Stöcker, W. Greiner, J. Schaffner, C. Greiner, Proc. of the 4th International Workshop, Relativistic Aspects of Nuclear Physics, Rio, Brazil, (1995), T. Kodama et al., eds., 437.

[25] S. Soff, S. A. Bass, M. Bleicher, L. Bravina, E. Zabrodin, H. Stocker and W. Greiner, Phys. Lett. B471, 89 (1999) [nucl-th/9907026].

[26] M. Bleicher, M. Belkacem, S. A. Bass, S. Soff and H. Stocker, Phys. Lett. B485, 133 (2000) [hepph/0004045].

[27] M. Bleicher, E. Zabrodin, C. Spieles, S.A. Bass, C. Ernst, S. Soff, L. Bravina, M. Belkacem, H. Weber, H. Stöcker, W. Greiner, J. Phys. G 25 (1999) 1859.

S.A. Bass, M. Belkacem, M. Bleicher, M. Brandstetter, L. Bravina, C. Ernst, L. Gerland, M. Hofmann, S. Hofmann, J. Konopka, G. Mao, L. Neise, S. Soff, C. Spieles, H. Weber, L.A. Winckelmann, H. Stöcker, W. Greiner, C. Hartnack, J. Aichelin, N. Amelin, Progr. Nucl. Phys. 41 (1998) 225.

[28] B. Andersson, G. Gustavson, and B. Nilsson-Almquist, Nucl. Phys. B281, 289 (1987).

[29] B. Andersson et al., Comp. Phys. Comm. 43, 387 (1987). [30] T. Sjoestrand, Comp. Phys. Comm. 82, 74 (1994).