Elliptic Flow as a Probe for the Equation of State of High Density Nuclear Matter

C.Pinkenburg^{(1)} , N. N. Ajitanand^{(1)} , J. M. Alexander^{(1)} , M. Anderson^{(5)}, D. Best^(�^{3)}, F.P. Brady^{(5)}, T. Case^{(3)}, W. Caskey^{(5)}, D. Cebra^{(5)}, J.L. Chance^{(5)}, P. Chung^{(1)}, B. Cole^{(10)}, K. Crowe^{(3)}, A. C. Das^{(2)}, J.E. Draper^{(5)} , A. Elmaani^{(1)} , M.L. Gilkes^{(1)} , S. Gushue^{(1,8)} , M. Heffner^{(5)}, A.S. Hirsch^{(6)}, E.L. Hjort^{(6)}, L. Huo^{(12)}, M. Justice^{(4)}, M. Kaplan^{(7)} , D. Keane^{(4)}, J.C. Kintner^{(11)}, J. Klay^{(5)}, D. Krofcheck^{(9)}, R. A. Lacey^{(1)}, J. Lauret^{(1)}, C. Law^{(1)}, M.A. Lisa^{(2)}, H. Liu^{(4)}, Y.M. Liu^{(12)}, R. McGrath^{(1)} , Z. Milosevich^{(7)} , G. Odyniec^{(3)} , D.L. Olson^{(3)} , S. Y. Panitkin^{(4)} , N.T. Porile^{(6)}, G. Rai^{(3)}, H.G. Ritter^{(3)} , J.L. Romero^{(5)}, R. Scharenberg^{(6)} , L. Schroeder^{(3)} , B. Srivastava^{(6)} , N.T.B Stone^{(3)}, T.J.M. Symons^{(3)} , J. Whitfield^{(7)} , T. Wienold^(�^{3)} , R. Witt^{(4)}, L. Wood^{(5)} , and W.N. Zhang^{(12)} (E895 Collaboration ) (1)Depts. of Chemistry and Physics, SUNY Stony Brook, New York 11794–3400 (2)Ohio State University, Columbus, Ohio 43210 (3)Lawrence Berkeley National Laboratory, Berkeley, California, 94720 (4)Kent State University, Kent, Ohio 44242 (5)University of California, Davis, California, 95616 (6)Purdue University, West Lafayette, Indiana, 47907–1396 (7)Carnegie Mellon University, Pittsburgh, Pennsylvania 15213 (8)Brookhaven National Laboratory, Upton, New York 11973 (9)University of Auckland, Auckland, New Zealand

(10)Columbia University, New York, New York 10027 (11)St. Mary’s College, Moraga, California 94575 (12)Harbin Institute of Technology, Harbin, 150001 P. R. China

We have measured the elliptic flow of protons for semi central Au+Au collisions in the range of 2–8 AGeV. The excitation function shows a transition from a preferential out–of–plane emission at low beam energies to in–plane emission at the higher beam energies. This transition occurs at E_{Beam} ¸ 4 AGeV. Comparisons to a set of recent calculations from a relativistic Boltzmann equation indicates a possible change of the stiffness of the nuclear equation of state.

1 Introduction

The investigation of the nuclear equation of state has been one of the major objectives in the study of heavy ion collisions^{1,2}. Collective effects and in particular the elliptic flow have been predicted to be sensitive to the parameters of the EOS^{3,4,5}. Furthermore theoretical calculations which involve a transition from normal nuclear matter to the quark–gluon plasma phase show a detectable softening of the EOS^{6,7}.

Figure 1: The sensitivity of the elliptic flow signal and the transition energy from preferential out–of–plane to in–plane emission on the EOS within the framework of BEM.

Elliptic flow is a measure of the anisotropy of the emission of particles with respect to the reaction plane at midrapidity. At AGS energies the sign and strength of this anisotropy is the result of a competition between an early preferential out–of–plane emission and a late in–plane emission^5. Since the early out–of–plane emission is driven by the pressure built up during the collision the resulting elliptic flow signal has a marked sensitivity to the stiffness of the EOS. This is illustrated in fig. 1, where predictions are shown from a Boltzmann equation model (BEM)^6 for the proton elliptic flow excitation function assuming a soft and a stiff EOS is shown.

2 Experimental Setup and Event Reconstruction

The main device of the E895 experimental setup is shown in fig. 2 – the EOS TPC^8 inside the MPS magnet. Data were taken for Au beams at 2,4,6,8 AGeV incident beam energy on a Au target of 3% interaction length.

Figure 2: A central Au+Au collision at E_{Beam} = 8 AGeV as seen by the E895 experimental setup. 300–400 charged particles are observed.

The TPC provides 3–dimensional event reconstruction for charged particles with almost 4π phase space coverage, which makes this setup ideally suited to measure flow effects. The charged particles were identified via their energy loss in the P10 gas inside the TPC and the rigidity of their tracks in the magnetic

Figure 3: The distributions of the reconstructed reaction planes and their respective dispersions for 2–8 AGeV. The essentially flat distributions of the reaction planes are achieved by applying multiplicity and rapidity dependant acceptance corrections.

field (0.75 T at 2 AGeV, 1 T at 4,6,8 AGeV). This leads to an ambigous pid at low transverse momentum for midrapidity protons at the higher energies where they cannot be distinguished from positive pions.

The reaction plane was reconstructed from the emission angles of baryons with zˇ2 similar to the standard transverse momentum analysis^9. The experimentally determined <p_x>/<p_t> as a function of rapidity was used as a weight in a second pass for further improvement of the resolution.

Figure 4: The distributions of protons with respect to the reaction plane as function of the normalized rapidity (y0 = (y=yc.m. ) �1). The clear out– of–plane enhancement at 1–2 AGeV changes to an in–plane enhancement at 6–8 AGeV.

The distribution of the reconstructed reaction plane and its dispersion is shown in fig. 3. The latter distribtion is used to correct for reaction plane dispersion effects^{10}.

Figure 5: The differential elliptic flow shows a quadratic dependancy on the transverse momentum.

3 Results

Fig. 4 shows the azimuthal distributions of protons as a function of the c.m. rapidity with respect to the reaction plane. The clear out–of–plane enhancement at midrapidity for 1 AGeV^{11} and 2 AGeV changes to in–plane at 6–8 AGeV, with the transition occuring at about 4 AGeV. Further evidence is shown in fig. 5 where the transverse momentum dependance of the elliptic flow^{14,12} is displayed. The lines indicate a quadratic fit assuming the predicted parabolic dependancy^{4,13}. This quadratic dependancy is used for the higher beam energies to extrapolate the elliptic flow signal into low transverse momentum regions where the proton sample is contaminated by positive pions due to the ambigous pid. The flat distribution for the 4 AGeV data shows again that the transition occurs very close to 4 AGeV.

Figure 6: The elliptic flow excitation function seems to indicate a softenening of the EOS between 2 AGeV and 6 AGeV when compared to recent BEM calculations.

Fig. 6 shows a comparison of the proton elliptic flow excitation function with calculations of the BEM model which includes momentum dependent interactions. This comparison indicates an apparent change in the stiffness of the EOS from a hard EOS (K=380MeV) to a softer form (K=210MeV) at higher beam energies i.e. E_{Beam}˘4 AGeV. But compared to calculations made by the ART model^{13} without momentum dependant interactions the elliptic flow data are consistent with a hard EOS.

Acknowledgments

This work was supported in part by the U.S. Department of Energy under grants DE–FG02–87ER40331.A008, DE–FG02–89ER40531, DE–FG02–88ER40408, DE–FG02–87ER40324, and contract DE–AC03–76SF00098; by the US National Science Foundation under Grants No. PHY–98–04672, PHY–9722653, PHY–96–05207, PHY–9601271, and PHY–9225096; and by the University of Auckland Research Committee, NZ/USA Cooperative Science Programme CSP 95/33.

� Feodor Lynen Fellow of the Alexander v. Humboldt Foundation.

References

1. H. Stöcker and W. Greiner, Phys. Rep. 137, 277, (1986). 2. Quark Matter ’96, Proc. 12th Int. Conf. on Ultra˘Relativistic Nucleus˘ Nucleus Collisions, Heidelberg, Germany, 1996, ed. P. Braun–Munzinger et al., Nucl. Phys. A610, 1c–572c (1996).

3. J.–Y. Ollitrault, Phys. Rev. D 46, 229 (1992). 4. P. Danielewicz, Phys. Rev. C 51, 716 (1995). 5. H. Sorge, Phys. Rev. Lett. 78, 2309 (1997). 6. P. Danielewicz et al., Phys. Rev. Lett. 81, 2438 (1998). 7. D.H. Rischke, Nucl. Phys. A 610, 88c (1996); 8. G. Rai et al., IEEE Trans. Nucl. Sci. 37, 56 (1990). 9. P. Danielewicz and G. Odyniec, Phys. Lett. B 157, 146 (1985). 10. J.–Y. Ollitrault, Nucl. Phys. A 638, 195c (1998); nucl–ex/9711003 v2. 11. A. Kugler et al., Phys. Lett. B 335, 319 (1994) 12. D. Brill et al., Z. Phys. A 355, 61 (1996). 13. B.A. Li et al. nucl–th/9904013 and this proceedings. 14. C. Pinkenburg et. al. nucl–ex/9903010, submitted to Phys. Rev. Lett.