arXiv:nucl-th/0112038 v1 13 Dec 2001

Behavior of event-by-event fluctuations in the charged particle ratio in relativistic nucleus-nucleus collisions

Ben-Hao Sa^{1,4,5,∗}, Xu Cai^{4,2}, An Tai^3, and Dai-Mei Zhou^2 1 China Institute of Atomic Energy, P. O. Box 275 (18), Beijing, 102413 China 2 Institute of Particle Physics, Huazhong Normal University, Wuhan, 430079 China 3 Department of Physics and Astronomy, University of California, at Los Angeles, Los Angeles, CA 90095 USA 4 CCAST (World Lab.), P. O. Box 8730 Beijing, 100080 China 5 Institute of Theoretical Physics, Academia Sinica, Beijing, 100080 China

Abstract

Using a hadron and string cascade model, JPCIAE, the behavior of the charged particle ratio event-by-event fluctuations depending on energy, centrality, subsystem size, resonance decay, and the final state interaction were investigated for P b + P b collisions at the SPS and ALICE energies, and for Au+Au collisions at RHIC energies. The model results of charged particle ratio fluctuations as a function of the rapidity window size in P b + P b collisions at SPS energies were comparable with the preliminary NA49 data. It turned out that the charged particle ratio fluctuation has no strong energy and centrality dependences. Final state interaction and resonance decays (ρ and ω) play a minor role. That is consistent with the observations of a small non-statistical contribution in the event-by- event fluctuation of average transverse momentum and k/π ratio. PACS numbers: 25.75.-q, 12.38.Mh, 24.10.Lx

∗ Email: sabh@iris.ciae.ac.cn

One main purpose of ultra relativistic nucleus-nucleus collisions is to explore the phase transition from hadronic matter to Quark-Gluon-Plasma (QGP). Any physical observable is subjected to the fluctuation (variance) which is widely discussed and applied in statistical physics [1]. In [2, 3] the peak structure in the heat capacity, energy fluctuation, was first relevant to the liquid-gas phase transition in Monte Carlo simulation for the disassembly of hot nuclei. The irregular behavior of the heat capacity was then proposed, in [4, 5], to study the QGP phase transition if the event-by-event (E-by-E) fluctuations of temperature, T, are observable in ultra relativistic nucleus-nucleus collisions: There is a heat capacity jump in the first order phase transition and a singularity in the second order transition [4]. In [5] it was even pointed that the E-by-E fluctuation of an observable might supply thermodynamic informations such as the position and property of the critical point in the QCD phase diagram of T vs. μ (chemical potential) and the hadronic matter compressibility [6]. An additional prediction in [6] is that the E-by-E fluctuation patterns might alter strongly in the vicinity of the QCD phase transition. The E-by-E fluctuation pattern in average transverse momentum would be changed significantly around a critical point as predicted in [5]. However, the fluctuation analysis itself remains interesting independent of the QGP formation indeed.

FIG. 1: D̃ as a function of the Δy in 40, 80 and 158A GeV/c P b + P b collisions. The preliminary NA49 data were take from [22].

With the increasing reaction energy in ultra relativistic heavy-ion collisions, a rather high particle multiplicity is accessible and thus statistically significant measurements of Eby-E fluctuation became possible for the first time in P b + P b collisions at 158A GeV/c

[7, 8, 9, 10, 11]. Though it was claimed in [10, 11] that the non- statistical contribution to E-by-E fluctuation of the average transverse momentum and the k/π ratio is small. As a consequence, the hadronic transport model computations [9, 12, 13] and more analytically effective models [14, 15, 16] were stimulated.

Based on the fact that the unit of charge (baryon charge) in the QGP phase is 1/3 while it is 1 in the hadronic phase, the thermal model predicted that the value of D̃ (defined below), a measure of the fluctuation in the corresponding physical variable, would be a factor of ∼ 2.5 - 4 in the hadronic phase larger than that one in the QGP phase [17, 18, 19]. Thus the E-by-E fluctuation in the positively charged particle to negatively charged particle ratio, for instance, has been proposed as a distinct signal for the QGP formation if the initial fluctuations survive hadronization and their relaxation time is probably longer than the collision time [17, 18]. In [20] UrQMD [21] was used to investigate the charged particle ratio fluctuation in P b + P b collisions at SPS and Au + Au collisions at full RHIC energy. However, the UrQMD predictions for charged ratio fluctuation in P b + P b collisions at the SPS energy were around 3 while the preliminary NA49 data [22] were around 4.

To study the above problems further, the hadron and string cascade model, JPCIAE, was employed in this paper. The preliminary NA49 data of the charge ratio fluctuation as a function of the rapidity window size in P b + P b collisions at 40, 80 and 158A GeV/c were reproduced fairly well within the frame work of this model. Meanwhile, the effects of reaction energy, centrality (impact parameter b), final state interaction (rescattering), and the resonance decay (ρ and ω) on the charged particle ratio E-by-E fluctuation are discussed. The charge particle ratio fluctuation as a function of the pseudorapidity window size in Au + Au collisions at √ s_{N N} =56, 130 and 200 GeV and P b + P b collisions at √ s_{N N} =5500 GeV are predicted. This study seems to show that the energy and centrality dependences of the charged particle ratio fluctuation are weak and the rescattering and resonance decay (ρ and ω) play only a minor role. That is consistent with the observations of only small nonstatistical contribution in the average transverse momentum and the k/π ratio fluctuations [9, 10].

The JPCIAE model was developed based on PYTHIA [23], which is a well known event generator for hadron-hadron collisions. In the JPCIAE model the radial position of a nucleon in the colliding nucleus A (indicating the atomic number of this nucleus as well) is distributed randomly according to the Woods-Saxon distribution and the solid angle of the nucleon is

FIG. 2: The effects of rescattering and resonance decay on the distribution of D̃ vs. Δy in 158A GeV/c P b + P b collisions obtained with JPCIAE.

sampled uniformly in 4π. Each nucleon is given a beam momentum in z direction and zero initial momentum in x and y directions. The collision time of each colliding pair is calculated under the requirement that the distance of least approach of the colliding pair along their Newton classical trajectory (since the mean field potential is not taken into account in JPCIAE, thus a particle moves alone a straight line between two successive collisions) should be smaller than √ σ_{tot}/π. Here σ_{tot} refers to the total cross section. The nucleon-nucleon collision with the least collision time is then selected from the initial collision list to perform the first collision. Both the particle list and the collision list are then updated and now the collision list may consist of not only nucleon- nucleon collisions, but also collisions between nucleons and produced particles and between produced particles themselves. The next collision is selected from the new collision list and the processes above are succesively repeated until the collision list is empty.

For each colliding pair, if its CMS energy is above a certain threshold (=4 GeV in program), we assume that the strings are formed after the collision and PYTHIA is used to deal with particle production. Otherwise, the collision is treated as a two-body collision [24, 25, 26]. The threshold above is chosen in such a way that JPCIAE reproduces correctly the charged multiplicity distributions in nucleus-nucleus collisions [27]. It should be noted here that the JPCIAE model is not a simple superposition of nucleon-nucleon collisions since the rescatterings among participants, spectator nucleons, and produced particles are taken into account as well. We refer to [27] for more details concerning the JPCIAE model.

FIG. 3: The centrality dependence of D̃.

If the deviation of a physical variable x from its averaged value per event < x > is defined as δx = x− < x >, (1) the variance of x reads < (δx)^2 >=< x^2 > − < x >^2 (2) [1]. Suppose x ≡ R = N_+/N_− to be the ratio of the positively to negatively charged particle multiplicity, the corresponding variance is

< (δR)^2 >=< R^2 > − < R >^2 . (3)

A relation which follows approximately is [17] D ≡< N_{ch} >< (δR)^2 >≃ 4 < (δQ)^2 > < N_{ch} > , (4)

where Q = N_+ − N_− and N_{ch} = N_+ + N_− refer to the net charge and the total charge multiplicity, respectively. If the total charge multiplicity is assumed as usual to be proportional to the entropy generated in a collision [28], the variable on the right-hand side (hence on the left-hand side) of the equation above is a measure of the charge fluctuation per unit entropy since the variance of the net charge, < (δQ)^2 >, can be identified as the charge fluctuation [28]. The variable on the left-hand side is exactly what the charged particle ratio fluctuation refers to and the thermal (effective) model predictions for D are [17]: ∼4 for a pion gas, ∼3 for a resonance pion gas (pions from ρ and ω decays), and ∼0.75 for a massless noninteracting quarks and gluons (that is ∼1 from lattice simulations).

One main assumption made in the thermal model predictions [17] above is that the studied system can be described by a grant canonical ensemble. However, in experiments or dynamical simulations, the investigated subsystem, e. g. a rapidity interval Δy, is a finite fraction of the full system (i. e. the full rapidity interval) and thus the assumption of a grand canonical ensemble is only valid in the limit of < N_{ch} >_{Δy} / < N_{ch} >_{total} → 0 such that the rest system plays the role of a thermal resource. In order to compare the experiments and dynamical simulations with thermal model predictions a correction factor should be introduced [17] C_y = 1 − < N_{ch} >_{Δy} < N_{ch} >_{total} . (5) Another assumption adopted in the thermal model predictions [17] is a vanishing of net charge. However, in experiments or dynamical simulations that is actually impossible and thus one has to introduce an additional correction factor [17]

C_μ =

< N_+ >^2_{Δy} < N_− >^2_{Δy}

, (6)

where the square on the right-hand side is necessary to ensure the consistency with Eq. (4). What is investigated in experiments or by dynamical simulations is then D̃ = < N^{ch} >< (δR)^2 > C_y C_μ . (7)

The fluctuations are usually composed of statistical fluctuations and dynamical fluctuations. The fact that only a finite number of events can be generated in experiments or by dynamical simulations is the origin of the statistical fluctuation. Concerning the dynamical fluctuation, there are many sources to be considered, such as string fragmentation (or QCD color fluctuations), centrality (impact parameter or participants), rescattering, resonance decay, and experimental fluctuations (due to a insufficient particle identification [11], for instance), etc. . Though the influences of reaction energy, centrality, rescattering, and resonance decay were studied individually below, an alternative way is to extract, both experimentally and theoretically, the non-statistical contribution by the comparison of E-by-E fluctuation distributions extracted from real events with that one from mixed events [11], in which, at least approximately, only the statistical fluctuations survive. The corresponding theoretical work is in progress.

In Fig. 1 the JPCIAE results of D̃ as a function of Δy in 40, 80 and 158A GeV/c P b + P b collisions (full circles) are compared to the NA49 preliminary data (full triangles with error

FIG. 4: The < N_{ch} >< (δR)^2 > /(C_yC_μ) and < N_{ch} >< (δR)^2 > as a function of Δη: (a) comparison of the simulated results from JPCIAE and UrQMD for Au+Au collisions at √ s_{N N} =200 GeV; (b) comparison of the JPCIAE results for Au + Au collisions at √ s_{N N} =130 and 200 GeV.

bar) [22]. As in the NA49 experiments the centrailty cut is 7.2% (i.e. b≤3.57 fm in the JPCIAE computations) for 40 and 80A Gev/c and 10% (b≤4.20 fm) for 158A GeV/c, the Δy is set around 2.9, 3.2, and 3.6, respectively, for 40, 80, and 158A GeV/c energies, and the p_t window is in all of cases set to be 0.005 < p_t < 2.5. The thick dashed and solid lines in this figure are the thermal model prediction for a resonance pion gas and the lattice Monte Carlo result for a quark gluon gas, respectively [20]. One sees from this figure that the magnitude of the charged particle ratio fluctuation, D̃, predicted by JPCIAE lies in all of cases around 4 and is in good agreement with the preliminary NA49 data.

FIG. 5: The energy dependence of < N_{ch} >< (δR)^2 > /(C_yC_μ).

The effects of rescattering and resonance decay (primarily ρ and ω [17]) on the distribution of D̃ vs. Δy are shown in Fig. 2 for 158A GeV/c P b + P b collisions. In this figure, the full circles, the open circles, and the open squares were the results of JPCIAE, JPCIAE without rescattering, and JPCIAE without ρ and ω resonance decays, respectively. In the JPCIAE calculations the impact parameter was b≤3.5 fm, the Δy was set around 3 and the p_t window was 0 < p_t < 5 . This figure demonstrates that the effects of rescattering and resonance decay are small.

Fig. 3 (a) and (b) give the centrality dependences of D̃ in P b+P b collisions at 158A GeV/c and in Au + Au collisions at √ s_{N N} =200 GeV, respectively, from both the JPCIAE (circles) and UrQMD (squares) calculations. In this figure the rapidity window was: 2.5 < y < 4.5 for P b + P b in both JPCIAE and UrQMD calculations, −0.5 < η < 0.5 for Au + Au in the JPCIAE calculations , and −1 < y < 1 in UrQMD. The transverse momentum window was 0 < p_t < 5 in the JPCIAE calculations. One sees from this figure that there seems to be no strong impact parameter dependence in D̃. All the JPCIAE results give values around 4, while the UrQMD results are distributed around 3.

In Fig. 4 (a) the JPCIAE results (b≤3.2 fm) of < N_{ch} >< (δR)^2 > /(C_y C_μ) and < N_{ch} >< (δR)^2 > as a function of Δη for Au + Au collisions at √ s_{N N} =200 GeV are compared with the corresponding UrQMD results (b≤2 fm). The full and open squares and full and open triangles in this panel are the results for < N_{ch} >< (δR)^2 > /(C_y C_μ) and < N_{ch} >< (δR)^2 > from JPCIAE and UrQMD, respectively. Both the results of JPCIAE and UrQMD seem to be comparable. In Fig. 4 (b) the JPCIAE results of < N_{ch} >< (δR)^2 > /(C_y C_μ) and < N_{ch} >< (δR)^2 > as a function of Δη for Au + Au collisions at √ s_{N N} =130 (full and open circles) and 200 GeV (full and open squares) are compared with each other. One sees from here that the energy dependence of the charged particle ratio fluctuation is weak.

Finally, the energy dependence of < N_{ch} >< (δR)^2 > /(C_y C_μ) is given in Fig. 5. In this figure the triangle up and triangle down are the JPCIAE results for P b+P b collisions (b≤4.2 fm) at SPS and ALICE energies, respectively, and the squares are for Au + Au (b≤3.2 fm) at √ s_{N N} =56, 130 and 200 GeV. From Figure 5 it is seen that the energy dependence of D̃ seems to be weak for the entire energy range from SPS to RHIC up to ALICE energies.

In summary, a hadron and string cascade model, JPCIAE, has been employed in this paper to investigate the energy, centrality, rescattering, and resonance decay dependences of the charged particle ratio fluctuation D̃. Within the framework of this model the preliminary NA49 data for P b + P b collisions at 40, 80, and 158A GeV/c [22] were reproduced fairly well without retuning the model parameters. The JPCIAE results for Au + Au collisions at √ s_{N N} =56, 130 and 200 GeV and for P b + P b collisions at √ s_{N N} =5500 GeV were given as well. It is turned out that the dependence of D̃ on the energy, centrality, rescattering effects, and resonance decays seems to be not strong. That finding is consistent with the experimental observation of small non-statistical contribution in the E-by-E fluctuation of the average transverse momentum and the k/π ratio, that observation was obtained by the comparison of corresponding fluctuation in real events to the mixed events [9, 10].

Finally, the financial supports from NSFC (19975075) in China and DOE in USA are acknowledged.

[1] L. E. Reichl, A modern course in statistical physics, University of Texas press, Austin, 1980. [2] Ben-Hao Sa and D. H. E. Gross, Nucl. Phys. A 437, 643 (1985).

[3] J. Bondorf, R. Donangelo, I. N. Mishustin and H. Schulz, Nucl. Phys. A 444, 460 (1985). [4] L. Stodolsky, Phys. Rev. Lett. 75, 1044 (1995).

[5] K. Stephanov, K. Rajagopal and E. Shuryak, Phys. Rev. Lett. 81, 4816 (1998); K. Stephanov, K. Rajagopal and E. Shuryak, Phys. Rev. D 60, 114028 (1999).

[6] S. Mrowczynski, Phys. Lett. B 430, 9 (1998); M. Gazdzicki and S. Mrowczynski, Z. Phys. C54, 127 (1992).

[7] G. Roland, in Proc. Workshop, QCD phase transitions, January 1997, Hirscheeg, Austria. [8] S. V. Afanasiev et al., NA49 collab., hep-ex/0009053 [9] M. Bleicher, M. Belkacem, C. Ernst, H. Weber, L. Gerland, C. Spieles, S. A. Bass, H. Stöcker and W. Greiner, Phys. Lett. B 435, 9 (1998).

[10] H. Appelshäuser et al., NA49 collab., Phys. Lett. B 459, 679 (1999). [11] S. V. Afanasiev et al., NA49 collab., Phys. Rev. Lett. 86, 1965 (2001). [12] F. Liu, A. Tai and M. Gazdzicki, Eur. Phys. J. C 6, 649 (1999). [13] A. Capella, E. G. Ferreiro and A. B. Kaidalov, hep-ph/9903338. [14] S. A. Voloshin, Phys. Rev. C 60, 204901 (1999). [15] G. Baym and H. Heiselberg, Phys. Lett. B 469, 7 (1999).

[16] H. Heiselberg and A. D. Jackson, nucl-th/0006021.

[17] S. Jeon and V. Koch, Phys. Rev. Lett. 83, 5435 (1999); S. Jeon and V. Koch, Phys. Rev. Lett.

85, 2076 (2000).

[18] M. Asakawa, U. Heinz and B. Müller, Phys. Rev. Lett. 85, 2072 (2000). [19] Z.-W. Lin and C. M. Ko, nucl-th/0103071. [20] M. Bleicher, S. Jeon and V. Koch, peh-ph/0006201.

[21] S. A. Bass, et al., Prog. Part. Nucl. Phys. 41, 255 (1998); nucl-th/9803035. [22] V. Friese, Talk given on XXI International Symposium on Multiparticle Dynamics, September 1 - 7 Datong China; J. Zaranek, hep-ph/0111228.

[23] T. Sjöstrand, Comput. Phys. Commun. 82, 74 (1994).

[24] J. Cugnon, T. Mizutain, and J. Vandermeulen, Nucl. Phys. A 352, 505 (1981). [25] G. F. Bertsch and S. Das Gupta, Phys. Rep. 160, 189 (1988);

A. Bonasera, F. Gulminelli, and J. Molitoris, Phys. Rep. 243, 1(1994). [26] An Tai and Ben-Hao Sa, Comput. Phys. Commun. 116, 353 (1999). [27] Ben-Hao Sa, An Tai, Hui Wang and Feng-He Liu, Phys. Rev. C 59, 2728 (1999);

Ben-Hao Sa and An Tai, Phys. Rev. C 62, 044905 (2000). [28] V. Koch, M. Bleicher and S. Jeon, nucl-th/0103084.