arXiv:1203.6513v2 [nucl-th] 15 Jun 2012

Particle spectra in Pb-Pb collisions at √ s_{NN} = 2.76 TeV

Piotr Bożek^{1, 2} and Iwona Wyskiel-Piekarska^2 1Institute of Physics, Rzeszów University, PL-35959 Rzeszów, Poland 2The H. Niewodniczański Institute of Nuclear Physics, PL-31342 Kraków, Poland (Dated: June 18, 2012)

Particle production in Pb-Pb collisions at √ sNN = 2.76TeV is studied in the (3 + 1)-dimensional viscous hydrodynamic model. The shapes of the calculated transverse momentum spectra of π^+, K^+, protons, Ξ^−, and Ω^− are in satisfactory agreement with preliminary data of the ALICE Collaboration, while the particle ratio p/π^+ is slightly overpredicted, and the strange barion yields are underpredicted.

PACS numbers: 25.75.Ld, 24.10Nz, 24.10Pa Keywords: relativistic heavy-ion collisions, hydrodynamic model, transverse momentum spectra

I. INTRODUCTION

Particle production in Pb-Pb collisions at the highest available energy √ s_{NN} = 2.76 TeV has been studied experimentally at the CERN Large Hadron Collider (LHC) [1–3]. The observation of the elliptic and triangular flows indicates that a collectively expanding fireball of dense matter is formed, confirming results obtained in collisions at lower energies [4]. The hydrodynamic model of the dynamics provides a quantitative explanation for observables defined for particles emitted with soft momenta [5]. In particular, hydrodynamic models are applied to describe the anisotropic flow of charged particles produced in Pb-Pb collisions at the LHC [6–14].

Statistical models of the particle production in heavyion collisions predict the production rates of specific hadrons assuming a chemically equilibrated system [15]. Recent results for Pb-Pb collisions at the LHC seem to be incompatible with this simple mechanism. The number of protons emitted is lower than expected from the rates of the emission of other particles, which raises a doubt in the assumption that the production of different particle species happens at a common chemical freezeout temperature [16]. Particle abundances may undergo significant modifications in the nonequilibrium dynamics after hadronization, e.g. annihilation processes may reduce baryon multiplicities [17].

Transverse momentum spectra of identified particles represent a more basic observable, as they involve the overall multiplicity as well as the momentum distribution for each particle species. The hydrodynamic evolution of a fireball of thermally equilibrated fluid until the freeze-out temperature T_f , leads to a common chemical and kinetic freeze-out temperature. A similar idea constitutes the basic assumption of the single freeze-out model of particle emission [18]. Additional freedom is allowed in hydrodynamic models assuming that below the chemical freeze-out temperature the matter is in kinetic equilibrium but particle abundances remain frozen [19]. In such models particle ratios correspond to a fixed chemical freeze-out temperature T_{chem}, while the transverse momentum spectra are determined by the convolution of the collective velocity with the thermal emission at the kinetic freeze-out temperature T_{kin}. The genuinely nonequilibrium phase at the end of the evolution may be addressed using a hybrid model with hydrodynamics for the dense phase and a hadronic cascade afterburner for the latter evolution [20–24]. The evolution in the hadronic cascade changes the chemical composition in the system and the momentum spectra of particles.

Deviations from local equilibrium in the hydrodynamic model of the dynamics are introduced as viscosity corrections to the energy-momentum tensor [25–35]. In particular, shear viscosity is important in quantitative predictions for the elliptic and triangular collective flows. The rapid expansion of the fireball introduces sizable corrections from bulk viscosity, if the equilibration processes are not fast enough to restore local equilibrium. Such deviation are twofold. First, the chemical composition remains effectively frozen at some stage, while the local energy density drops. Second, the local momentum distributions of particles in the fluid become softer. Bulk viscosity leads to both effects, depending on the local expansion rate [34, 36–38].

We present calculations for the transverse momentum spectra of identified particles in a (3 + 1)-dimensional [(3 + 1)-D] hydrodynamic model with bulk and shear viscosities for Pb-Pb collisions at LHC energies. The presence of bulk viscosity in the hadronic phase yields nonequilibrium effects for the chemical composition and for the transverse momentum spectra. We find a satisfactory agreement with preliminary data of the ALICE Collaboration [3, 16] for pion, kaon, proton spectra and abundances. At the same time we constrain the freezeout temperature using the interferometry data [2]. Reproducing the charged particle density in pseudorapidity [3] and the transverse momentum spectra allows for a direct prediction on the rapidity distributions of identified hadrons.

II. INITIAL CONDITIONS AND HYDRODYNAMIC EVOLUTION

The expansion of the fireball is described using second order viscous hydrodynamics. Hydrodynamic equations are solved in (3 + 1)-D together with the Israel- Stewart equations for the stress corrections π^{μν} and Π to the energy-momentum tensor (for details see [37]). We use a constant ratio of shear viscosity to entropy density η/s = 0.08. The bulk viscosity is nonzero only in the hadronic phase, we use ζ/s = 0.04 and ζ/s = 0.08. The equation of state is a combination of the lattice QCD [39] and hadron gas equations of state, obtained in a thermodynamically consistent way [40]. The initial time for the hydrodynamic expansion is 0.6 fm/c. The relaxation times in the Israel-Stewart equations are τ_π = τ_Π =^{3η}_{T s} . For the chosen values of the relaxation times the stress corrections are close to the ones from the Navier-Stokes expression, at latter stages of the expansion. For a strong temperature dependence of the viscosity coefficients, the value of the relaxations time can influence the evolution [41].

The initial entropy density s(η_‖, x, y) for the (3 + 1)- D hydrodynamic evolution in the space-time rapidity η_‖ and the transverse coordinates x, y is s(η_‖, x, y) ∝ ( (y_b + η_‖)N_+ + (y_b − η_‖)N_− y_b(N_+ + N_−) ) [ 1 − α 2 ρ_{part} + αρ_{bin} ] f(η_‖). (1)

In the transverse plane the density is defined as a combination of the participant nucleon ρ_{part} = N_+ + N_− and binary collision ρ_{bin} densities. The factor (_{(yb+η‖)N++(yb−η‖)N−} y_b(N_++N_−) ) in Eq. 1 implements in the initial density the assumption that forward (backward) going nucleons N_+ (N_−) emit particles preferentially in the forward (backward) rapidity hemisphere [42]. The parameters of the longitudinal profile

f(η_‖) exp ( − (η_‖ − η_0)^2

2σ^2_η θ(|η_‖| − η_0) ) (2) are adjusted to reproduce the charge particle density in pseudorapidity, η_0 = 2.3 and σ_η = 1.4, y_b is the beam rapidity. The parameters of the Glauber model used to calculate the entropy profiles for Pb-Pb collisions (A = 208) are R_A = 6.48fm and a = 0.535fm; the nucleonnucleon cross section is σ = 62mb.

At the freeze-out temperature particles are emitted from the freeze-out hypersurface according to the Cooper-Frye formula with viscosity corrections. The nonequilibrium modifications of the equilibrium momentum distribution f_0 from shear viscosity are quadratic in momentum [26]

δf_{shear} = f_0 (1 ± f_0) 1 2T^2(ϵ + p) p^μp^ν π_{μν} . (3)

FIG. 1. (Color online) Charge particle distributions in pseudrapidity in Pb-Pb collision at √ s_{NN} = 2.76 TeV, for centralities (from top to bottom) 0 − 5%, 5 − 10%, 10 − 20%, . . . , 50 − 60%. Results from viscous hydrodynamics (lines) are compared to preliminary data of the ALICE Collaboration (symbols) [3].

The correction from bulk viscosity are taken from the relaxation time formula [34, 43] δf_{bulk} = C_{bulk} f_0 (1 ± f_0) ( c^2_su^μp_μ −

(u^μp_μ)^2 − m^2 3u^μp_μ ) Π, (4) where c_s is the sound velocity and C_{bulk} is a normalization constant. At the freeze-out hypersurface, the flow velocity and the stress corrections from viscosity are exported to a Monte-Carlo statistical emission code [44] that is used to generate particle spectra. Bulk viscosity corrections are calculated with respect to the equilibrium distribution having the same energy density. Imposing constraints corresponding to conserved charges leads to deviations from the chemical equilibrium with respect to this equilibrium reference state. Effectively, it means that due to incomplete equilibration the chemical equilibrium temperature is shifted up and the effective kinetic temperature is shifted down (due to a redshifting of particle thermal momenta). An expanded discussion of this approach can be found in [37, 38].

III. RESULTS

The parameters of the initial entropy density for the hydrodynamic evolution are constrained by the charge particle density as function of pseudorapidity measured for different centrality classes (Fig. 1). We find that the optimal mixing parameter for the admixture of binary collisions α = 0.15; the same value as used in (2 + 1)-D viscous model simulations for heavy-ion collisions at the LHC [10]. The half-width of the plateau in the distribution η_0 = 2.3 is larger as compared to η_0 = 1.5 that has been used for Au-Au collisions at √ s_{NN} = 200 GeV [37].

FIG. 2. (Color online) Transverse momentum spectra of π^+, K^+, p (from top to bottom) in Pb-Pb collisions with centralities 0 − 5%, obtained in the viscous hydrodynamic model with ζ/s = 0.04 and T_f = 150 MeV (dashed lines), ζ/s = 0.04 and T_f = 140 MeV (dotted lines), ζ/s = 0.08 and T_f = 140 MeV (solid lines). Symbols represent preliminary data of the ALICE Collaboration [3]. The dashed-doted line represents the result of the viscous hydrodynamic calculation with ζ/s = 0.08 and T_f = 140 MeV but without bulk viscosity corrections at freeze-out.

Transverse momentum spectra for p^+, K^+ and protons in central collisions are presented in Fig. 2. The spectra get harder when the freeze-out temperature is lowered from T_f = 150 MeV (dashed lines) to 140 MeV (dotted lines), and using ζ/s = 0.04. Especially, the pion spectra get too flat. The size of the fireball at freeze-out can be estimated from the interferometry radii [45]. The radius R_{side} is best described using a freeze-out temperature of 140 MeV (Fig. 3). Also the value of the ratio R_{out}/R_{side} is closer to the experimental data if the evolution is longer. The proton yield is too large for the freeze-out at 150 MeV, while the average transverse momentum of protons is too low. The proton spectra and yields are better reproduced for T_f = 140 MeV. To describe at the same time the pion and proton spectra a freeze-out temperature 140 MeV and a bulk viscosity coefficient ζ/s = 0.08 are used (solid lines in Figs. 2 and 3). Increasing the bulk viscosity makes the local momentum distributions of light particles (pions) softer, which results in the softening of their final transverse momentum spectra. At the same time, non-equilibrium corrections make the proton yield to increase slightly as compared to the case of ζ/s = 0.04, without changing the proton average momentum. In the following we set T_f = 140 MeV and ζ/s = 0.08 as the optimal parameters for the freezeout conditions that reproduce particle spectra and interferometry radii in central collisions. We note, that the number of pions and kaons with very soft momenta is underestimated, while the proton yield is slightly overestimated.

The pion, kaon, and proton spectra without the bulk viscosity corrections at freeze-out (Eq. 4) are shown by

FIG. 3. (Color online) Interferometry radii in Pb-Pb collisions with centralities 0 − 5% as functions of the pion pair momentum, obtained in the viscous hydrodynamic model with ζ/s = 0.04 and T_f = 150 MeV (dashed lines), ζ/s = 0.04 and T_f = 140 MeV (dotted line), ζ/s = 0.08 and T_f = 140 MeV (solid lines). Symbols represent preliminary data of the AL- ICE Collaboration [2].

the dashed-dotted lines in Fig. 2. Bulk viscosity corrections make the spectra softer, especially for light particles, and introduce a correction in particle abundances, increasing the proton number. The corrections are important for pions with high momenta (p_⊥ > 1.5GeV). They make the proton number to increase by 35%. If the corrections are large, formally a better ansatz for the distribution function with bulk viscosity corrections would be an exponential function [37], but the final spectra are very similar as when using Eq. 4. The shift in the effective chemical equilibrium temperature is approximately the same for all the particles, depending only on the local expansion rate. A more elaborate ansatz is possible, with different bulk viscosity corrections for mesons, barions, or strange particles [38], using additional parameters the measured particle ratios could be better reproduced.

The spectra of identified particles in semi central collisions are well described by the hydrodynamic model (Fig. 4). For momenta p_T > 1.5 GeV the pion spectra are

FIG. 4. (Color online) Transverse momentum spectra of π^+, K^+, p (from to to bottom) in Pb-Pb collisions with centralities 10−20% (panel a) and 30−40% (panel b), obtained in the viscous hydrodynamic model (solid lines). Symbols represent preliminary data of the ALICE Collaboration [3].

underestimated by the hydrodynamic model with statistical particle emission. The discrepancy increases with centrality, and is visible for kaons as well for centralities 30 − 40%. This effect indicates that a nonthermal component in the particle emission is present, e.g. jet fragmentation. A similar underestimation of the experimental particle yields at high momenta by the hydrodynamic model is seen in peripheral Au-Au collisions at lower energies [37]. The proton multiplicity and spectra are well described by the model for different centrality classes.

The production rate of strange baryons with higher masses Ξ and Ω is very sensitive to the chemical freezeout temperature. In Fig. 5 are shown the transverse momentum spectra of Λ^0, Ξ^− and Ω^− particles for two centrality classes. The results of the viscous hydrodynamic model are in qualitative agreement with the preliminary data of the ALICE Collaboration. Nonequilibrium corrections in the expanding fireball increase the effective chemical freeze-out temperature. However, the effect is not strong enough to reproduce to observed yields of heavy barions. It is instructive to look at the ra-

FIG. 5. (Color online) Transverse momentum spectra of Λ^0 (dashed line), Ξ^− (dotted line and stars), Ω^− (solid line and diamonds) in Pb-Pb collisions with centralities 0−20% (panel a) and 20 − 40% (panel b). The lines and the symbols represent the results of the viscous hydrodynamic model and the preliminary data of the ALICE Collaboration [16] respectively.

FIG. 6. (Color online) Ratios of particle yields in Pb-Pb collisions with centralities 0−20%, preliminary data of the ALICE Collaboration (squares) [16] are compared to results of viscous hydrodynamic calculations (lines).

FIG. 7. Rapidity distributions of π^+ (solid line), K^+ (dashed line) and p (dotted line) emitted in Pb-Pb collisions with centralities 0 − 5%, calculated in the (3 + 1)-D viscous hydrodynamic model.

tios of p_T integrated particle yields. The hydrodynamic model reproduces qualitatively the observed particles ratios (Fig. 6), although the nonequilibrium effects are described with only one parameter, the bulk viscosity coefficient. Deviations from chemical equilibrium at the freeze-out temperature T_f = 140 MeV shift the ratios of heavy particle yields to pion yields up. The ratio K/π is very well reproduced, the ratio p/π is overpredicted by 17% and the ratios Ξ/π, Ω/π are underpredicted by 30 − 40%. The ratios obtained from the hydrodynamic simulation with T_f = 140MeV correspond aproximately to a chemical equilibrium temperature of 150MeV (Fig. 6). The deviations of the calculated particles ratios from the observations indicate that the data cannot be described using a single chemical freeze-out temperature, as mentioned above, the agreement could be improved using different equilibration rates for different particle species.

The (3 + 1)-D hydrodynamic model does not assume boost-invariance and gives predictions on the rapidity dependence of particle spectra. In practice, the initial density in the longitudinal direction is adjusted to reproduce the final pseudorapidity distribution (Fig. 1). Once the transverse momentum spectra and the pseudorapidity distributions are found to be in agreement with the experimental observations, the rapidity distributions of identified particles can be reliably estimated. The rapidity distributions for pions, kaons, and protons are shown in Fig. 7. We find that the distributions are not boostinvariant. However, in the range |y| < 1 the dependence of the particle densities on rapidity is very weak. This indicates that (2 + 1)-D hydrodynamic models represent a good approximation for the dynamics and the mechanism of particle production in Pb-Pb collisions at the LHC at midrapidity.

Using the hydrodynamic model with optical Glauber initial conditions, one can calculate the elliptic flow co-

FIG. 8. Elliptic flow coefficient of charged particles as function of transverse momentum for three centrality classes calculated in the viscous hydrodynamic model (lines), the symbols represent the experimental results of the ALICE Collaboration [46].

FIG. 9. Elliptic flow coefficient of identified particles as function of transverse momentum calculated in the viscous hydrodynamic model (lines), the symbols represent the preliminary results of the ALICE Collaboration [47], centrality 40 − 50%.

efficient. The elliptic flow coefficient for charged particle at different centralities is presented in Fig. 8. The calculation describes well the data for soft momenta. The results are consistent with predictions of other viscous hydrodynamic codes [6, 8–14]. Calculations of the elliptic flow for central collisions or of the triangular flow require event-by-event simulations including fluctuations in the initial state, and are outside the scope of this paper. An observable related to the freeze-out conditions for specific particles is the elliptic flow of identified particles. As can be seen in Fig. 9, the hydrodynamic model with bulk viscosity corrections and freeze-out at 140MeV gives a slightly too small splitting between the elliptic flow of pions, kaons, and protons.

IV. DISCUSSION

We present (3 + 1)-D viscous hydrodynamic calculations of the spectra of particles emitted in Pb-Pb collisions at √ s_{NN} = 2.76 TeV. We find that the transverse momentum spectra are sensitive to bulk viscosity effects. Bulk viscosity in an exploding fireball leads to deviations from local equilibrium in the fluid elements. With the bulk viscosity coefficient ζ/s = 0.08 and a freeze-out temperature T_f = 140 MeV we find a satisfactory agreement with preliminary experimental data for the transverse momentum spectra of pions, kaons and protons. At the same time, the size of the fireball and the amount of the collective transverse flow of the fluid accumulated in the hydrodynamic phase are compatible with the experimental measurements of the momentum dependence of the interferometry radii R_{out}, R_{side}, and R_{long} .

Transverse momentum spectra of identified particles in semi-central collisions are reproduced as well. In particular, we find a strong transverse push visible in the p_T spectra of protons. On the other hand, bulk viscosity effects make the pion spectra softer, in agreement with the experiment. Using the same freeze-out conditions we calculate the Ξ^− and Ω^− spectra and compare to the preliminary data of the ALICE Collaboration for two different centrality classes. Nonequilibrium corrections make the effective chemical freeze-out temperature to be 150 MeV and not 140 MeV as given by the energy density at freezeout. The ratios of particle yields K/π are very well reproduced, while the ratio p/π is slightly overpredicted, and the strange barion abundances are underpredicted. This shows that an effective single chemical freeze-out temperature (generated dynamically in viscous hydrodynamics) cannot describe all the measured particle ratios. The elliptic flow of identified particles from the hydrodynamic model shows a splitting according to the particle mass, but slightly smaller than observed experimentally. Distributions of identified particles in rapidity show that the system is not boost-invariant. However, in the limited interval of central rapidities |y| < 1 an approximate plateau is seen in the rapidity distributions.

ACKNOWLEDGMENT

The work is supported by the Supported by Polish Ministry of Science and Higher Education, grants N N202 263438 and N N202 086140.

[1] K. Aamodt et al. (ALICE), Phys. Rev. Lett. 106, 032301 (2011)A. T. Toia (ALICE), J.Phys.G G38, 124007 (2011)G. Aad et al. (ATLAS), Phys.Lett. B707, 330 (2012)Phys. Rev. Lett. 105, 252303 (2010)G. Aad et al. (ATLAS Collaboration)(2012), arXiv:1203.3087 [hep-ex]S. Chatrchyan et al. (CMS), JHEP 1108, 141 (2011)Phys. Rev. C84, 024906 (2011)K. Aamodt et al. (ALICE Collaboration), Phys.Rev.Lett. 107, 032301 (2011) [2] K. Aamodt et al. (ALICE), Phys. Lett. B696, 328 (2011) [3] M. Floris, J.Phys.G G38, 124025 (2011) [4] I. Arsene et al. (BRAHMS), Nucl. Phys. A757, 1 (2005)B. B. Back et al. (PHOBOS), A757, 28 (2005)J. Adams et al. (STAR), A757, 102 (2005)K. Adcox et al. (PHENIX), A757, 184 (2005) [5] P. F. Kolb and U. W. Heinz, in Quark Gluon Plasma 3, edited by R. Hwa and X. N. Wang (World Scientific, Singapore, 2004) p. 634, arXiv:nucl-th/0305084P. Huovinen and P. V. Ruuskanen, Ann. Rev. Nucl. Part. Sci. 56, 163 (2006)W. Florkowski, Phenomenology of Ultra- Relativistic Heavy-Ion Collisions (World Scientific Publishing Company, Singapore, 2010) [6] M. Luzum, Phys. Rev. C83, 044911 (2011) [7] T. Hirano, P. Huovinen, and Y. Nara, Phys. Rev. C 83, 021902 (Feb 2011) [8] C. Shen, U. Heinz, P. Huovinen, and H. Song, Phys.Rev.

C84, 044903 (2011) [9] H. Song, S. A. Bass, and U. Heinz, Phys. Rev. C83, 054912 (2011) [10] P. Bożek, Phys. Lett. B699, 283 (2011) [11] B. Schenke, S. Jeon, and C. Gale, Phys.Lett. B702, 59 (2011)

[12] Z. Qiu, C. Shen, and U. W. Heinz, Phys.Lett. B707, 151 (2012) [13] E. Retinskaya, M. Luzum, and J.-Y. Ollitrault(2012), arXiv:1203.0931 [nucl-th] [14] H. Niemi, G. Denicol, P. Huovinen, E. Molnar, and D. Rischke(2012), arXiv:1203.2452 [nucl-th] [15] P. Braun-Munzinger, D. Magestro, K. Redlich, and J. Stachel, Phys. Lett. B518, 41 (2001)A. Andronic, P. Braun-Munzinger, and J. Stachel, Nucl. Phys. A772, 167 (2006)J. Cleymans, B. Kampfer, M. Kaneta, S. Wheaton, and N. Xu, Phys. Rev. C71, 054901 (2005)W. Florkowski, W. Broniowski, and M. Michalec, Acta Phys. Polon. B33, 761 (2002)J. Rafelski, J. Letessier, and G. Torrieri, Phys. Rev. C72, 024905 (2005)F. Becattini, J. Manninen, and M. Gazdzicki, C73, 044905 (2006) [16] R. Preghenella (ALICE Collaboration), Acta Phys.Polon. B43, 555 (2012) [17] F. Becattini, M. Bleicher, T. Kollegger, M. Mitrovski, T. Schuster, et al., Phys.Rev. C85, 044921 (2012)J. Steinheimer, J. Aichelin, and M. Bleicher(2012), arXiv:1203.5302 [nucl-th] [18] W. Broniowski and W. Florkowski, Phys. Rev. Lett.

87, 272302 (2001)M. Rybczynski, W. Florkowski, and W. Broniowski(2012), arXiv:1202.5639 [nucl-th] [19] T. Hirano and K. Tsuda, Phys. Rev. C66, 054905 (2002) [20] S. Bass and A. Dumitru, Phys.Rev. C61, 064909 (2000) [21] T. Hirano, U. W. Heinz, D. Kharzeev, R. Lacey, and Y. Nara, J. Phys. G34, S879 (2007) [22] K. Werner et al., J. Phys. G36, 064030 (2009) [23] H. Song, S. A. Bass, and U. Heinz, Phys.Rev. C83, 024912 (2011)

[24] H. Petersen, Phys.Rev. C84, 034912 (2011) [25] W. Israel and J. Stewart, Annals Phys. 118, 341 (1979) [26] D. Teaney, Phys. Rev. C68, 034913 (2003) [27] H. Song and U. W. Heinz, Phys. Rev. C77, 064901 (2008) [28] K. Dusling, G. D. Moore, and D. Teaney, Phys. Rev.

C81, 034907 (2010) [29] A. K. Chaudhuri, Phys. Rev. C74, 044904 (2006) [30] K. Dusling and D. Teaney, Phys. Rev. C77, 034905 (2008) [31] P. Romatschke, Int. J. Mod. Phys. E19, 1 (2010) [32] D. A. Teaney(2009), arXiv:0905.2433 [nucl-th] [33] M. Luzum and P. Romatschke, Phys. Rev. C78, 034915 (2008) [34] P. Bożek, Phys. Rev. C81, 034909 (2010) [35] B. Schenke, S. Jeon, and C. Gale, Phys. Rev. Lett. 106, 042301 (2011) [36] A. Monnai and T. Hirano, Phys. Rev. C80, 054906 (2009) [37] P. Bożek, Phys. Rev. C85, 034901 (2012) [38] K. Dusling and T. Schafer, Phys.Rev. C85, 044909 (2012)

[39] S. Borsanyi et al., JHEP 11, 077 (2010) [40] M. Chojnacki and W. Florkowski, Acta Phys. Polon.

B38, 3249 (2007) [41] H. Song and U. W. Heinz, Phys. Rev. C81, 024905 (2010) [42] A. Białas and W. Czyż, Acta Phys. Polon. B36, 905 (2005) [43] S. Gavin, Nucl. Phys. A435, 826 (1985)A. Hosoya and K. Kajantie, B250, 666 (1985)C. Sasaki and K. Redlich, Phys. Rev. C79, 055207 (2009) [44] M. Chojnacki, A. Kisiel, W. Florkowski, and W. Broniowski, Comput.Phys.Commun. 183, 746 (2012) [45] U. W. Heinz and B. V. Jacak, Ann. Rev. Nucl. Part.

Sci. 49, 529 (1999)U. A. Wiedemann and U. W. Heinz, Phys. Rept. 319, 145 (1999)R. M. Weiner, 327, 249 (2000)M. A. Lisa, S. Pratt, R. Soltz, and U. Wiedemann, Ann. Rev. Nucl. Part. Sci. 55, 357 (2005) [46] K. Aamodt et al. (ALICE), Phys.Rev.Lett. 105, 252302 (2010) [47] M. Krzewicki (ALICE Collaboration), J.Phys.G G38, 124047 (2011)