arXiv:0911.1411v1 [hep-ph] 7 Nov 2009

Cooper-Frye Formula and Non-extensive Coalescence at RHIC Energy

K. Ürmössy^{a,b} and T. S. Biró^b

aRoland Eötvös University, Department of Theoretical Physics Pázmány Péter sétány 1/A, 1117 Budapest, Hungary bKFKI Research Institute for Particle and Nuclear Physics of the Hungarian Academy of Sciences Konkoly Thege Mikls út 29-33, H-1121 Budapest, Hungary

Abstract

Using the Cooper-Frye formula transverse spectra are calculated for various types of hadrons coming from a locally thermal non-extensive quark-gluon plasma. The √ s =200 GeV AuAu RHIC transverse spectra can be described well by the Boltzmann distribution under 2 GeV. This limit can be extended up to 5 GeV using the non-extensive Tsallis distribution.

Key words: non-extensive, coalescence, Cooper-Frye

1. Introduction

While √ s = 200 GeV AuAu transverse hadron spectra [1, 2, 3, 4, 5, 6] above 4-5 GeV in transverse momentum (p_T ) can be described well by perturbative QCD (pQCD), under 5 GeV collective effects come into view, and thermal and hydro-dynamical models [7] have to be used to achieve good agreement with measurements. However between 2 and 5 GeV most spectra take a power like form. This can be derived from neither the fragmentation nor the recombination of thermal partons alone if they have the conventional Boltzmann-Gibbs (BG) thermodynamics. Instead of proposing hadron production by coalescence of partons coming from jets and the bulk [8, 9], in this article only the bulk quarks are assumed to recombine. Furthermore their thermodynamics is supposed to be non-extensive [10, 11, 12, 13]. This type of coalescence models [14, 15] result in a hadron distribution of the type

f_H (E) = A (1 + (q − 1)E/T )^{1/(q−1)} (1) with E being the hadron energy in a frame co-moving with the plasma flow, T the temperature of the bulk matter and q > 1 expresses the deviation from the BG thermodynamics. The ansatz (1) with the simple Blast Wave flow profile (constant transverse flow v, E = (m_T − vp_T )/ √ 1 − v^2) have been fitted well to transverse RHIC spectra and turned out to join pQCD

Email address: karoly.uermoessy@cern.ch ()

calculations smoothly at about 5 GeV [14]. Our aim in this article is to readjust the non-extensive coalescence calculations taking into account smearing flow effects according to the Cooper-Frye (CF) formula, more elaborately.

2. Transverse and Longitudinal Flow

From the local equilibrium hadron distribution the transverse spectrum is calculated via the CF formula E d^3N dp^3 = dN p_T dp_T dydφ = ∫ F(u^i p_i) p_id^3σ^i. (2)

with p^i four-momentum of the detected particle, u_i(x) local flow four-velocity (normalized to u_iu^i = +1) and x^i the spacetime coordinates, parametrized as

x^i = (τ chζ, τ shζ, r cos α, r sin α), u^i = (γ chη, γ shη, γv cos ϕ, γv sin ϕ), p^i = (m_T chy, m_T shy, p_T cos φ, p_T sin φ). (3)

where τ = √ t^2 − z^2 is the longitudinal proper time, r the transverse (cylindrical) radius, ζ =^1_2 ln^{t+z}_{t−z} the longitudinal coordinate rapidity (hyperbolic arc angle) and α the asimuthal angle belonging to the spacetime point x^i. Similarily v is the transverse flow velocity, γ = 1/ √ 1 − v^2 the associated Lorentz factor, η the longitudinal rapidity of the flow and ϕ is its asimuthal angle. Finally p_T is the detected transverse momentum, m_T = √ m^2 + p^2_T the corresponding transverse

Preprint submitted to Physics Letters B November 7, 2009

mass, while y the observed longitudinal rapidity, E = m_T cosh(y) the energy and φ the asimuthal angle of the detected paticle. This way the integration measure in (2) is given by

p_id^3σ^i = m_T cosh(y − ζ) τr dζdrdα

+ m_T sinh(y − ζ) r dτdrdα + p_T cos(φ − α) τr dτdζdα + p_T sin(φ − α) τ dτdζdr. (4)

Considering a flow constant and radial in the transverse plane (ϕ = α, v=const.) and scaling in the beam direction (η = ζ), the energy in the frame co-moving with the flow is

E^{co} = u^i p_i = γ(m_T cosh(y−ζ)−vp_T cos(φ−α)).(5)

Assuming an instant hadronization at a constant longitudinal proper-time τ_b and a continuous evaporation of hadrons at the cylindrical surface before, the measured spectrum is the sum of four components E d^3N dp^3

= Y_0 + Y_1 + Y_2 + Y_4 (6)

that are

Y_0 = τ_b 2π∫ 0 dα R∫ 0 drr +z∫ −z dζ m_T ×

× cosh(y − ζ)F(τ_b, ζ, r, α)

Y_1 = 2π∫ 0 dα R∫ 0 drr τ_b∫

0 dτ m_T × × ( sinh(y − z)F(τ, +z, r, α)

− sinh(y + z)F(τ, −z, r, α) )

Y_2 = R 2π∫ 0 dα +z∫ −z dζ τ_b∫

0 dτ τ p_T ×

× cos(φ − α)F(τ, ζ, R, α)

Y_3 = R∫ 0 dr +z∫ −z dζ τ_b∫

0 dτ τ p_T × × ( sin(φ − 2π)F(τ, ζ, r, 2π)

− sin(φ)F(τ, ζ, r, 0) ) (7) From these Y3 = 0 for F(E^{co}) is periodic in α and Y1 → 0 taking the z → ∞ limit, so the spectrum can be written in a more convenient form as a sum of a volume and a surface term. After a shift in the integration variables ζ → ζ + y and α → α + φ the transverse spectrum takes the form E d^3N dp^3 = A ∞∫ −∞ dζ 2π∫ 0 dα F(−βE^{co}) ×

× (ξ m_T cosh ζ + (1 − ξ) p_T cos α) (8) with

A ξ = 2π R∫ 0 rτ(r)dr = π R^2τ_b,

A (1 − ξ) = 2π

τ(R)∫

τ(0)

r(τ)τdτ = π τ^2_b R. (9)

In the first integral of (9) τ(r) = τ_b, in the second r(τ) = R. Using extensive hadron distribution F(−βE^{co}) = exp(−βE^{co})/Z(β) we get E d^3N dp^3 = A ( ξ m_T K_1(βγm_T )I_0(βγvp_T )

+ (1 − ξ) p_T K_0(βγm_T )I_1(βγvp_T ) ) . (10) This result decreases nearly exponentially with E^∗ = γ(m_T − v p_T ) above p_T = 2 GeV. When using the nonextensive hadron distribution (1) we had better use its integral Euler-Gamma representation. Here c = 1/(q − 1) and dN p_T dp_T dy_{y=0} = 1 Γ(c) ∞∫ 0 dw w^{c−1} ∞∫ −∞ dζ 2π∫ 0 dα ×

× (ξ m_T cosh ζ + (1 − ξ) p_T cos α) × exp{−w[1 + (q − 1)βE^{co}]} (11) The integration over ζ and α leads back to the BG spectrum with an inverse temperature β̃ = (q − 1)βw integrated over a Gamma distribution with respect to w. Evaluating this last integral by the Gauss-Laguerre Quadrature the spectrum can be obtained numerically. dN p_T dp_T dy_{y=0} = A ξ m_T G_0(p_T ) + (1 − ξ)p_T G_2(p_T ) (1 + (q − 1)βE^∗)^c

(12)

It differs from the results of [15] in the m_T G_0 and p_T G_2 terms where G_i have a very mild p_T dependence.

G_{0,2}(p_T ) = ∑ j w_jz^{c−1}_j Γ(c) e^{a j−b j} K_{1,0}(a_j)I_{0,1}(b_j) ,

a_j =

(q − 1)βγm_T 1 + (q − 1)βE^∗ z_j ,

b_j =

(q − 1)βγvp_T 1 + (q − 1)βE^∗ z_j (13) 2 with w_j = z_j/(n − 1)^2L(n + 1, z_j)^2, L(n, x) the Laguerre polynomial, L(n, z_j) = 0.

3. Results

In orther to take into account low and intermediate p_T data points equally, the deviation of the ratio of the measured and calculated particle yields from unity weighted by the bin widths of the histograms had been minimized: ∑ i 1 − ∫ bin(i)

(_{dN}

p_T dp_T ) p_T dp_T

ΔN_i

2 Δp_{T i} = min.

(14)

Here ΔN_i are the number of measured particles falling into the p_T range ⟨p_{T i}⟩ ± Δp_{T i}/2. In accordance with earlier studies, the BG distribution fits RHIC data well below 2 GeV in p_T and, as reported in [15], transverse spectra can be scaled together when using the Tsallis distribution. In this article slightly better fits are presented then in [15] after having taken into account flow effects, the effect of binning and restricting the fitting interval to 0 - 5 GeV in p_T . The new results have the adventage that all hadron spectra have approximately the same spectral Tsallis-temperature of T = 51 ± 10 MeV. Points with T ≈ 70 MeV on the q − T plot of (Fig.1) are the Tsallis-temperatures of π^0 and η. They do not have much relevance, for the lack of very low p_T data prevents the accurate determination of the transverse flow v, and thus the blue-shift factor √ (1 + v)/(1 − v).

However the fitted non-extensivity values center around q = 1.062 ± 7.65 × 10^{−3} for all types of hadrons, not obeying the (q_{meson} − 1) : (q_{baryon} − 1) = 3 : 2 ratio reported in [15]. The latter should be the case, if the matter broke apart right after hadronization. So this suggests, that τ_b is greater than the time of confinement, allowing the produced hadrons to show trends towards a late thermalization.

The ratios of measured and calculated data and the fit parameters are also presented in (Fig.1). For the ratio of the volume and surface yields, the best fit can be achieved when only the volume term is taken in the CF formula (ξ = 1) (all particles come from the volume of the plasma at the break-up longitudinal proper time τ_b), however the curve with ξ = 0.5 is really close to it. Grey points belong to ξ = 1, dark points to ξ = 0.5, empty triangles to ξ = 0 and empty boxes denote the BG data. In conclusion, p_T fits to RHIC hadron spectra considering a transverse flow via the Cooper-Frye formula reveal that the non-extensive thermal model gives a much better description then the Boltzmann-Gibbs assumption. The coalescence ratio between mesons and baryons can not be proven based on present data, this question has to be settled after the analysis of the results of heavy-ion experiments of the LHC.

References

[1] PHENIX Collaboration 2008 Phys. Rev. Lett. 101 232301 [2] PHENIX Collaboration 2007 Phys. Rev. C 75 024909 [3] STAR Collaboration 2005 Nucl. Phys. A 757 102 [4] STAR Collaboration 2007 Phys. Lett. B 655 104 [5] STAR Collaboration 2007 Phys. Rev. Lett. 98 062301 [6] STAR Collaboration 2007 Phys. Rev. Lett. 99 112301 [7] P. F. Kolb, J. Sollfrank, P. V. Ruuskanen, U. Heinz, Nucl. Phys.

A: 661, 1-4, 349-352, 1999.

[8] V. Greco, C. M. Ko, P. Levai, Phys. Rev. Lett. 90, 202302, 2003. [9] R. C. Hwa, C. B. Yang, Phys. Rev. C 75, 054904, 2007. [10] W. M. Alberico, A. Lavagno, Eur. Phys. J. A: 40 313-323, 2009. [11] G. Kaniadakis, Eur. Phys. J. A: 40 275-287, 2009. [12] T. S. Biro, G. Purcsel, K. Urmossy, Eur. Phys. J. A: 40 325-340, 2009.

[13] T. S. Biro, G. Gyorgyi, A. Jakovac, G. Purcsel, J. Phys. G: Nucl.

Part. Phys. 31 S759-S763, 2005.

[14] T.S. Biro, K. Urmossy, G.G. Barnafoldi, J. Phys. G: 35, 044012, 2008.

[15] T. S. Biro, K. Urmossy, J. Phys. G: Nucl. Part. Phys. 36 064044, 2009.

3

Figure 1: Ratios of RHIC 200 GeV AuAu data and calculated CF and BG spectra (1-10 panels); and the fit parameters (11-12). The ξ = 1, 0.5, 0 (volume, equal mixture, surface) Tsallis curves are denoted by light spots, small dark spots and empty triangles, the BG results are light empty boxes. 4