arXiv:hep-ph/0606027 v1 2 Jun 2006

SPECTRA OF QUARKONIA AT FINITE TEMPERATURE

D.U. Matrasulov Department of Heat Physics, Uzbek Academy of Sciences, 28 Katartal St., 700135 Tashkent, Uzbekistan dmatrasu@phys.ualberta.ca F.C. Khanna Department of Physics, Alberta University, Edmonton Alberta, T6G 2J1 Canada and TRIUMF, 4004 Westbrook Mall Vancouver, British Columbia, Canada, V6T2A3 khanna@phys.ualberta.ca

Kh.T. Butanov and Kh.Yu. Rakhimov Department of Heat Physics, Uzbek Academy of Sciences, 28 Katartal St., 700135 Tashkent, Uzbekistan khakimjan@yahoo.com; rakhimov@infonet.uz

Abstract

Finite-temperature spectra of heavy quarkonia are calculated by combining potential model and thermofield dynamics formalisms. The mass spectra of the heavy quarkonia with various quark contents are calculated. It is found that binding mass of the quarkonium decreases as temperature increases.a

Quarkonia; finite-temperature spectra; thernofield dynamics.

1 Introduction

Recent progress on creation hot and dense matter using LHC and RHIC lead to new challenges in particle physics. In particular, it has been reported recently that creation of quark-gluon plasma has been achieved in the relativistic heavy ion collisions experiments [1]. A key signal in the experiments on quark-gluon plasma formation is the J/Ψ suppression [1, 2, 3, 4] which implies that the quarkonium properties are changed under the influence of in-medium effects, such as high density and temperature. Therefore precise knowledge or qualitative estimates of these changes is of importance for such experiments.

Heavy quarkonia have been the subject of extensive theoretical and experimental research for last three decades [5]-[10]. It is well-known that the properties of mesons and nucleons change in media of high density and at finite temperature. Even the coupling constants of meson-nucleon interaction are altered as the temperature increases to the deconfining temperature. The present study is focussed on the properties of quarkonia at finite temperature [11, 12]. Several models have been used to describe the spectra and other properties at zero temperature [9]. Among others, nonrelativistic QCD [13, 14, 15], the lattice QCD [14, 16, 17] and the potential nonrelativistic QCD [18] lead to considerable progress in understanding the nature of quark-quark and quark-antiquark interactions and predicting various properties such as decay, mass spectra, fragmentation etc. Also, a quantum mechanical approach based on potential models [5, 7, 8] can be used to obtain quarkonium spectra for various quark contents. In this case one may use Schrödinger [5, 7] or Bethe-Salpeter [9, 19] equations for calculation of quarkonium spectra. Despite the considerable progress made in quarkonium physics most treatments have been limited to considering zero-temperature case. There are few papers in the literature with finite-temperature treatment of quarkonium properties.

However, in medium effects on quarkonium properties should be taken into account in considering quarkonia in quark-gluon, hadronic and nuclear matter. In experiments on quark-gluon plasma formation through high energy heavy ion collisions, heavy quarkonium states are the simplest probes that allow us to test the structure of the QCD vacuum. Especially, here is of interest understanding of the behavior of heavy quark bound states in a strongly interacting media close to deconfinement temperature. Also, strict treatment of the J/Ψ-suppression due to color-screening should be also carried out with account of finite temperature. Few attempts have been made to use finite-temperature lattice QCD [20], perturbative QCD at finite temperature [21] and to use color screening models [22] in order to calculate quarkonium properties at finite temperature. Also, a hadron string model has been applied to find temperature-dependence of charmonium [2]. In addition, the prediction of the quarkonium spectra with account of finite-temperature effects is of importance for ongoing and forthcoming experimental studies on finding of hadrons in dense and hot matter.

In this paper we present an approach for obtaining quarkonium spectra at finite temperature. Combining potential model approach and a real-time finite-temperature field theory, thermofield dynamics, we calculate the mass spectra of charmonium at finite temperature and compare it with corresponding zero-temperature ones. Finite-temperature mass spectra of the heavy quarkonia have been recently calculated on the basis of solution of the temperaturedependent Bethe-Salpeter equation [3] and using hadron string model [2].

This paper is organized as follows: in the next section we give basic descritpion of the Thermofield Dynamics. In section 3 thermofield dynamics formalism is applied for the calculation of the quarkonium energy spectra at finite temperature. Section 4 describes obtained numerical results and their discussion.

2 Thermofield dynamics

Thermofield dynamics (TFD) is a real time operator formalism of quantum field theory at finite temperature in which any physical system can be constructed from a temperature dependent vacuum |0(β)⟩ which is a pure state [23, 24, 25, 26]. The thermal average of any operator is equal to the expectation value between the pure vacuum state |0(β)⟩ defined by applying Bogolyubov transformations to the usual vacuum state. TFD is based on two features. The first one is the doubling of the Fock space such that the original Fock space and its double are defined non-tilde and tilde space respectively. All operators are also doubled and the finitetemperature creation and annihilation operators are constructed by Bogolyubov transformation between tilde and non-tilde operators. This is the same procedure in writing down the vacuum state at finite temperature. Mathematically, the field operators have the following properties:

(A_iA_j~) = Ã_iÃ_j,

(cA_i + A_j~) = c^∗Ã_i + Ã_j ,

(A^∗_i ~) = (Ã_i)^†, (Ã_i~) = A_i, [Ã_iA_j ] = 0.

It is well known [27] that in an algebraic approach the doubled set of operators may be considered as a set of operators that relate to the physical observables, O, and a second set that are generators of symmetries, Ô. The hat operators are responsible, in particular, for time development and are needed for the purpose of scattering, decay and any transitions between states. The physical observables lead to the quantities that are measured in experiment. Both for physical observables and generators of symmetry after Bogolyubov transformations leading to finite-temperature creation and annihilation operators and to a pure vacuum state only the non-tilde operators are required for getting the appropriate matrix elements.

For a given Hamiltonian H(a, a^†) written in terms of annihilation and creation operators, TFD prescription implies doubling, thus constructing a new Hamiltonian Ĥ(a, a^†, ã, ã^†) Ĥ(a, a^†, ã, ã^†) = H(a, a^†) − H̃(ã, ã^†). (1) Then applying Bogolyubov transformations, which are given by a = a(β)coshθ + ã^†(β)sinhθ a^† = a^†(β)coshθ + ã(β)sinhθ ã = a^†(β)sinhθ + ã(β)coshθ ã^† = a(β)sinhθ + ã^†(β)coshθ where β = ω k_BT , sinh^2θ = ( e^β − 1 )_{−1} , the Hamiltonian, Eq. (1) can be written in a temperature-dependent form. Physical observables to be obtained using this presciption are described in terms of non-tilde annihilation and creation operators. In the next section we apply TFD prescription for the calculation of the energy spectra of heavy quarkonia.

3 Finite-temperature spectrum

Within the framework of the potential model, heavy quarkonium is described by the Schrödinger equation which is given by i ∂Ψ ∂t = HΨ

where H is the quarkonium Hamiltonian: H = − Δ 2 − α_s r + λr + V_0, with Z =^4_3 α_s and α_s being strong coupling constant.

Multiplying both sides of this equation by r^2 and introducing the following time scaling τ = r^{−2}t, we have i ∂Ψ ∂τ = [−r^2 Δ 2 − α_sr + λr^3 + V_0r^2]Ψ.

Then using the substitution Ψ(r, θ, τ ) = e^{−iEτ} Ψ(r, θ), this equation can be written in time-independent form as: [−r^2 Δ 2 − α_sr + λr^3 + V_0r^2]Ψ = EΨ.

Separating angular and radial variables we get [− 1 2 d dr (r^2 d dr ) + 1 2 l(l + 1) − α_sr + λr^3 + V_0r^2]Ψ = EΨ (2)

Introducing annihilation and creation operators as a = 1 √ 2 d dr + 1 √ 2 r, a^† = − 1 √ 2 d dr + 1 √ 2 r Eq. (2) can be written in terms of these operators: [− 1 8 (a−a^†)(a+a^†)^2(a−a^†)− α_s √ 2 (a+a^†)+ λ 2 √ 2 (a+a^†)^3 + 1 2 l(l+1)+ 1 2 V_0 ( a + a^† )_2

]Ψ = EΨ, (3)

Thus, the quarkonium Hamiltonian in terms of operators a and a^† can be written as F (a, a^†) = − 1 8 (a−a^†)(a+a^†)^2(a−a^†)− α_s √ 2 (a+a^†)+ λ 2 √ 2 (a+a^†)^3+ 1 2 l(l+1)+ 1 2 V_0 ( a + a^† )_2

. (4)

Constructing the following matrix on the harmonic oscillator basis as E(n, n^′) = ⟨n^′ | F (a, a^†) | n⟩ = = −^1_8 [√ n(n − 1)(n − 2)(n − 3)δ_{n,n}′_{−4} + √ (n + 1)(n + 2)(n + 3)(n + 4)δ_{n,n}′_{+4} −

−(2n^2 + 2n + 3 + 4l(l + 1))δ_{n,n}′ ] +^{λ√}_8 [√ n(n − 1)(n − 2)δ_{n,n}′_{−3} + √ (n + 1)(n + 2)(n + 3)δ_{n,n}′_{+3} + +3 ( n √ nδ_{n,n}′_{−1} + (n + 1) √ n + 1δ_{n,n}′_{+1} ) ] −^{αs√}_2 (√ nδ_{n,n}′_{−1} + √ n + 1δ_{n,n}′_{+1} ) + +^{V0}_2 [√ n(n − 1)δ_{n,n}′_{−2} + √ (n + 1)(n + 2)δ_{n,n}′_{+2} + (2n + 1)δ_{n,n}′ ] . (5)

To find finite-temperature spectrum of the heavy quarkonium we should apply the TFD prescription to the Hamiltonian, Eq. (4). Then we have Ĥ = H − H̃, (6) and applying Bogolyubov transformations we get H = − 1 8 {A_1A_2A_2A_1cosh^4θ + B_1B_2B_2B_1sinh^4θ + [A_1A_2B_2A_1 + A_1B_2A_2A_1 − A_1A_2A_2B_1−

−B_1A_2A_2A_1]cosh^3θsinhθ + [B_1A_2B_2B_1 + B_1B_2A_2B_1 − B_1B_2B_2A_1 − A_1B_2B_2B_1]coshθsinh^3θ+ +[A_1B_2B_2A_1 −A_1A_2B_2B_1 −A_1B_2A_2B_1 +B_1A_2A_2B_1 −B_1A_2B_2A_1 −B_1B_2A_2A_1]cosh^2θsinh^2θ}− − α_s √ 2 [A_2coshθ + B_2sinhθ] + λ 2 √ 2 [A_2A_2A_2cosh^3θ + B_2B_2B_2sinh^3θ+

+(A_2A_2B_2 + A_2B_2A_2 + B_2A_2A_2)cosh^2θsinhθ + (B_2B_2A_2 + B_2A_2B_2 + A_2B_2B_2)coshθsinh^2θ]− − 1 2 V_0 ( A_2A_2cosh^2θ + B_2B_2sinh^2θ + (A_2B_2 + B_2A_2)coshθsinhθ ) where A_1 = a(β) − a^†(β), A_2 = a(β) + a^†(β), B_1 = ã(β) − ã^†(β), B_2 = ã(β) + ã^†(β).

Again, the (finite-temperaure) energy spectrum is obtained by diagonalization of the matrix E = ⟨n‘, ñ‘ | H(θ, a(β), a^†(β), ã(β), ã^†(β)) | ñ, n⟩ = = 1 8 (K − L + M) − α_s √ 2 N + λ 2 √ 2 O − 1 2 V_0P, where K, L, M, N, O are defined as: K = 4l(l + 1)δ_{n,n}′ + ( cosh^4θ + sinh^4θ ) ( (2n^2 + 2n + 3)δ_{n,n}′ −

− √ n(n − 1)(n − 2)(n − 3)δ_{n,n}′_{−4} + √ (n + 1)(n + 2)(n + 3)(n + 4)δ_{n,n}′_{+4} ) , L = ( cosh^3θsinhθ + coshθsinh^3θ ) ( 4n^2δ_{n,n}′_{−1} + 4(n + 1)^2δ_{n,n}′_{+1} ) , M = 2cosh^2θsinh^2θ ( (4n^2 + 4n − 1)δ_{n,n}′ + + ( n(n − 1) − √ n(n − 1) ) δ_{n,n}′_{−2} + ( (n + 1)(n + 2) − √ (n + 1)(n + 2)δ_{n,n}′_{+2} ) , N = (coshθ + sinhθ)( √ nδ_{n,n}′_{−1} + √ n + 1δ_{n,n}′_{+1}), O = (cosh^3θ + sinh^3θ) ( 3n √ nδ_{n,n}′_{−1} + 3(n + 1) √ n + 1δ_{n,n}′_{+1}+ + √ n(n − 1)(n − 2)δ_{n,n}′_{−3} + √ (n + 1)(n + 2)(n + 3)δ_{n,n}′_{+3} ) , P = (√ n(n − 1)δ_{n,n}′_{−2} + √ (n + 1)(n + 2)δ_{n,n}′_{+2} ) ( cosh^2θ + sinh^2θ ) + +2 (nδ_{n,n}′_{−1} + (n + 1)δ_{n,n}′_{+1}) coshθsinhθ. We can obtain finite-temperature energy eigenvalues by numerical diagonalization of this matrix.

4 Results and discussion

In Table 1 we present the charmonium mass spectrum, calculated by numerical diagonalization of the matrix Eq. (5) for various temperatures. As is seen from this table, the masses of the charmonium states decrease by increasing temperature. This result is in correspondence with the result of recent calculations of finite-temperature mass spectrum of charmonium [2], where a smooth decreasing of the charmonium mass with increasing of temperature up to the deconfinement temperature is observed.

Table 1: Mass spectra of charmonium (GeV) at finite temperature (GeV) in m_c = 1.46 GeV, α_s = 0.39 (Z =^4_3 α_s), λ = 0.2 GeV^2, V_0 = −0.2 GeV.

n T = 0 T = 0.1 T = 0.15 T = 0.2 1 (l=0) 2.481 2.447 2.025 1.966 2 (l=0) 2.901 2.839 2.441 2.353 3 (l=0) 3.812 3.515 3.401 3.175 4 (l=0) 4.460 4.290 4.255 4.167 5 (l=0) 5.277 5.264 5.147 5.098 1 (l=1) 2.934 2.888 2.682 2.566 2 (l=1) 3.382 3.290 3.027 2.964 3 (l=1) 4.108 3.908 3.809 3.665 4 (l=1) 4.586 4.484 4.451 4.255 5 (l=1) 5.915 5.562 5.330 5.315 1 (l=2) 3.799 3.750 3.487 3.350 2 (l=2) 4.323 4.219 4.135 3.986 3 (l=2) 4.571 4.523 4.428 4.256 4 (l=2) 5.342 5.272 5.023 4.919 5 (l=2) 5.999 5.884 5.753 5.628

In Fig. 1 is the pictorial presentation of the mass spectrum for some of the charmonium states. As it is clearly seen from this figure for all presented states, the mass at T = 0.15 GeV is considerably smaller than it is for T = 0.1 GeV. However, the difference of masses between T = 0.2 GeV and T = 0.15 GeV is smaller. It should be noted that in our calculations we didn’t take into account spin and color-spin effects.

Thus we have treated charmonium spectra at finite temperature using the thermofield dynamics formalism. Motivation for the treatment of quarkonium properties with account in medium effects such as finite-temperature and density comes from recent advances in quarkgluon matter creation experiments, where some states of charmonium are considered as a key signature of such matter. In addition, knowledge of the hadron spectra at finite-temperature is important for the study of hadrons in nuclear and hadronic matter. So, the obtained results can be useful in forthcoming LHC experiments on the quark-gluon plasma creation.

Acknowledgments

The work of D.U.M., F.C.K. and Kh.Yu.R. is supported in part by NATO Collaborative Linkage Grant (PST. CLG 980300) and Kh.T.B. by a Grant of Science and Technology Center of

Uzbekistan (FM 2-075).

1S

2S

1P

2P

T = 0.2 GeV T = 0.15 GeV T=0.1 GeV T = 0.0 GeV

GeV

1.6

1.8 2.0

2.2 2.4

2.6 2.8

3.0 3.2 3.4

Figure 1: The mass spectrum of cc charmonium (GeV) at finite temperature (GeV).

References

[1] NA50 collaboration, Phys. Lett. B, 477, 28 (2000).

[2] Chai Hong and Masahuri Iwasaki, Int. J. Mod. Phys. A 18, 1497 (2003). [3] G.P. Malik, Raman K. Jha, V.S. Varma, Eur. Phys. J. A 3, 373 (1998). [4] T .Matsui, H. Satz, Phys. Lett. B 178, 416 (1986). [5] E. Eichten et. al., Phys. Rev. D 17, 3090 (1978). [6] V.A. Novikov et. al., Phys. Rep. 41, 1 (1978). [7] C. Quigg and Jonathan L. Rosner, Phys. Rep. 56, 167 (1979). [8] E. Eichten et. al., Phys. Rev. D 21, 203 (1980). [9] S.N. Mukherjee et. al., Phys. Rep. 231, 203 (1993).

[10] N. Brambilla, M. Kramer, R. Mussa and A. Vairo, Heavy Quarkonium Physics, hepph/0412158, (CERN-2005-005).

[11] A.M. Rakhimov, T. Yakhshiev and F.C. Khanna, Phys. Rev. 61, 024907 (2000). [12] U.T. Yakhshiev, A.W. Thomas and F.C. Khanna, Phys. Rev. C 68, 0248201 (2003). [13] Aneesh V. Manohar, Phys. Rev. D 56, 230 (1997). [14] Antonio Pineda, Phys. Rev. D 65, 074007 (2002). [15] F. Karsch, et. al., Phys. Lett. B 530, 147 (2002). [16] B.A. Thacker, G. Peter Lepage, Phys. Rev. D 43, 196 (1991). [17] C.T.H. Davies et. al., Phys. Rev. D 52, 6519 (1995). [18] V.V. Kiselev et. al., Phys. Rev. D 65, 034013 (2002).

[19] X.Q. Zhu, F.C. Khanna, R. Gorishankar and R. Teshima, Phys. Rev. D 47, 1155 (1993). [20] Jochen Finberg, Phys. Lett. B 424, 343 (1998).

[21] Francois Arleo Joseph Cugnon, Yuriy Kalinovsky, hep-ph/0410295, (2004). [22] S. Gao, B. Liu and W.Q. Chao, Phys. Lett. B 378, 23 (1996).

[23] H. Umezawa, H. Matsumoto and M. Tachiki, Thermofield Dynamics, (North-Holland, Amsterdam, 1982).

[24] Y. Takahashi and H. Umezawa, Collective Phenomena 2, 55 (1975). (Reprinted in Int. J.

Mod. Phys. A 10, 1755 (1996).)

[25] A. Das, Finite Temperature Field Theory, (World Scientific, New York, 1997).

[26] Y.X. Gui, F.C. Khanna and Z.B. Su (eds.), Thermo Field Theories and Their Applications, (World Scientific, Singapore, 1996).

[27] A.E. Santana and F.C. Khanna, Phys. Lett. A 203, 68 (1995).