arXiv:nucl-th/0112023 v2 20 Feb 2002

DISSOCIATION OF A HEAVY QUARKONIUM AT T < T_c

Cheuk-Yin Wong^1, Ted Barnes^{1,2}, Eric S. Swanson^{3,4} and Horace W. Crater^5

1Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831 USA 2Department of Physics, University of Tennessee, Knoxville, TN 37996 USA 4Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, PA 15260 USA 5Jefferson Lab, Newport News, VA 23606 USA 3Department of Physics, University of Tennessee Space Institute, Tullahoma, Tennessee 37388 USA

We examine three different ways a heavy quarkonium can dissociate at temperatures below the quark-gluon plasma phase transition temperature T_c: spontaneous dissociation, dissociation by thermalization, and dissociation by collision with hadrons. We evaluate the cross sections for the dissociation of J/ψ and Υ in collision with π as a function of temperature, using the quark-interchange model of Barnes and Swanson. We also evaluate the dissociation temperatures for various quarkonia, and the fraction of quarkonium lying above the dissociation threshold as a function of temperature, using an interquark potential inferred from lattice gauge calculations.

I. Introduction

The suppression of heavy quarkonium production has been the subject of intense interest as it was proposed as a signature for the quark-gluon plasma^1. The recent experimental observation of an anomalous J/ψ suppression in Pb+Pb collisions by the NA50 Collaboration^2 has been considered by many authors^3. However, there is considerable uncertainty on the origin of the anomalous suppression due to the lack of reliable experimental and theoretical information on J/ψ and χ_J dissociation below the quark-gluon plasma phase transition temperature T_c.

We shall study three quarkonium dissociation mechanisms at T < T_c. A heavy quarkonium can dissociate spontaneously when it becomes unbound at a temperature above its dissociation temperature. A quarkonium system in thermal equilibrium with the medium can dissociate by thermalization when a fraction of the quarkonium lies at energies above the dissociation threshold. A heavy quarkonium can also dissociate by collision with light hadrons. We shall discuss these three mechanisms in turn. Some of the details of the discussions can be found in Refs. [4] and [5].

II. Dissociation Cross Section at T=0

For heavy quarkonium at T = 0, the only dissociation mechanism for J/ψ, χ, and Υ is through their collision with hadrons. To date, three general approaches have been proposed for the calculation of the dissociation cross sections: perturbative QCD^6, effective Lagrangians^7, and a quark-interchange model using explicit quark-model wavefunctions^{4,8}. The cross sections estimated using these approaches vary over many orders of magnitude.

We favor the use of the quark-interchange model proposed by Barnes and Swanson^{9,10}, as it has previously been successfully applied to many analogous light-quark systems^{11} where it is in good agreement with experiment. The generalization of the model to finite temperatures can also be carried out when the wave function of the heavy quarkonium is determined as a function of temperature^5. A relativistic generalization of the quarkbased model has also been presented^{12}.

To obtain the dissociation cross sections, we first use the known hadron masses to determine interquark forces and bound state wave functions. We write the interaction in the form

V (r) = λ(i) 2 · λ(j) 2 { α_s r − 3b 4 r − 8πα_s 3m_im_j S_i · S_j ( σ^3 π^{3/2} ) e^{−σ2r2} + V_{con} } (1) where for an antiquark, the generator λ/2 is replaced by −λ^T /2. From the meson mass spectrum, we obtain the following set of parameters:

α_s = 12π (33 − 2n_f ) ln(A + Q^2/B^2)

, (2)

A = 10, B = 0.31 GeV, Q^2 = (bound state mass)^2, b = 0.18 GeV^2, σ = 0.897 GeV, V_{con} = 0.620 GeV, m_u = m_d = 0.334 GeV, m_s = 0.575 GeV, m_c = 1.776 GeV, and m_b = 5.102 GeV.

The dissociation of a heavy quarkonium in collision with a meson can be described as a quark-interchange process. The Born-order scattering amplitude can be evaluated as overlap integrals of hadron bound state wavefunctions using the “Feynman rules” given in Appendix C of Ref. [9].

Fig. 1 Dissociation cross sections of J/ψ in collision with π, K, and ρ at T =0 as a function of the kinetic energy E_{KE} .

We can calculate the scattering amplitude in the “prior” formalism in which the interaction takes place before the interchange of the quarks. There is the corresponding “post” formalism in which the interaction takes place after the interchange of the quarks. In nonrelativistic bound state scattering, one finds that these results are actually equal, provided that the same Hamiltonian is used to generate the asymptotic bound states and to drive the scattering^{13}. We will adopt an intermediate approach and assume relativistic kinematics and phase space but use nonrelativistic scattering amplitudes; in consequence, we find different ‘post’ and ‘prior’ cross sections in general. Here we will take the mean value of the ‘post’ and ‘prior’ results as our estimated cross section; separate ‘post’ and ‘prior’ cross sections will be shown in Figs. 1-3 as an indication of our systematic uncertainty.

When the interaction Eq. (1) is used to calculate the low-energy reaction, I = 2 ππ scattering phase shifts, experimental data agree well with the theoretical model. In addition the quark-interchange model has been applied successfully to KN and N N scattering, as well as to a wide range of related no-annihilation K^∗N , ΔN , and ΛN reactions^{11}.

Dissociation cross sections at T = 0 calculated with the Barnes and Swanson model are shown in Figs. 1-3.

Fig. 1 is for J/ψ, Fig. 2 for χ_{c2}, and Fig. 3 for Υ.

Fig. 2 Dissociation cross sections of χ_{c2} in collision with π, K, and ρ at T =0 as a function of the kinetic energy E_{KE}.

Fig. 3 Dissociation cross sections of Υ in collision with π, K, and ρ at T =0 as a function of the kinetic energy E_{KE}.

One finds from Figs. 1-3 that the cross sections are sensitive functions of energy. The maxima of the cross sections for π + J/ψ, K + J/ψ, and π + χ_{c2} are about 1-2 mb, and the cross sections for exothermic reactions ρ + J/ψ, K + χ_{c2}, and ρ + χ_{c2} decreases from about 6 mb to about 0-2 mb as E_{KE} decrease from 0.05 GeV to 0.2 GeV. The maxima of the cross sections of π, K, and ρ on Υ are about 0.1 mb.

III. Heavy Quarkonium at T < T_c

Recently, Digal, Petreczky, and Satz^{14} reported theoretical results on the dissociation temperatures of heavy quarkonia. The basic input is the temperature dependence of the Q-Q̄ interaction as inferred from lattice gauge calculations of Karsch et al.^{15}.

Due to the action of dynamical quark pairs, a proper description of the heavy quarkonium state should be based on a screening potential even at T = 0^{16,17}, as the heavy quarkonium becomes a pair of open charm or open bottom mesons when r becomes very large.

To study the behavior of a heavy quarkonium at finite temperatures, we calculate the energy ϵ of the heavy quarkonium single-particle state (QQ̄)_{JLS} from the Schrödinger equation^5 { −∇· h̄^2 2μ_{12}

∇ + V (r, T ) + (m_Q + m¯_Q −M_{Qq̄} − M_q¯_Q)θ(R − r) } ψ_{JLS} (r) = ϵψ_{JLS} (r). (3) The two-body system consists of a quark pair Q and Q̄ at a distance r<∼ R and becomes a pair of lowest-mass mesons Qq̄ and qQ̄ at r > R. The energy ϵ is measured relative to the pair of lowest-mass mesons at r → ∞. The quarkonium is bound if ϵ is negative. It is unbound if ϵ is positive and dissociates spontaneously, subject to selection rules. The quantity μ_{12} is the reduced mass. We use m_Q, m¯_Q, M_{Qq̄}, and m_q¯_Q at T = 0 and include all the temperature dependence of the effective interaction in V (r, T ). For numerical calculations, R has been set to 0.8 fm.

Following Karsch et al.^{16}, we represent the Q-Q̄ interaction by a Yukawa plus an exponential potential^{16,17} V (r, T ) = − 4 3 α_se^{−μ(T )r} r − b(T ) μ(T ) e^{−μ(T )r} (4)

where b(T ) is the effective string-tension coefficient, μ(T ) is the effective screening parameter, and the potential is calibrated to vanish as r approaches infinity. The results of the lattice calculations of Karsch et al.^{15} can be described by μ(T ) = μ_0 = 0.28 GeV and

b(T ) = b_0[1 − (T /T_c)^2]θ(T_c − T ), (5)

where b_0 = 0.35 GeV^2. The value of μ_0 has been fixed to be the same as at T = 0, and the value of b_0 is close to the b value obtained earlier at T = 0^{17}.

In our calculation, we use a running α_s as in Eq. (2). We include, in addition, the spin-spin, spin-orbit, and tensor interactions, with a running spin-spin interaction width as in Ref. [18]. The eigenvalues of the Hamiltonian can be obtained by matrix diagonalization using a set of nonorthogonal Gaussian basis states with different widths, as described in Refs. [10,4,5].

IV. Spontaneous Dissociation

Figure 4 shows the charmonium single-particle states as a function of temperature^5. In considering the spontaneous dissociation below T_c, it is necessary to find the selection rules for the dissociation of a heavy quarkonium state with initial quantum numbers J, L_i, and S_i into two mesons with a total spin S and a relative orbital angular momentum L. With interactions of the type in Eq. (4) and the spin-spin interaction, the total S is conserved. Parity conservation requires ΔL = |L − L_i| = 1 in this dissociation. Hence, J/ψ and ψ^′ will dissociate into a pair of open charm mesons with L = 1, while χ states will dissociate into a pair of open charm mesons with L = 0 or 2. These conservation laws give rise to selection rules for the spontaneous dissociation of heavy quarkonium^5. The difference in the energy of the lowest allowed final state and the energy of the pair of lowestmass meson state gives the additional increment of the threshold energy.

Fig. 4. Charmonium single-particle states as a function of temperature. The threshold energies are indicated as horizontal lines. The solid circles indicate the locations of the dissociation temperatures.

The dissociation temperatures of relevant quarkonium states can be determined by plotting the state energies of the quarkonia and the threshold energies after considering the selection rules. The points of intercept, as indicated by solid circles in Fig. 4, give the positions of the dissociation temperatures. Figure 5 shows the bottomium single-particle states as a function of T /T_c.

We list the dissociation temperatures of charmonia and bottomia in Tables I and II. With the additional threshold energies due to the angular momentum selection rules, the dissociation temperatures are shifted to higher energies. The increase in the dissociation temperature is large for charmonia and small for bottomia.

We confirm the general features of the results of Digal et al. but there are also differences as the dissociation temperatures depend on the potential and the selection rules. With the temperature-dependent potential of Eqs. (4)-(5), the dissociation temperatures of all heavy quarkonia, except χ_{b0}, χ_{b1}, χ_{b2}, and Υ, are below T_c,

Fig. 5. Bottomium single-particle energies as a function of temperature. The solid circles indicate the locations of the dissociation temperatures.

Table I. Charmonium dissociation temperatures T_d in units of T_c

Charmonium ψ^′ χ_{c2} χ_{c1} J/ψ T_d/T_c 0.50 0.91 0.90 0.99 T_d/T_c 0.37 0.66 0.72 0.94 (Selection Rules not invoked)

T_d/T_c 0.1-0.2 0.74 0.74 1.10 (Digal et al.)

Table II. Bottomium dissociation temperatures T_d in units of T_c Bottomium Υ^{′′} χ^′_{b2} χ^′_{b1} Υ^′ χ_{b2} χ_{b1} Υ T_d/T_c 0.57 0.82 0.82 0.96 >1.0 >1.0 >1.0 T_d/T_c 0.54 0.75 0.78 0.95 1.00 >1.00 >1.0 (Selection Rules not invoked)

T_d/T_c 0.75 0.83 0.83 1.10 1.13 1.13 2.31 (Digal et al.)

V. Dissociation by Thermalization

If the heavy quarkonium is in thermal equilibrium with the medium, the occupation probabilities of the heavy quarkonium state ϵ_i will be distributed according to the Bose-Einstein distribution,

n_i = 1 exp{(ϵ_i − μ)/T } − 1 , (6)

where μ is the chemical potential. Such a thermal equilibrium arises from inelastic reactions of the type h+(QQ̄)_{JLS} → h^′+(QQ̄)_J ′_L′_S′ . When the heavy quarkonium reaches thermal equilibrium with the medium, there is a finite fraction of the quarkonium system to be found in excited states. The fraction f of the system lying above their thresholds for spontaneous dissociation will dissociate into open charm or open bottom mesons. We call such a process dissociation by thermalization.

Fig. 6. The fractions of charmonium and bottomium lying above the dissociation threshold as a function of T /T_c.

We evaluate the fraction f as a function of temperature for charmonium and bottomium, and the results are shown in Fig. 6. A state label along the curves denotes the onset of the occurrence when that state emerges above its dissociation threshold. As one observes, the fraction f increases with temperature. As the temperature approaches T_c, the fraction of charmonium lying above dissociation thresholds is larger than the corresponding fraction of bottomium.

VI. Dissociation by Collision with Pions

We study in this section the dissociation of J/ψ and Υ by collision with pions in a medium at temperature T . As the temperature of the medium increases, the quarkonium single-particle energy changes and the dissociation threshold energy decreases. As a consequence, the dissociation cross section will change.

We can calculate the dissociation cross sections of J/ψ and Υ in collision with π as a function of the temperature using the Barnes and Swanson model^9. The calculation requires the energies and wave functions of the initial and final states, as well as the interquark interaction which leads to the dissociation. For the interquark interaction, we generalize the temperature-dependent Yukawa and exponential interaction in Eqs. (4) and (5) by replacing the color factor −4/3 there with the color operator (λ(i)/2) · (λ(j)/2) where for an antiquark, the generator λ/2 is replaced by −λ^T /2.

Using the single-particle energies and wave functions obtained with this temperature-dependent interaction, the scattering amplitude can be evaluated and the dissociation cross section can be calculated, as in Ref. [4].The sum of dissociation cross sections for π + J/ψ → DD̄^∗, D^∗D̄, D^∗D̄^∗ are shown in Fig. 7a for different temperatures T /T_c, as a function of the kinetic energy E_{KE}. In Fig. 7b we show similar total dissociation cross sections for π + Υ → BB̄^∗, B^∗B̄, B^∗B̄^∗ for various temperatures.

Fig. 7. Total dissociation cross section of J/ψ (Fig. a) and Υ (Fig. b) in collision with π for various temperatures as a function of the kinetic energy E_{KE} .

We observe in Fig. 7 that the maximum values of the dissociation cross sections increase and the positions of the maxima shift to lower kinetic energies as the temperature increases. Such an increase arises from the decrease of the threshold energies as the temperature increases. Over a large range of temperatures below the phase transition temperature, dissociation cross sections of J/ψ and Υ in collisions with π are large.

In a hadron gas, pions collide with a heavy quarkonium at different energies. We can get an idea of the energy-averaged magnitude of the dissociation cross section by treating the pions as a Bose-Einstein gas at temperature T . In Fig. 9, we show the quantity ⟨σv⟩ which is the product of the dissociation cross section and the relative velocity averaged over the energies of the pions. The quantity ⟨σv⟩ is about 2 mb at T /T_c = 0.70 and rises to about 3 mb at T /T_c = 0.95 where the value of T_c has been taken to be 0.175 GeV^{15}.

Fig. 8. The average of the dissociation cross section of J/ψ and Υ in collision with π multiplied by v as a function of the temperature.

We can estimate the survival probability of a heavy quarkonium in a hot pion gas in the presence of this type of collisional dissociation. If we represent the survival probability S by exp{−I}, the exponential factor I is given by I =

∫_{τfreeze}

τ_0 ⟨σv⟩(τ )ρ(τ )dτ , where ρ(τ ) is the

density of π at the proper time τ , and τ_0 and τ_{freeze} are the initial proper time and the freeze-out proper time respectively. The quantity ⟨σv⟩ in Fig. 8 can be represented approximately by ⟨σv⟩ = ⟨σv⟩_c(T /T_c), (7) where ⟨σv⟩_c ∼ 3 mb for J/ψ or Υ. Assuming a Bjorken expansion, we obtain I = ⟨σv⟩_c dN dyA ( T_0 T_c ) 3 { 1 − ( ρ_{freeze}τ_0A dN/dy )_{1/3}} , (8)

where T_0 is the initial temperature and ρ_{freeze} is the freeze-out pion density.

The degree of absorption by collision with pions depends on the initial absorption time τ_0, the freeze-out pion density ρ_{freeze}, and the initial temperature T_0. If T_0 ∼ T_c, ρ_{freeze} = 0.5/ fm^3, and τ_0 = 3 fm/c+R/γ, then for the most central Pb-Pb collision at 158A GeV, the heavy quarkonium survival probability is S ∼ 0.5 and for the most central Au-Au collision RHIC at √ s_{NN} = 200 GeV, the heavy quarkonium survival probability is S ∼ 0.1. These estimates show that the absorption of both J/ψ and Υ by the hot pion gas is substantial.

VII. Discussions and Conclusions

We study the dissociation of a heavy quarkonium at T < T_c. At T = 0, dissociation is possible only by collision with hadrons. We calculate the dissociation cross section for the dissociation of J/ψ, χ, and Υ in collision with π, K, and ρ at T = 0. The cross sections for J/ψ and Υ dissociation in collision with π are relatively small.

The temperature of the medium alters the interaction between a heavy quark Q and antiquark Q̄ in the medium. We calculate the quarkonium single-particle states using a potential inferred from lattice gauge calculations of Karsch et al.^{15} and obtain the dissociation temperatures. We confirm the general features of the results of Digal et al.^{14} but there are differences. We find that the selection rules change the dissociation temperatures substantially for charmonia but only slightly for bottomia, and that the dissociation temperatures of all heavy quarkonia, except χ_{b0}, χ_{b1}, χ_{b2}, and Υ, are below T_c.

A quarkonium in a medium can collide with particles in the medium to reach thermal equilibrium. A heavy quarkonium in thermal equilibrium can dissociate by thermalization as there is a finite probability for the system to be in an excited state lying above its dissociation threshold. We find that the fraction of the quarkonium lying above the threshold increases with increasing temperatures.

Dissociation of a heavy quarkonium can occur in collision with hadrons. As the temperature increases, the threshold energies for collisional dissociation decrease. As a consequence, the dissociation cross sections increase. We have estimated the absorption of J/ψ and Υ in collision with pions in central Pb-Pb collisions at SPS and RHIC energies and found the absorption to be substantial. Further microscopic investigations of the dissociation of heavy quarkonium in collision with hadrons in high-energy heavy-ion collisions will be of great interest.

This research was supported by the Division of Nuclear Physics, Department of Energy, under Contract No. DE-AC05-00OR22725 managed by UT-Battelle, LLC. ES acknowledges support from the DOE under grant DE-FG02-00ER41135 and DOE contract DE- AC05-84ER40150 under which the Southeastern Universities Research Association operates the Thomas Jefferson National Accelerator Facility.

1. T. Matsui and H. Satz, Phys. Lett. B178, 416 (1986).

2. M. Gonin, NA50 Collaboration, Nucl. Phys.

A610, 404c (1996); A. Romana et al., NA50 Collaboration, in Proceedings of the XXXIII Recontres de Moriond, Les Arcs, France, 21-28 March, 1998.

3. C. Y. Wong, Nucl. Phys. A610, 434c (1996);

Nucl. Phys. A630, 487 (1998); C. Y. Wong, hep-ph/9809497, in Proceedings of Workshop on

Charmonium Production in Relativistic Nuclear Collisions, (INT, Seattle, May 18-22, 1998); D. Kharzeev, Nucl. Phys. A610, 418c (1996); Nucl. Phys. A638, 279c (1998); J.-P. Blazoit and J.- Y. Ollitrault, Nucl. Phys. A610, 452c (1996); S. Gavin and R. Vogt, Nucl. Phys. A610, 442c (1996); A. Capella et al., Phys. Lett. B393, 431 (1997); W. Cassing and C. M. Ko, Phys. Lett. B396, 39 (1997); W. Cassing and E. L. Bratkovskaya, Nucl. Phys. A623, 570 (1997); R. Vogt, Phys. Lett. B430, 15 (1998); M. Nardi and H. Satz, Phys. Lett. B442, 14 (1998); Bin Zhang et al., Phys. Rev. C62, 054905 (2000); D.B. Blaschke et al., Phys. Lett. B506 297 92001).

4. C. Y. Wong, E. S. Swanson, and T. Barnes, Phys.

Rev. C (in press), nucl-th/0106067. 5. C. Y. Wong, nucl-th/0110004.

6. M. Peskin, Nucl. Phy. B156, 365 (1979); D.

Kharzeev and H. Satz, Phys. Lett. B334, 155 (1994).

7. S. G. Matinyan and B. Müller, Phys. Rev. C58, 2994 (1998); K. L. Haglin, Phys. Rev. C61, 031912 (2000); Z. W. Lin and C. M. Ko, Phys. Rev. C62, 034903 (2000); Yongseok Oh, Taesoo Song, and Su Houng Lee, Phys. Rev. C63, 034901 (2001).

8. K. Martins, D. Blaschke, and E. Quack, Phys. Rev.

C51, 2723 (1995); C. Y. Wong, E. S. Swanson, and T. Barnes, Phys. Rev. C62, 045201, 2000; C. Y. Wong, E. S. Swanson, and T. Barnes, Proceedings, Hirschegg 2000 Workshop nucl-th/000203; T. Barnes, E. S. Swanson, and C. Y. Wong, Proceedings, Workshop on Heavy Quark Physics (Dubna, 2000), nucl-th/0006012.

9. T. Barnes and E. S. Swanson, Phys. Rev. D46, 131 (1992).

10. E. S. Swanson, Ann. Phys. (N.Y.) 220, 73 (1992). 11. T. Barnes, E. S. Swanson, and J. Weinstein, Phys.

Rev. D46, 4868 (1992); T. Barnes and E. S. Swanson, Phys. Rev. C49, 1166 (1994); T. Barnes, S. Capstick, M. D. Kovarik, and E. S. Swanson, Phys. Rev. C48, 539 (1993); T. Barnes, N. Black, D. J. Dean, and E. S. Swanson, Phy. Rev. C60, 045202 (1999).

12. C. Y. Wong and H. Crater, Phys. Rev. C63, 044907 (2001).

13. L. I. Schiff, Quantum Mechanics (McGraw-Hill, New York, 1968), pp. 384-387.

14. S. Digal, D. Petreczky, and H. Satz, Phys. Lett.

B514, 57 (2001) and Phys. Rev. D 094015 (2001). 15. F. Karsch, E. Laermann, and A. Peikert, Nucl.

Phys. B605, 579 (2001).

16. F. Karsch, M. T. Mehr, and H. Satz, Z. Phys. C37, 617 (1988).

17. C. Y. Wong, Phys. Rev. D60, 114025 (1999). 18. S. Godfrey and N. Isgur, Phys. Rev. D32, 189 (1985).