TAUP-2241/95 hep-ph/9503305 March 1995

Charmonium in a weakly coupled

quark-gluon plasma

Daphne Levin-Plotnik^1 Benjamin Svetitsky^2

School of Physics and Astronomy Raymond and Beverly Sackler Faculty of Exact Sciences Tel Aviv University 69978 Tel Aviv, Israel

ABSTRACT. We present a model of charmonium as two heavy quarks propagating classically in a weakly coupled quark-gluon plasma. The quarks interact via a static, color-dependent potential and also suffer collisions with the plasma particles. We calculate the radiation width of the color octet state (for fixed, classical qq̄ separation) and find that it is long-lived provided a finite gluon mass is used to provide a threshold energy.

1E-mail: daphne@albert.tau.ac.il 2E-mail: bqs@albert.tau.ac.il

Theoretical studies of quarkonium in the quark-gluon plasma have generally treated the qq̄ bound state as a unit, a color-singlet meson propagating in the medium [1, 2, 3, 4], evolving slowly [5, 6, 7, 8], and colliding with the plasma’s constituents [9, 10]. Paradoxically, the interaction binding the qq̄ is taken to be a static, screened Coulomb potential [11, 12], which implies that the density of plasma particles is high enough to allow construction of such a smooth potential—a weakly coupled plasma [13, 14]. In this note we adopt the second point of view and construct a model accordingly. We consider [15] a picture of quarkonium as two heavy particles propagating classically, subject to a screened potential; these particles collide individually with plasma particles, changing momentum and color thereby. Such a model can be used to study in detail the diffusion of unbound cc̄ pairs and the formation and destruction of charmonium in the plasma.

For simplicity, we specify the potential in the plasma rest frame, and neglect the associated color-magnetic interaction. In writing the qq̄ interaction we keep track of the color state c of the pair. The potential takes the form

V_c(r) = ζ_c α_s r exp(−r/rD) , (1)

where ζ_c = −4/3 and 1/6 for the singlet and octet states, respectively. We distinguish a priori three regimes in r (see Fig. 1):

1. For large r the interaction is negligible and the system is color-blind— the two quarks diffuse independently in the plasma [16], and their color state (which is irrelevant to their motion) is determined statistically.

2. For intermediate r one must keep track of the color state in detail, and propagate the quarks according to the potential appropriate to the instantaneous color state.

3. For small r the large gap between singlet and octet might induce a large transition rate due to gluon radiation. If the width Γ_8 of the octet state is larger than the gap ΔV , the octet ceases to exist as an excited state of the pair, vanishing into the (qq̄)_{singlet} + g continuum.

The boundaries of these regions must be determined by explicit calculation of transition rates.

Before presenting the formal kinetic theory, we address the question of the existence of Region 3. Transitions between the color states are caused by collisions of the individual heavy particles with plasma particles, and by radiation and absorption of gluons. Only radiation contributes to the octet state’s width in the lowest order in α_s. The radiating quark moves in the potential field of its partner, which is otherwise a spectator to the process (see Fig. 2). For an initial quark momentum p relative to the plasma, the radiation rate is given by

Γ(p) = 1 2E_p ∫ d^3p^0 (2π)^32E_p0 d^3k (2π)^32k g̃(k)(2π)^4δ^3(p^0 + k − p)

× δ(k + E_p0 + V_1(r) − E_p − V_8(r)) ∑ |M|^2 . (2)

Here g̃(k) is the statistical factor for the outgoing gluon; the matrix element squared is averaged over initial spin and summed over final spins of the gluon and the participating quark. The summation over colors must be done carefully because of the condition that the initial state be an octet and the final state, a singlet. We define a basis of color state vectors |ij⟩, where i, j = 1, 2, 3 are the color indices of the quark and antiquark, respectively. Then the singlet state is |1⟩ = 1 √ 3 ∑ i |ii⟩ (3) while a member of the octet is^3 |8r⟩ = √ 2 ∑ ij T^r_{ij}|ij⟩ . (4) The Feynman matrix element then contains the color factor C^{ar} = ⟨1|T^a|8r⟩ = 1 √ 6 δ^{ar} , (5)

where the color operator T^a acts on either the quark or the antiquark state only. Squaring the matrix element, summing over the color a of the emitted gluon, and averaging over r gives 1 8 ∑ a,r |C^{ar}|^2 = 1 6 (6) The result is ∑ |M|^2 = 8πα_s 3 ( 2m^2 − p · p^0 ) . (7)

3We normalize the color matrices so that Tr T aT b =^1_2 ffiab.

Of course, either the quark or the antiquark may radiate; if their momenta are p_1 and p_2, then the total radiation rate from the pair is Γ_8 = Γ(p_1)+Γ(p_2).

Calculating Γ(p) from (2) gives the nonsensical result that Γ(p) ≠ 0 in the limit ΔV → 0. In this limit

Γ(p = 0) ∼ α_s 3m ∫ k dk k + √ k^2 + m^2 ∑ |M|^2 g̃(k)δ(k − ΔV ) . (8) The source of the difficulty is that the Bose-Einstein factor contributes 1/k to counteract the vanishing phase space [17]. It is evidently a bad approximation to take the radiated gluon to be massless; the mass induced by the plasma must be taken into account. The simplest thing to do is to take (2) and to replace k in the measure, in g̃(k), and in the energy δ function by √ k^2 + m^2_g.

This makes Γ vanish for gap values below the threshold ΔV = m_g, as shown in Fig. 3. A more correct calculation would replace the energy δ function by the one-loop spectral density of transverse gluons [18, 19], and include as well the radiation of longitudinal plasmons, similarly treated.

The qualitative result indicated by Fig. 3 is that there is no distinct smallr regime as we supposed. The octet state is meaningful even when ΔV is large. Of course, Γ_8 will be increased by the effects of collisions, and so it is still possible that the octet disappears at some value of r.

The radiation and collision rates are ingredients in the Boltzmann-Vlasov equation which governs the evolution of the qq̄ distribution. This distribution is defined as a function f_c(x_1, x_2, p_1, p_2; t) on the two-particle phase space, carrying as well the index c denoting the color state of the pair. It satisfies the transport equation D Dt f_c = ( ∂f_c ∂t ) collision

. (9)

The left-hand side is the convective derivative in phase space, D Dt f_c ≡ [ ∂ ∂t + p_1 m · ∂ ∂x_1 + p_2 m · ∂ ∂x_2

+ F_c(x_1 − x_2) · ( ∂ ∂p_1 − ∂ ∂p_2 )] f_c , (10) where F_c(r) = −∇V_c(r) is the color force. The right-hand side of (9) represents gain and loss through collisions and radiation. In the small- and intermediate-distance regimes, we distinguish collisions which change the color state from those which do not. The former (like the radiation process) carry momentum-transfer of at least ΔV (r), and hence are hard collisions; the latter may carry very small momentum transfer, and hence may be approximated as soft. Thus we write ( ∂f_c ∂t ) collision

= R_{soft} + R_{hard} . (11)

We can approximate the soft collision term by Fokker-Planck terms [16],

R_{soft} = − ∂ ∂p_1

· [G_c(p_1)f_c] +

∂^2 ∂p_{1i}∂p_{1j} [N^c_{ij}(p_1) f_c] + (1 → 2) . (12)

G_c and N^c_{ij} are drag and diffusion coefficients, calculated in the Landau approximation as moments of transition rates [20, 16]. Here, as for the radiation rate calculated above, one has to be careful in projecting out the proper color channel. This makes G_c and N^c_{ij} dependent on c, and implies that only a subset of the scattering diagrams contributes to a given color channel.

We have calculated the drag and diffusion coefficients in the two color channels [15]. These can come only from soft collision processes, since radiation necessarily flips color. The octet coefficients are similar to those for the color-blind scattering which a single quark undergoes [16], reduced by roughly a factor of 2–3 because of the restriction of the final states. The coefficients for the singlet state are smaller by an additional factor of 100, again because of the reduced number of final states, and also because of the smaller set of diagrams which contribute.

The hard collision terms cannot be approximated, and must be written as full-blown collision integrals. We have the loss and gain terms,

R_{hard} = − [Γ_c(p_1) + Γ_c(p_2)] f_c(x_a, p_a; t) + ∫ d^3k w(p_1 − k → p_1 ; c̄ → c) f_{c̄}(x_a, p_1 − k, p_2; t) + ∫ d^3k w(p_2 − k → p_2 ; c̄ → c) f_{c̄}(x_a, p_1, p_2 − k; t) . (13)

Here Γ_c(p) is the total rate of radiation- and collision-induced transitions for each quark, along the lines of Γ defined in (2). The functions w are differential transition rates into the phase space element at (x_a, p_a) from other elements; since these are hard collisions, they involve perforce a color flip into c from the complementary state c̄, and depend on position through the value of ΔV (r).

Our result for the radiative width of the octet state gives a lifetime of several fm/c for reasonable qq̄ separations. If the collision rates do not affect this result strongly, then the evolution of the pair in phase space requires detailed numerical solution of the Boltzmann equation. If, on the other hand, the collisional width is large, then it may be reasonable to assume that the singlet and octet states are in equilibrium. Then a simplified Boltzmann equation may be studied, in which f_c ∝ exp(−V_c/T ). If the collisional width turns out to exceed the gap ΔV at some values of r, then the octet state ceases to exist and we are back to the consideration of three distinct regimes in r as described above.

Acknowledgements

This work grew out of conversations with Tetsuo Matsui. We thank Judah Eisenberg for fruitful discussions. This work was supported by a Wolfson Research Award administered by the Israel Academy of Sciences and Humanities, and by the U.S.-Israel Binational Science Foundation under Grant No. 92-00011.

References

[1] F. Karsch and R. Petronzio, Phys. Lett. 193B, 105 (1987); Z. Phys C37, 627 (1988); Phys. Lett. 212B, 255 (1988).

[2] J.-P. Blaizot and J.-Y. Ollitrault, Phys. Lett. B 199, 499 (1987).

[3] P. V. Ruuskanen and H. Satz, Z. Phys. C 37, 623 (1988).

[4] M.-C. Chu and T. Matsui, Phys. Rev. D 37, 1851 (1988).

[5] I. Horvath et al., Phys. Lett. B 214, 237 (1988).

[6] J. Cleymans and R. L. Thews, Z. Phys. C 45, 391 (1990).

[7] V. Černy et al., Z. Phys. C 46, 481 (1990).

[8] D. Prorok, Int. J. Mod. Phys. E 1, 311 (1992).

[9] T. H. Hansson, Su. H. Lee, and I. Zahed, Phys. Rev. D 37, 2672 (1988). [10] G. Röpke, D. Blaschke, and H. Schulz, Phys. Lett. B 202, 479 (1988);

Phys. Rev. D 38, 3589 (1988).

[11] T. Matsui and H. Satz, Phys. Lett. 178B, 416 (1986). [12] M.-C. Chu and T. Matsui, Phys. Rev. D 39, 1892 (1989). [13] S. Ichimaru, Basic Principles of Plasma Physics (Benjamin, Reading, Mass., 1973).

[14] A. Hosoya and K. Kajantie, Nucl. Phys. B250, 666 (1985). [15] D. Levin-Plotnik, M. Sc. thesis, Tel Aviv University (unpublished, 1995). [16] B. Svetitsky, Phys. Rev. 37, 2484 (1988). [17] J. Milana, Phys. Rev. D 42, 1468 (1990).

[18] E. Braaten and R. Pisarski, Nucl. Phys. B337, 569 (1990); ibid. B339, 310 (1990); E. Braaten, R. Pisarski, and T. C. Yuan, Phys. Rev. Lett. 64, 2242 (1990).

[19] J.-P. Blaizot and E. Iancu, Phys. Rev. Lett. 70, 3376 (1993); Nucl. Phys.

B417, 608 (1994).

[20] L. D. Landau, Zh. Eksp. Teor. Fiz. 7, 203 (1937), translated in Collected Papers of L. D. Landau, ed. D. ter Haar (Pergamon, New York, 1981); M. N. Rosenbluth, W. M. MacDonald, and D. L. Judd, Phys. Rev. 107, 1 (1957).

Figure 1: The qq̄ potential in color-singlet and color-octet channels, not drawn to scale.

j i - -� � � ffff ffff ff^a k-

œ p p^0

Figure 2: Feynman diagram for gluon emission from a quark. i, j, and a are color indices. The lower line represents the spectator antiquark.

Figure 3: Radiative width Γ_8 = Γ(p_1)+Γ(p_2) of the octet state at p_1 = p_2 = 0 as a function of the gap ΔV . We set α_s = 0.6 and the gluon mass is 300 MeV.