arXiv:hep-ph/0206226 v2 18 Sep 2002

D-wave Charmonium Production in e^+e^− Annihilation at √ s = 10.6 GeV

Li-Kun Hao^{(a)}, Kui-Yong Liu^{(a)} and Kuang-Ta Chao^{(b,a)}

(a) Department of Physics, Peking University, Beijing 100871, People’s Republic of China (b) China Center of Advanced Science and Technology (World Laboratory), Beijing 100080, People’s Republic of China

Abstract

We calculate the D-wave charmonium production in e^+e^− annihilation at BELLE and BABAR at √ s = 10.6 GeV using the nonrelativistic QCD factorization formalism, including color singlet and color octet contributions. We analyze the contributions of various processes for δ_J (J = 1, 2) production. We find that both the color singlet and color octet channels may give substantial contributions, and the production rates are estimated to be σ(δ_1) ≃ 0.043 − 0.16pb and σ(δ_2) ≃ 0.094 − 0.29pb, which , however, are very sensitive to the choice of the color octet matrix elements of the D-wave charmonium states. The measurement of D-wave charmonium production at BABAR and BELLE in the future will be very helpful to test the color octet mechanism and to determine the color octet matrix elements.

PACS number(s): 12.40.Nn, 13.85.Ni, 14.40.Gx

Studies of heavy quarkonium production at high energies are hot topics in recent years. In the conventional picture, the heavy quarkonium production is described in the color-singlet model[1]. In this model, it is assumed that the heavy quark pair must be produced in a color-singlet state at short distance with the same angular-momentum quantum number as the charmonium which is eventually observed. However, with the recent Tevatron data on high p_T J/ψ production, this color-singlet picture for heavy quarkonium production has become questionable. The observed cross sections are larger than the theoretical prediction of the color-singlet model by a factor of about 30 ∼ 50[2]. This is called the J/ψ (ψ^′) surplus problem. On the theoretical side, the naive color-singlet model may be supplanted by the nonrelativistic QCD (NRQCD) factorization formalism [3], which allows the infrared safe calculation of inclusive charmonium production and decay rates. In this approach, the production process is factorized into short and long distance parts, while the latter is associated with the nonperturbative matrix elements of four-fermion operators. So, for heavy quarkonium production, the quarkantiquark pair does not need to be in the color-singlet state in the short distance production stage, which is at the scale of 1/m_Q (m_Q is the heavy quark mass). At this stage, the color configuration other than the singlet, i.e. the color-octet is allowed for the heavy quark pair. The later situation for heavy quarkonium production is called the color-octet mechanism. In this production mechanism, heavy quark-antiquark pair is produced at short distances in a color-octet state, and then hadronizes into a final state quarkonium (physical state) nonperturbatively. With this color-octet mechanism, one might explain the Tevatron data on the surplus of J/ψ and ψ^′ production[4, 5].

Aside from the J/ψ production at Tevatron, various heavy quarkonium production processes have been studied to test the color octet mechanism. Among them, the charmonium production in e^+e^− annihilation is particularly interesting, since in this process, the parton structure is simpler, and there is no higher twist effect, so the theoretical uncertainty is smaller and it can even be used to extract the color-octet matrix elements. J/ψ production in e^+e^− annihilation process has been investigated within the colorsinglet model [6, 7, 8, 9, 10, 11] and color-octet model[12, 13, 14]. Recently, BABAR[15] and BELLE[16] have measured the direct J/ψ production in e^+e^− annihilation at √ s = 10.6GeV . The total cross section and the angular distribution seem to favor the NRQCD calculation over the color-singlet model[15], but some issues still remain. The P-wave charmonium χ_{cJ} production in e^+e^− annihilation has been discussed in [17]. The total χ_{c1,2} cross sections are dominated by color-octet process, because the C-parity suppresses the process e^+e^− → cc̄gg, which dominates the J/ψ production in the color singlet sector. In order to further test the color octet mechanism, in this paper we study the D-wave charmonium production in e^+e^− annihilation. As pointed out by the authors in [19] and [20], due to the color octet mechanism the D-wave charmonium production rates could be as large as J/ψ or ψ^′ at the Tevatron, and could be enhanced by two orders of magnitude at the fixed target experiments. Therefore, it would also be interesting to study the D-wave charmonium production in e^+e^− annihilation.

We would like to mention that among the three spin-triplet D wave charmonium states the^3D_2 is the most promising candidate to discover. Its mass is predicted to be in the range of 3.81−3.84GeV in the potential model calculation [18], which is above the DD̄ threshold but below the DD̄^∗ threshold. The state^3D_2(J^{P C} = 2^{−−}) is forbidden to decay into DD̄ because of the parity conservation. So this state is predicted to have a narrow decay width of 300 − 400keV , and we may easily tag this state through the dominant decay channels, e.g. the E1 transitions into χ_{cJ=1,2} states, and the hadronic transition into J/ψ + ππ(see [19] and [20] for detailed discussions). For the 3D_1 state ψ^{′′}(3770), it is just above the DD̄ threshold and thus has a quite narrow width of about 23MeV and may be tagged via ψ^{′′} → DD̄. As for the^3D_3(J^{P C} = 3^{−−} ) state, its mass is far above the allowed decay channel DD̄ threshold and it has more decay modes, therefore it is expected to be a wide resonance and difficult to observe. So, phenomenologically we are only interested in the^3D_2 as well as^3D_1 states, which will be discussed below.

The power of the NRQCD formalism stems from the fact that factorization formulae for observables are expansions in the small parameter v ,where v is the average relative velocity of the heavy quark and antiquark in quarkonium bound state. For charmonium v^2 ∼ 0.3 , and for bottomonium v^2 ∼ 0.1 . NRQCD velocity-scaling rules[21] allow us to estimate the relative size of various NRQCD matrix elements. This information, along with the dependence of the short-distance coefficients on α_s, permits us to decide which terms must be retained in expressions for observables to reach a given level of accuracy. At low orders, factorization formulas involve only a few matrix elements, so several observables can be related by a small set of parameters.

In NRQCD the Fock state expansion for the physical D-wave charmonium (denoted by δ_J ) is

|δ_J ⟩ = O(1)|cc̄(^3D_J , 1)⟩ +O(v)|cc̄(^3P_J ′ , 8)g⟩ +O(v^2)|cc̄(^3S_1, 8 or 1)gg⟩ + · · · . (1)

The striking feature of this expansion is that although the amplitudes of these Fock states in the expansion are different in v the contributions to the production rates of all these terms are essentially of the same order of v^7. This is very different from the case of J/ψ and ψ^′.

According to the NRQCD factorization formalism[3], the production process e^+e^− → δ_J + X can be expressed as the following form,

dσ(e^+e^− → δ_J + X) = ∑ n F (e^+e^− → n + X)⟨O^{δJ}_n ⟩. (2)

Here, n denotes the cc̄ pair configuration in the expansion terms of Eq. (1) (including angular momentum^{2S+1}L_J and color index 1 or 8). F (e^+e^− → n+ X) is the short distance coefficient for the subprocess e^+e^− → n + X. ⟨O^{δJ}_n ⟩ is the long distance non-perturbative matrix element which represents the probability of the cc̄ pair in n configuration evolving into the physical state δ_J . The short distance coefficient F can be calculated by using perturbative QCD in powers of α_s. The long distance matrix elements are still not available from the first principles at present. However, the relative importance of the contributions from different terms in Eq. (2) can be estimated by using the NRQCD velocity scaling rules.

The main Feynman diagrams for the production of δ_J in e^+e^− annihilation are shown in Fig.1, where (a) and (b) are the color singlet processes, and (c) is the color octet process.

For the color-singlet process in Fig.1(a),

e^+e^− → γ^∗ → cc̄[^3D_J , 1] + g + g, (3)

With the spin-triplet case where J = 1, 2, 3, we use explicit Clebsch- Gordan coefficients, and get the following relations for the three cases. ∑ sm ⟨1J_z |1s2m⟩ϵ^{(m)}_{αβ} ϵ^{(s)}_ρ = −[ 3 20 ]^{1/2}[(g_{αρ} − p_αp_ρ 4M^2_c

)ϵ^{(Jz)}_β + (g_{βρ} − p_β p_ρ 4M^2_c )ϵ^{(Jz)}_α − 2 3 (g_{αβ} − p_αp_β 4M^2_c

)ϵ^{(Jz )}_ρ ], (4) ∑ sm ⟨2J_z |1s2m⟩ϵ^{(m)}_{αβ} ϵ^{(s)}_ρ = i 2 √ 6M_c (ϵ^{(Jz )}_{ασ} ϵ_{τ βρσ}′ p^τ g^{σσ′} + ϵ^{(Jz )}_{βσ} ϵ_{τ αρσ}′ p^τ g^{σσ′} ), (5) ∑ sm ⟨3J_z |1s2m⟩ϵ^{(m)}_{αβ} ϵ^{(s)}_ρ = ϵ^{(Jz )}_{αβρ} . (6) Here, ϵ_α, ϵ_{αβ}, ϵ_{αβρ} are J = 1, 2, 3 polarization tensors which obey the projection relations ∑ m ϵ^{(m)}_α ϵ^{(m)}_β = (−g_{αβ} + p_αp_β 4M^2_c

) ≡ P_{αβ}, (7) ∑ m ϵ^{(m)}_{αβ} ϵ^{(m)}_α′_β′ = 1 2 [P_{αα}′ P_{ββ}′ + P_{αβ}′ P_{βα}′ ] − 1 3 P_{αβ}P_α′_β′ , (8) ∑ m ϵ^{(m)}_{αβρ}ϵ^{(m)}_α′_β′_ρ′ = 1 6 (P_{αα}′ P_{ββ}′P_{ρρ}′ + P_{αα}′ P_{βρ}′ P_{βρ}′ + P_{αβ}′ P_{βα}′ P_{ρρ}′ + P_{αβ}′ P_{βρ}′ P_{ρα}′ + P_{αρ}′ P_{ββ}′ P_{ρα}′ + P_{αρ}′ P_{βα}′ P_{ρβ}′ )

(a) γ^∗

e^− e^+

(b) γ^∗

e^− e^+

(c) γ^∗

e^− e^+

Figure 1: The main Feynman diagrams for the production of δ_J in e^+e^− annihilation

− 1 15 (P_{αβ}P_{ρα}′ P_β′_ρ′ + P_{αβ}P_{ρβ}′ P_α′_ρ′ + P_{αβ}P_{ρρ}′ P_α′_β′ + P_{αρ}P_{βα}′ P_β′_ρ′ + P_{αρ}P_{ββ}′ P_α′_ρ′ + P_{αρ}P_{βρ}′ P_α′_β′ + P_{βρ}P_{αα}′ P_β′_ρ′ + P_{βρ}P_{αβ}′ P_α′_ρ′ + P_{βρ}P_{αρ}′ P_α′_β′ ). (9) We choose the parameters:

m_c = 1.5GeV, α_s(2m_c) = 0.26, |R^{′′}_D(0)|^2 = 0.015GeV^7 (10)

For the color-singlet matrix element, we use

⟨O^{δJ}_1 (^3D_J )⟩ =

15(2J + 1)N_c 4π |R^{′′}_D(0)|^2. (11)

Because these color-singlet processes have the infrared divergence involved, we introduce an infrared cutoff, which can be set to m_c on the energy of the outgoing gluons in the quarkonium rest frame. For these color-singlet contributions, we finally obtain σ_{singlet}(δ_1) = 0.027pb σ_{singlet}(δ_2) = 0.067pb (12) For the color singlet process in Fig.1(b), we have estimated it in the fragmentation limit, and found that its contribution to the δ_1 production cross section is smaller by a factor of about 60 than that for the J/ψ production cross section which is about 0.1 ∼ 0.2pb. This is consistent with the result given in[22]. So the contribution of Fig.1(b) to the δ_1 production cross section is only 0.002 ∼ 0.004pb, to δ_2 is 0.003 ∼ 0.006pb, therefore is negligible.

We now discuss the color octet processes in Fig.1(c)

e^+e^− → γ^∗ → g + cc̄[^{2S+1}L_J , 8], (13)

we readily have

σ(e^+e^− → δ_J + g) = C_S ⟨O^{δJ}_8 (^1S_0)⟩ + C_P ⟨O^{δJ}_8 (^3P_0)⟩, (14)

with

C_s =

64π^2e^2_c α^2α_s 3 1 − r s^2m

, (15)

C_p =

256π^2e^2_c α^2α_s 9s^2m^3 [ (1 − 3r)^2 1 − r + 6(1 + 3) 1 − r + 2(1 + 3r + 6r^2) 1 − r ], (16) where r = m^2/s, m is the mass of δ_J , and s is the e^+e^− c.m. energy squared. Here we have used the approximate heavy quark spin symmetry relations

⟨O^{δJ}_8 (^3P_J )⟩ ≈ (2J + 1)⟨O^{δJ}_8 (^3P_0)⟩ (17)

Then we calculated the cross sections of δ_J production. The cross section is

σ(e^+e^− → δ_J + X) = C_0⟨O^{δJ}_{1,8}(^3S_1)⟩ + C_1⟨O^{δJ}_8 (^3P_0)⟩ + C_2⟨O^{δJ}_1 (^3D_J )⟩ (18)

Using the NRQCD velocity scaling rules, we roughly estimate the δ_J color octet matrix elements by relating them to the ψ^′ color octet matrix elements:

⟨O^{δJ}_8 (^3S_1)⟩ ≈

(2J + 1) 5 ⟨O^{ψ′}_8 (^3S_1)⟩ ≃

(2J + 1) 5 × 4.6 × 10^{−3}GeV^3 (19)

⟨O^{δJ}_8 (^3P_0)⟩ ≈

(2J + 1) 5 ⟨O^{ψ′}_8 (^3P_0)⟩ ≃

(2J + 1) 5 × 1.3 × 10^{−3}GeV^5 (20)

Using those color-octet matrix elements, we get σ_{octet}(δ_1) ≃ 0.016pb (21) σ_{octet}(δ_2) ≃ 0.027pb (22) Then we get the total cross section:

σ(e^+e^− → γ^∗ → δ_1 + X) ≃ 0.043pb σ(e^+e^− → γ^∗ → δ_2 + X) ≃ 0.094pb (23)

However, if we use a more radical choice of the δ_J color octet matrix elements by relating them to the J/ψ color octet matrix elements, we would get much larger values for the δ_J production cross sections, σ(δ_1) ≃ 0.16pb and σ(δ_2) ≃ 0.29pb, because the J/ψ color octet matrix elements are much larger than the ψ^′ color octet matrix elements(⟨O^{J/ψ}_8 (^3P_0)⟩ ≃ 1.1×10^{−2}GeV^5, elements(⟨O^{ψ′}_8 (^3P_0)⟩ ≃ 1.3 × 10^{−3}GeV^5). Therefore the measurement of δ_J production rates in the future will be very helpful to determine the values of the δ_J color octet matrix elements.

In summary, we have estimated the D-wave charmonium δ_J (J = 1, 2) production rates in e^+e^− annihilation at √ s = 10.6 GeV. We find that both color singlet and color octet may give substantial contributions to the production cross sections, of which the values are sensitive to the choice of the δ_J color octet matrix elements. We hope that these results can be tested with higher statistic e^+e^− annihilation data in the future at BABAR and BELLE. For δ_2, its branching fraction of decay mode J/ψπ^+π^− is estimated to be B(δ_2 → J/ψπ^+π^−) ≃ 0.12[23], which is only smaller than that of B(ψ^′ → J/ψπ^+π^−) = 0.324 ± 0.026 by a factor of 3. We compare the predicted production rate of 2^{−−} D-wave charmonium with that of ψ^′. With the integrated luminosities of about 30fb^{−1} at √ s = 10.6 GeV, BELLE gives σ(e^+e^− → ψ^′ + X) ≃ 0.67 ± 0.09pb with 143 ± 19 ψ^′ events decaying to J/ψπ^+π^− [16]. As a rough estimate, if we choose σ(δ_2) = 0.094pb, about 7 events of 2^{−−} state decaying to J/ψπ^+π^− will be detected, and for σ(δ_2) = 0.29pb (with larger values for the color-octet matrix elements), it is about 23 events. With more data available at the B Factories in the future, it will be possible to detect this 2^{−−} D-wave charmonium state (especially in the latter case). The^3D_1 cc̄ state ψ^{′′}(3770) could also be detected via ψ^{′′} → DD̄ decay.

Acknowledgments

This work was supported in part by the National Natural Science Foundation of China, and the Education Ministry of China.

References

[1] M.B. Einhorn and S.D. Ellis, Phys. Rev. D12, 2007 (1975); S.D. Ellis et al., Phys. Rev. Lett. 36; 1263 (1976); C.-H. Chang, Nucl. Phys. B172, 425 (1980); E.L. Berger, D. Jones, Phys. Rev. D23, 1521 (1981); R. Baier, R. Rückl, Nucl. Phys. B201, 1 (1982).

[2] CDF collaboration, F. Abe et al., Phys. Rev. Lett. 69, 3704 (1992);

Phys. Rev. Lett. 71, 2537 (1993); Phys. Rev. Lett. 79, 572 (1997); Phys. Rev. Lett. 79, 578 (1997).

[3] G.T. Bodwin, L. Braaten, and G. P. Lepage, Phys. Rev. D51, 1125 (1995).

[4] E. Braaten and S. Fleming, Phys. Rev. Lett. 74, 3327 (1995); M. Cacciari, M. Greco, M.L. Mangano and A. Petrelli, Phys. Lett. B356 553 (1995).

[5] P. Cho and K. Leibovich, Phys. Rev. D53, 150 (1996); ibid, D53, 6203 (1996).

[6] J.H. Kühn, J. Kaplan, and E.G.O. Sadiani, Nucl. Phys. B 157, 125 (1979).

[7] J.H. Kühn and H. Schneider, Phys. Rev. D 24, 2996 (1981); J.H. Kühn and H. Schneider, Z. Phys. C 11,263 (1981).

[8] W.Y. Keung, Phys. Rev. D 23, 2072 (1981); L. Clavelli, Phys. Rev.

D26, 1610 (1982).

[9] K. Hagiwara, A.D. Martin and W.J. Stirling, Phys, Lett. B 267, 527 (1991).

[10] V.M. Driesen, J.H. Kühn and E. Mirkes, Phys. Rev.D 49, 3197 (1994). [11] P. Cho and K. Leibovich, Phys. Rev. D 54, 6990 (1996). [12] E. Braaten and Y.-Q. Chen, Phys. Rev. Lett. 76, 730 (1996). [13] F. Yuan, C.F. Qiao, and K.T. Chao, Phys. Rev. D 56, 321 (1997); ibid, 1663 (1997).

[14] S. Baek, P. Ko, J. Lee, and H.S. Song, J. Korean Phys. Soc. 33, 97 (1998).

[15] The BABAR Collaboration, Phys. Rev. Lett. 87,162002 (2001). [16] Belle Collaboration, Phys. Rev. Lett. 88, 052001(2002). [17] G.A. Schuler, Phys. Rev. D 58, 017502 (1998).

[18] W. Kwong, J. Rosner, and C. Quigg, Annu. Rev. Nucl. Part. Sci.37, 343 (1987); S. Godfrey and N. Isgur, Phys. Rev. D 32, 189 (1985).

[19] C.F. Qiao, F. Yuan, and K.T. Chao, Phys. Rev. D 55, 5437 (1997). [20] F. Yuan, C.F. Qiao, and K.T. Chao, Phys. Rev. D 59, 014009 (1999). [21] G.P.Lepage, L.Magnea, C.Nakhleh, U. Magnea, and K.Hornbostle, Phys. Rev. D 46, 4052(1992).

[22] K. Cheung, T.C. Yuan, Phys. Rev. D 53, 3591 (1996). [23] C. F. Qiao, F. Yuan, and K. T. Chao, Phys. Rev. D55, 4001 (1997).