arXiv:hep-ph/0107043 v2 7 Oct 2001

Study of B^0 → J/ΨD^{(⋆)} and η_cD^{(⋆)} in Perturbative QCD

Gad Eilam, Massimo Ladisa and Ya-Dong Yang

Physics Department, Technion-Israel Institute of Technology, Haifa 32000, Israel

Abstract Motivated by recent interest in soft J/Ψ production in B decays, we investigate B^0 → J/ΨD^{(⋆)} and η_cD^{(⋆)} decays in perturbative QCD. We find that, within that framework, these decays are calculable since the heavy cc̄ pair in the final states is created by a hard gluon. The branching ratios are estimated to be around 10^{−7} ∼ 10^{−8}, too small to be consistent with the data, suggesting that other mechanism(s) contribute to the observed excess of soft J/Ψ in B^0 → J/Ψ + X decays. The possibility of the production of a hybrid sd̄g meson with mass about 2 GeV is briefly entertained.

PACS Numbers: 12.38Bx, 12.39Jh Keywords: B-meson, charmonium, D meson, D^⋆ meson, hybrid meson

With the advent of the BaBar and Belle B factories, many B decay modes could be studied in detail. The rich phenomena of B decays will provide testing grounds for theories of weak interactions and hadrons. It is interesting to note that measurements of the inclusive B → J/ΨX spectrum by CLEO [1] and recently by Belle [2], indicate a hump for low J/Ψ momentum, which kinematically corresponds to J/Ψ recoiling against a partner as heavy as ∼ 2 GeV. Brodsky and Navarra [4] suggest that the J/Ψ hump may be due to the decay B^0 → J/ΨΛp̄ with possible formation of Λ − p̄ bound state (an exotic strange baryonium).

From another view point, Chang and Hou [3] proposed as an explanation the existence of intrinsic charm in the B meson which decays as B^0(d̄bcc̄) → J/ΨD^{(∗)} (and similarly for η_c instead of J/Ψ). Thus the intrinsic charm pair transforms into a cc̄ final state while the b decays. It is argued that a rate of ∼ 10^{−4} may be possible in this way if the intrinsic charm content of B is not much less than 1%.

We raise here another possibility: The B may decay into a charmonium plus a hybrid, B^0 → J/ΨH, where H is a hybrid sd̄g [5] with M_H ≈ 2 GeV [6]. Two diagrams that contribute to such a process are depicted in Fig. 1. Note that the gluons exchanged in Fig. 1 are soft while those in Fig. 2 (i.e. for the conventional B^0 → J/ΨD^{(∗)}, see below) are hard, thus enhancing the hybrid option as compared to the conventional approach for B^0 → J/ΨD^{(∗)}. In addition, as shown below, each Feynman diagram in Fig. 2 involves one fermion and one hard gluon propagator with average virtuality as large as 10 GeV^2. So, we can expect the B^0 → J/ΨH decay rate to be 10^3 ∼ 10^4 times larger than B^0 → J/ΨD^{(∗)}, although a reliable quantitative estimate of the decay rate is very difficult.

Figure 1: Examples of Feynman diagrams for the production of a hybrid H = sd̄g in B^0 → J/ΨH. To make such “exotic” suggestions more reliable, one should be convinced that the conventional picture of heavy mesons indeed leads to tiny numbers in disagreement with experiment. To our knowledge, such study is still not available in the literature. In this article we investigate these decays within the conventional picture of heavy mesons having the minimal number of quarks and using perturbative QCD (pQCD). The applicability of pQCD is justified by the large virtuality of the hard gluon which creates a cc̄ pair. As known, in many applications of pQCD to B decays [8], say B → ππ, the virtuality of the gluon in the hard kernel scales like k^2_g ≃ −M_BΛ_{QCD}x ≃ −2x GeV^2, where x is the momentum fraction carried by the light spectator quark in the final light meson. However in the processes discussed in this paper (see Fig. 2), the gluon virtuality scales as k^2_g > (2m_c)^2. Furthermore, under the common assumption of factorization, there are no infrared divergences which cannot be absorbed in wave function, or large end point contributions.

Figure 2: Feynman diagrams for B^0 → J/ΨD^{(∗)} in pQCD.

We begin our calculation of the decays B^0 → J/ΨD^{(∗)} within the pQCD approach for exclusive QCD processes [7] as depicted in Fig. 2, by writing the weak effective Hamiltonian H_{eff} for the b → cūd transitions as [9]

H_{eff} = G_F √ 2 V_{cb}V^∗_{ud} [ C_1(μ)d̄γ_μ(1 − γ_5)u c̄γ^μ(1 − γ_5)b + C_2(μ)c̄γ_μ(1 − γ_5)u d̄γ^μ(1 − γ_5)b ] , (1)

where the Wilson coefficients C_{1,2}(μ) are evaluated to be C_1(m_b) = 1.124 and C_2(m_b) = −0.273 at the scale μ = m_b = 4.8 GeV [10].

To calculate the amplitudes of the Feynman diagrams in Fig. 2, we take the wave functions for B^0, J/Ψ and D^∗ as follows [11, 8]

Ψ_B = i 4N_c ( ̸P_B + M_B)γ_5ϕ_B (x)f_B, (2)

Ψ_V = − 1 4N_c ̸ε(M_V + ̸P_V )ϕ_V (x)f_V , (V = J/Ψ, D^∗). (3)

Now we can write the amplitudes of Fig. 2. as M_a = −if_Bf_Ψf_D∗ πα_s 1 16 C_F N^2_c

C_1 ∫ dxdydzϕ_B(x)ϕ_Ψ(y)ϕ_D∗ (z) 1 D_a 1 k^2 ×Tr[( ̸P_B + M_B )γ_5γ_μ(1 − γ_5)((1 − x) ̸P_B − ̸k + m_b)γ_ν ]

×Tr[ ̸ε_Ψ(M_Ψ+ ̸P_Ψ)γ^μ(1 − γ_5) ̸ε_D∗ (M_D∗ + ̸P_D∗ )γ^ν ], (4) M_b = −if_Bf_Ψf_D∗ πα_s 1 16 C_F N^2_c

C_1 ∫ dxdydzϕ_B(x)ϕ_Ψ(y)ϕ_D∗ (z) 1 D_b 1 k^2 ×Tr[( ̸P_B + M_B )γ_5γ_ν ( ̸k − x ̸P_B)γ_μ(1 − γ_5)]

×Tr[ ̸ε_Ψ(M_Ψ+ ̸P_Ψ)γ^μ(1 − γ_5) ̸ε_D∗ (M_D∗ + ̸P_D∗ )γ^ν ], (5) M_c = −if_Bf_Ψf_D∗ πα_s 1 16 ( C_F N^2_c

C_1 + C_F N_c C_2 ) ∫ dxdydzϕ_B(x)ϕ_Ψ(y)ϕ_D∗ (z) 1 D_c 1 k^2 ×Tr[( ̸P_B + M_B )γ_5γ_μ(1 − γ_5)]Tr[ ̸ε_Ψ(M_Ψ+ ̸P_Ψ)γ_ν ( ̸P_Ψ+ ̸k + m_c)

γ^μ(1 − γ_5) ̸ε_D∗ (M_D∗ + ̸P_D∗ )γ^ν ], (6) M_d = if_Bf_Ψf_D∗ πα_s 1 16 ( C_F N^2_c

C_1 + C_F N_c C_2 ) ∫ dxdydzϕ_B(x)ϕ_Ψ(y)ϕ_D∗ (z) 1 D_d 1 k^2 ×Tr[( ̸P_B + M_B )γ_5γ_μ(1 − γ_5)]Tr[ ̸ε_Ψ(M_Ψ+ ̸P_Ψ)γ^μ(1 − γ_5)

((1 − z) ̸P_D∗ + ̸k) γ_ν ̸ε_D∗ (M_D∗ + ̸P_D∗ )γ^ν ], (7)

where C_F =^4_3 and N_c = 3 is the number of colors. D_i(i = a, b, c, d) and k^2 denote the virtuality of quark and gluon propagators in Fig. 2.i, which are given by

D_a = −m^2_b + M^2_B(1 − x − y)(1 − x − z) + (y − z)(M^2_Ψ(x + y − 1) − M^2_D∗ (x + z − 1)) −iϵ, (8) D_b = M^2_B(x − y)(x − z) + (y − z)(M^2_Ψ(y − x) + M^2_D∗ (x − z)) − iϵ, (9)

D_c = −m^2_c + M^2_Ψ(1 − z) + (M^2_B − M^2_D∗ (1 − z))z − iϵ, (10)

D_d = 1 2 (M^2_B(1 + 2y − z) + M^2_D∗ (1 − 2y + z) + M^2_Ψ(2y^2 − 2yz + z − 1)) − iϵ, (11)

k^2 = M^2_Ψy(y − z) + z(M^2_B y + M^2_D∗ (z − y)) − iϵ. (12)

It may be instructive to evaluate typical virtualities of the propagators involved in pQCD calculations. Taking x = 1 − m_b/M_B , y = 1/2 and z = m_c/M_D∗ , we find

D_a = −20.4 GeV^2, D_b = 7.2 GeV^2, D_c = 20.2 GeV^2, D_d = 16.4 GeV^2, k^2 = 9.9 GeV^2. (13)

These values are large enough to justify our pQCD calculation.

The amplitude for B^0 → J/ΨD^∗ is decomposed as

A(B → J/Ψ(P_Ψ)D^∗(P_D∗ )) = ε^μ_Ψε^ν_D∗ (S g_{μν} + D P_D∗_μP_{Ψν} + iP ϵ_{μναβ} P^μ_ΨP^ν_{D∗}), (14)

where the coefficients S, P and D correspond to s, p and d wave amplitudes, respectively, and can be evaluated from Eqs. 4 to 7. The helicity amplitudes are constructed to be

H_{00} = 1 2M_ΨM_D∗ [ S(M^2_B − M^2_Ψ − M^2_D∗ ) + 2DM^2_B |p|^2 ] , H_{±±} = −(S ± PM_B|p|). (15) The branching ratio is given by

Br(B^0 → J/ΨD^∗) = τ_B0 |p| 8πM^2_B

G^2_F 2 |V_{cb}|^2 ( |H_{00}|^2 + |H_{++}|^2 + |H_{−−} |^2 ) . (16)

Since the b and c quarks are heavy and their mass is much larger than the typical QCD scale Λ_{QCD} for a bound state, we can expect that the distribution functions of heavy mesons will peak around the points where the heavy quarks are near their mass shell with variance Λ_{QCD}/m_Q. As an ansatz, the distribution functions are taken as

ϕ_B(x) = δ(x − x_B), ϕ_Ψ(y) = δ(y − y_Ψ), ϕ_D∗ (z) = δ(z − z_D∗ ), (17)

with x_B = 1 −^{mb}_{MB} , y_Ψ =^1_2 and z_D∗ =^{mc}_{MD∗} .

To get numerical results, we use V_{cb} = 0.04, f_B = 180 MeV, f_Ψ = 400 MeV, f_D∗ = 230 MeV, m_b = 4.8 GeV, M_B0 = 5.27 GeV, m_c = 1.4 GeV, M_Ψ = 3.1 GeV, M_D∗ = 2 GeV, α_s(2m_c) = 0.266. We get

Br(B^0 → J/ΨD^∗) = 6.46 × 10^{−8}, (18)

and the longitudinal polarization fraction is

P_L =

Γ_L Γ = 0.398. (19)

Since the amplitudes are highly suppressed by the large virtualities of the propagators as shown in Eqs. 8 to 13, the smallness of Br(B^0 → J/ΨD^∗) is understandable. To illustrate the stability of our results, we plot in Fig. 3 Br(B^0 → J/ΨD^∗) versus x_B, i.e., the peak point of ϕ_B(x).

Figure 3: Br(B^0 → J/ΨD^∗) vs. x_B, the peak point of ϕ_B (x).

From Fig. 3, we can see that the rate is rather stable against changes of the parameter x_B. Due to relativistic effects, the distribution functions should have variances of O(Λ_{QCD}/m_Q). To show the effects of the variances, we take

ϕ_B(x) = N_Bx(1 − x) exp [ − ( M_B M_B − m_b )_2

(x − x_B)^2 ] , (20)

ϕ_D∗ (x) = N_D∗ x(1 − x) exp [ − ( M_D∗ M_D∗ − m_c )_2

(x − x_D∗ )^2 ] , (21)

ϕ_Ψ(x) = N_Ψx(1 − x) exp [ − ( M_Ψ M_Ψ − 2m_c

)_2 ( x − 1 2 )_2]

, (22)

where N_B , N_D∗ and N_Ψ are normalization constants to make ∫ dxϕ(x) = 1. To model the distribution functions, we take the mass difference between the heavy meson and its heavy constituent(s) as shape parameter. These distribution functions follow the consensus that the smaller the mass difference the sharper the distribution functions. Using these distribution functions, we obtain

Br(B^0 → J/ΨD^∗) = 8.50 × 10^{−8}, P_L =

Γ_L Γ = 0.395. (23)

Since B^0 decays with three charm quarks in its final states, it could be taken as a probe of strong interactions, especially hadron dynamics. We extend our calculations to B^0 → J/ΨD, η_cD and η_cD^∗ decays. The amplitudes for these decays can be obtained through the following replacements in Eqs. 3 to 7

Ψ_D∗ −→ Ψ_D = i 4N_c γ_5( ̸P_D + M_D)ϕ_D(x)f_D,

Ψ_Ψ −→ Ψ_{ηc} = i 4N_c γ_5( ̸P_{ηc} + M_{ηc} )ϕ_{ηc} (x)f_{ηc} . (24)

Using f_D = 200 MeV, f_{ηc} = 335 MeV, the branching ratios are estimated to be

Br(B^0 → J/ΨD) = 7.28 × 10^{−8}, Br(B^0 → η_cD^∗) = 1.39 × 10^{−7}, Br(B^0 → η_cD) = 1.52 × 10^{−7}. (25)

In summary, we have studied the decays B^0 → J/Ψ(η_c)D^{(∗)} within the conventional theoretical framework. The branching ratios of these decays are estimated to be around 10^{−7} ∼ 10^{−8}. B^0 decays to J/ΨD^{(∗)} can not account for the excess for slow J/Ψ as indicated by the CLEO measurement of the J/Ψ momentum spectrum in B inclusive decays. Experimentally, inclusive decays of B mesons to charmonium could be well studied at BaBar and Belle, and it is important to confirm whether the slow J/Ψ hump exists with refined measurements. If the excess persists, it would be hard to explain the phenomena within the conventional theoretical framework for hadron dynamics. As shown in here, our numerical results are rather stable under the change of parameters. If these exclusive decays were observed to be abnormally large, say, of order 10^{−4} ∼ 10^{−5}, it would challenge the conventional theoretical framework and bring forth new interesting QCD phenomena, like the scenarios discussed in Ref. [4, 3] or the possibility raised here, of the formation of a ≈ 2 GeV sd̄g hybrid state H through B^0 → J/ΨH. Finally let us note, that multibody final states such as J/ΨD^{(∗)} + nπ, where n_{max} = 1, 2 for D^∗, D, respectively, being on the edge of phase space, are expected to be even smaller than those with n = 0.

Acknowledgments

This work is supported in part by the US-Israel Binational Science Foundation and by the Israel Science Foundation.

References

[1] R. Balest, et al. ( CLEO Collaboration ) Phys. Rev. D52, 2661 (1995).

[2] S.E. Schrenk (for the Belle Collaboration), Proceeding of 30th International Conference on High Energy Physics, p.839, edited by C.S. Lim and T.Yamanaka, World Scientific, 2001. (http://ichep2000.hep.sci.osaka-u.ac.jp/scan/0729/pa07/schrenk/index.html). The discussion of Belle’s results could be found in ref. [3] where the subtraction of indirect J/Ψ production is done

[3] C.H. Chang and W.S. Hou, hep-ph/0101162; W.S. Hou, hep-ph/0106013.

[4] S.J. Brodsky and F.S. Navarra, Phys. Lett. B411, 152 (1997); S.J. Brodsky and S. Gardner, hep-ph/0108121.

[5] For an early discussion of B decay into hybrid mesons, see: C.T.H. Davies and S.H.H.

Tye, Phys. Lett. 154, 332 (1985).

[6] There are hybrid mesons in many approaches to nonpreturbative QCD (lattice, sum-rules, bag model, constituent gluons etc.). For those built as q_iq̄_j g, where i = j or i ≠ j and q = u, d, s, the masses of the low lying hybrids are about 1 ∼ 2 GeV. Excited states have, of course, higher mass. Hybrids with exotic quantum numbers, like J^{CP} = 1^{−+} , are the easiest to discover since they do not mix with ordinary qq̄ mesons. For a recent review which includes a discussion on hybrid mesons see: Talk given by F. Close in the XX International Symposium on Lepton and Photon Interactions at High Energies, Rome 2001 (for the slides see: http://www.lp01.infn.it).

[7] G.P. Lepage and S.J. Brodsky, Phys. Rev. D22, 2157 (1980); Phys. Lett. B87, 359 (1979);

A.V. Efremov and A.V. Radyushkin, Phys. Lett. B94, 245 (1980).

[8] A. Szczepaniak, E.M. Henley and S.J. Brodsky, Phys. Lett. B243, 287 (1990); H. Simma and D. Wyler, Phys. Lett. B272, 395 (1991); C.E. Carlson and J. Milana, Phys. Rev. D49, 5908(1994), ibid, D51, 4950(1995); C. Greub and H. Simma, Nucl. Phys. B434, 39(1995); D.S. Du, D.S. Yang and G.H. Zhu, Phys. Rev. D60, 054015(1999).

[9] F.G. Gilman and M.B. Wise, Phys. Rev. D20, 2392 (1979); M.A. Shifman, A.I. Vainshtein and V.I. Zakharov, Nucl. Phys. B120, 316 (1977).

[10] M. Neubert and B.Stech, in: Heavy Flavors II, edited by A.J. Buras and M. Linder, (World Scientific, Singapore, 1998), p. 294.

[11] J.H. Kühn, J. Kaplan and E.C.O. Safiani, Nucl. Physics 157, 125 (1979).