arXiv:0902.4831v1 [hep-ph] 27 Feb 2009

1

Charmful baryonic B → BB̄^′M_c decays

Yu-Kuo Hsiao^∗ Institute of Physics, Academia Sinica, Taipei, Taiwan 115, R.O.C.

∗E-mail: ykhsiao@phys.sinica.edu.tw

We study the charmful three-body baryonic B decays with D^{(∗)} or J/Ψ in the final state. We explain the measured rates of B̄^0 → np̄D^{∗+}, B̄^0 → pp̄D^{(∗)0}, and B^− → Λp̄J/Ψ. In particular, the branching fraction of B̄^0 → ΛΛ̄D^0 predicted to be of order 2.3 × 10^{−6} is in accordance with the Belle measurement, (1.05^{+0.57}_{−0.44} ± 0.14) × 10^{−5} < 2.6 × 10^{−5}.

1. Introduction

The experimental measurements present that the charmful and charmless threebody baryonic B decays have the same features. First, the threshold effect is observed in B̄^0 → pp̄D^{(∗)0},^1 where a curve peaks near the threshold area in the dibaryon invariant mass spectrum. This phenomenon found in all charmless cases can be understood in terms of a simple short-distance picture.^2 Particularly, this picture has been used to realize why charmless three-body decays^{3–9} have rates larger than charmless two-body decays;^{10,11} that is, Γ(B → BB̄^′M) > Γ(B → BB̄^′). One energetic qq̄ pair must be emitted back to back by a hard gluon in order to produce a baryon and an antibaryon in the two-body decay. This hard gluon is highly off mass shell and hence the two-body decay amplitude is suppressed by order of α_s/q^2. In the three-body baryonic B decays, a possible configuration is that the BB̄^′ pair is emitted collinearly against the meson. The quark and antiquark pair emitted from a gluon is moving nearly in the same direction. Since this gluon is close to its mass shell, the corresponding configuration is not subject to the short-distance suppression. This implies that the dibaryon pair tends to have a small invariant mass.^{12}

Second, the Dalitz plot of B → pp̄D^{(∗)1} with asymmetric distributions signals a nonzero angular distribution asymmetry as measured in B^− → pp̄π^−, B^− → Λ^+_c p̄π^+, B^− → Λp̄γ, B^− → pp̄K^−, and B^− → Λp̄π^−.^{6–9,13} Nonetheless, while the above-mentioned short-distance picture predicts a correct angular distribution pattern for the decays B^− → pp̄π^−, B^− → Λ^+_c p̄π^+, and B^− → Λp̄γ, it fails to explain the angular correlation observed in B^− → pp̄K^− and B^− → Λp̄π^−. The intuitive argument that the K^− in the pp̄ rest frame is expected to emerge parallel to p̄ is not borne out by experiment.^{14} Likewise, the naive argument that the pion has no preference for its correlation with the Λ or the p̄ in the decay B^− → Λp̄π^− is

2 ruled out by the new Belle experiment^8 in which a strong correlation between the Λ and the pion is seen.

Therefore, the study of the charmful baryonic B decays B → BB̄^′M_c may help improve our understanding of the underlying mechanism for the threshold enhancement and the angular distribution in three-body decays. We shall therefore focus on B → BB̄^′M_c with M_c = D^{(∗)} or J/Ψ to see if we can explain the branching fractions.

2. Experimental Data

Table 1. Branching ratios of B → BB̄^′M_c decays in units of 10^{−4} for M_c = D^{(∗)} and 10^{−6} for M_c = J/Ψ.

Decay CLEO^{15} BaBar^{1,16} Belle^{17–19}

B̄0 → np̄D∗+ 14.5^{+3.4}_{−3.0} ± 2.7 B̄0 → pp̄D0 1.13 ± 0.06 ± 0.08 1.18 ± 0.15 ± 0.16 B̄0 → pp̄D∗0 1.01 ± 0.10 ± 0.09 1.20^{+0.33}_{−0.29} ± 0.21 B^− → pp̄D^− < 0.15 B^− → pp̄D^{∗−} < 0.15 B̄0 → Λp̄D^+_s 0.29 ± 0.07 ± 0.05 ± 0.04 B̄0 → ΛΛ̄D0 (1.05^{+0.57}_{−0.44} ± 0.14 < 2.6) × 10−1 B^− → Λp̄J/Ψ 11.6^{+7.4+4.2}_{−5.3−1.8} 11.6 ± 2.8^{+1.8}_{−2.3} B^− → Σ^0p̄J/Ψ < 11 B̄0 → pp̄J/Ψ < 1.9 < 0.83

The branching fractions of the charmful baryonic B → BB̄^′M_c decays are summarized in Table 1, where B̄^0 → np̄D^{∗+} was first observed by CLEO in 2001.^{15} Note that the decays B̄^0 → pp̄D^0 and B̄^0 → pp̄D^{∗0} have similar results in rates. The nonobservation of B^− → pp̄D^{(∗)−} is due to the fact that it proceeds via b → uc̄d at the quark level. This leads to a suppression of |V_{ub}V^∗_{cd}/V_{cb}V^∗_{ud}|^2 ≃ 10^{−4} compared to its neutral partner. Likewise, it is expected that B(B̄^0 → pp̄J/Ψ) = |V_{cd}/V_{cs}|^2 Br(B^− → Λp̄J/Ψ) ≃ 10^{−7}, consistent with the experimental upper bound for this decay mode. As for the rate difference between B̄^0 → pp̄D^0 and B̄^0 → ΛΛ̄D^0, it has to do with the baryonic form factors, which we are going to elaborate on later.

3. Formalism

To have the amplitudes, we shall adopt the generalized factorization approach,^{20,21} which has been well applied to the study of three-body baryonic B decays.^{14,22–37} Under the factorization approximation, the decay amplitudes can be classified into three different categories: the current-type (class-I), the transition-type (class-II), and the hybrid-type (class-III) amplitudes. The amplitude of B̄^0 → np̄D^{∗+} is the class-I current-type which proceed via a color-allowed, external W -emission diagram

3

Fig. 1. Two types of the B → BB̄^′M_c decay process: (a) current type and (b) transition type.

as depicted in Fig. 1(a), which is given by

A_C (B̄^0 → np̄D^{∗+}) = G_F √ 2 V_{cb}V^∗_{ud}a^{D∗}_1 ⟨np̄|(d̄u)_{V −A}|0⟩⟨D^{∗+}|(c̄b)_{V −A}|B̄^0⟩ , (1) with a^{D∗}_1 to be specified later. The amplitudes of B̄^0 → pp̄D^{(∗)0}, B̄^0 → ΛΛ̄D^0, B^− → Λp̄(Σ^0p̄)J/Ψ, and B̄^0 → pp̄J/Ψ are the class-II transition-type via the colorsuppressed internal W emission diagram [Fig. 1(b)]. The amplitudes read

A_T (B → BB̄^′M_c) = G_F √ 2 V_{cb}V^∗_{qq}′ a^{Mc}_2 ⟨M_c|(c̄q)_{V −A}|0⟩⟨BB̄^′|(q̄^′b)_{V −A}|B⟩ , (2) with a^{Mc}_2 to be given later, where B → BB̄^′M_c could be B̄^0 → pp̄D^{(∗)0}, ΛΛ̄D^0 for qq^′ = ud, B̄^0 → pp̄J/Ψ for qq^′ = cd, B^− → Λp̄J/Ψ, Σ^0p̄J/Ψ for qq^′ = cs. For the dibaryon creation in Eq. (1), we write

⟨BB̄^′|q̄_1γ_μq_2|0⟩ = ū { [F_1(t) + F_2(t)]γ_μ +

F_2(t) m_B + m¯_B′

(p¯_B′ − p_B)_μ } v , ⟨BB̄^′|q̄_1γ_μγ_5q_2|0⟩ = ū { g_A(t)γ_μ + h_A(t) m_B + m¯_B′ q_μ } γ_5v , (3)

where u(v) is the (anti-)baryon spinor, and F_{1,2}, g_A, h_A are timelike baryonic form factors. Note that there are two additional form factors in the form of ūq_μv and ūσ_{μν} q_ν γ_5v. However, since we assume SU(3) flavor symmetry, we can neglect these two form factors as they vanish for conserved currents. The asymptotic behavior of form factors is governed by the pQCD counting rules.^{38,39} In the large t limit, the momentum dependence of the form factors F_1(t) and g_A(t) behaves as 1/t^2 as there are two hard gluon exchanges between the valence quarks. More precisely, in the t → ∞ limit

F_1(t) = C_{F1} t^2 [ ln ( t Λ^2_0 )]_{−γ} , g_A(t) = C_{gA} t^2 [ ln ( t Λ^2_0 )]_{−γ} , (4)

where γ = 2 + 4/(3β) = 2.148 with β being the QCD β function and Λ_0 = 0.3 GeV. In the asymptotic t → ∞ limit, both F_2(t) and h_A(t) have an extra 1/t dependence relative to F_1 and g_A owing to a mass insertion at the quark line.^{30,40,41} However, the form factor h_A is related to g_A by the relation of h_A = −g_A(m_B + m¯_B′ )^2/t, through the equation of motion. Hence, in ensuing numerical analysis we will keep h_A(t) and neglect F_2(t). Under the SU(3) flavor and SU(2) spin symmetries,^{39} the parameters C_{F1} and C_{gA} appearing in 0 → BB̄^′ transitions are no longer independent but are

4 related to each other through the two reduced parameters C_{||} and C_{||}. Then we have

C_{F1} = 4 3 C_{||} − 1 3 C_{||} , C_{gA} = 4 3 C_{||} + 1 3 C_{||} , for 0 → np̄, (5)

As for the three-body transition B → BB̄^′, its most general expression reads ⟨BB̄^′|V_μ|B⟩ = iū[g_1γ_μ + g_2iσ_{μν} p^ν + g_3p_μ + g_4(p¯_B′ + p_B)_μ + g_5(p¯_B′ − p_B)_μ]γ_5v, ⟨BB̄^′|A_μ|B⟩ = iū[f_1γ_μ + f_2iσ_{μν} p^ν + f_3p_μ + f_4(p¯_B′ + p_B)_μ + f_5(p¯_B′ − p_B)_μ]v,(6) with V (A)_μ = q̄^′γ_μ(γ_5)b and p = p_B − p_B − p¯_B′ . Since three gluons are needed to induce the B → BB̄^′ transition, two for producing the baryon pair and one for kicking the spectator quark in the B meson, the pQCD counting rules imply that to the leading order

f_i(t) = D_{fi} t^3

, g_i(t) = D_{gi} t^3

. (7)

Just as the previous case for vacuum to the dibaryon transition, under the SU(3) flavor and SU(2) spin symmetries, the parameters D_{g1} , D_{f1} , D_{gi} and D_{fi} can be expressed in terms of the reduced parameters D_{||}, D_{||} and D^i_{||}. Then we have

D^{pp̄}_{g1} (D^{pp̄}_{f1} ) =^1_3 D_{||} ∓^2_3 D_{||}, D^{pp̄}_{gi} = −D^{pp̄}_{fi} = −^1_3 D^i_{||}, for B̄^0 → pp̄,

D^{ΛΛ̄}_{g1} (D^{ΛΛ̄}_{f1} ) =^1_2 D_{||} ∓^1_2 D_{||}, D^{ΛΛ̄}_{gi} = D^{ΛΛ̄}_{fi} = 0, for B̄^0 → ΛΛ̄,

D^{Λp̄}_{g1} (D^{Λp̄}_{f1} ) = −

√_3 2 D_{||}, D^{Λp̄}_{gi} = −D^{Λp̄}_{fi} = −

√_3

2 D^i_{||}, for B̄^− → Λp̄, (8)

where the upper (lower) sign is for D_{g1} (D_{f1} ) with i = 2, 3, ..., 5. For the meson parts, the values for the decay constants of D^{(∗)0} and J/Ψ can be found in Refs. 43,44. The definition and parametrization of B to D^{(∗)} transition form factors can be found in Refs. 45,46.

4. Numerical Analysis We need to specify various input parameters for a numerical analysis. For the CKM matrix elements, we use the values of the Wolfenstein parameters in Ref. 47. Here, we extract a^{D∗}_1 , a^{D(∗)}_2 , and a^{J/Ψ}_2 from B̄^0 → np̄D^{∗+}, B̄^0 → pp̄D^{∗0}, and B^− → Λp̄J/Ψ, respectively, which are given by

a^{D∗}_1 = 1.23 ± 0.19 , a^{D(∗)}_2 = 0.33 ± 0.04 , a^{J/Ψ}_2 = 0.17 ± 0.03 . (9) We note that factorization works if the parameters a_1 and a_2 are universal; namely, they are channel by channel independent. Since a^{Mc}_i lie in the ranges of a_1 ∼ O(1) and a_2 ∼ O(0.2 − 0.3),^{53} which is suggested by two-body mesonic B decays, we shall assume the validity of factorization in charmful baryonic B decays.

For the parameters C_{||} and C_{||} in Eqs. (3, 4), we use the data of e^+e^− → pp̄, nn̄^{48,49} to determine their magnitudes and the decay rate of B̄^0 → np̄D^{∗+} to fix their relative sign (C_{||}, C_{||}) = (67.9 ± 1.4, −216.9 ± 23.5) GeV^4 . (10)

5 Table 2. Branching ratios of B → BB̄^′M_c decays, where the first and second errors come from the uncertainties of a_1 (a_2 ) in Eq. (9) and baryonic form factors in Eqs. (10 ,11), respectively.

B × 10^{−4} Our work B × 10^{−6} Our work B̄0 → np̄D∗+ 14.4 ± 4.8 ± 3.2 B̄0 → ΛΛ̄D0 2.3 ± 0.6 ± 0.6 B̄0 → pp̄D0 1.1 ± 0.3 ± 0.2 B− → Λp̄J/Ψ 11.6 ± 4.5 ± 2.9 B̄0 → pp̄D∗0 1.0 ± 0.3 ± 0.4 B− → Σ0p̄J/Ψ 0.13 ± 0.05 ± 0.02 B̄0 → pp̄J/Ψ 1.2 ± 0.5 ± 0.2

As for the parameters D_{||} and D_{||} in Eqs. (6, 7), we employ the observed rates of B̄^0 → pp̄D^0, B^− → pp̄K^{∗−}, B̄^0 → pp̄K^{∗0}, and B^− → pp̄π^{−1,6,9,17,50–52} in conjunction with the measured angular distribution of the last decay mode to obtain

(D_{||}, D_{||}) = (67.7 ± 16.3, −280.0 ± 35.9) GeV^5,

(D^2_{||}, D^3_{||}, D^4_{||}, D^5_{||}) = (−187.3 ± 26.6, −840.1 ± 132.1, −10.1 ± 10.8, −157.0 ± 27.1) GeV^4 . (11)

To calculate the decay rates, we use the equation in Ref. 43 for three-body decays. We present the numerical results for the branching ratios in Table 2, and the dibaryon invariant mass spectrum for B̄^0 → pp̄D^{(∗)0} and B^− → Λp̄J/Ψ in Fig. 2. We note that the first and second errors in Table 2 come from the uncertainties of a_1 (a_2) in Eq. (9) and baryonic form factors in Eqs. (10 ,11), respectively.

Fig. 2. Dibaryon invariant mass distributions for B̄^0 → pp̄D^0, B̄^0 → pp̄D^{∗0} and B^− → Λp̄J/Ψ, respectively. Experimental data are taken from Refs. 1,19.

5. Discussion and Conclusion

As seen in Table 2, our prediction B(B^− → Σ^0p̄J/Ψ) = 1.3 × 10^{−7} is consistent with the Belle limit, 1.1 × 10^{−5}, and B(B̄^0 → pp̄J/Ψ) = 1.2 × 10^{−6} is in accordance with the BaBar limit but slightly higher than the upper bound set by Belle. As for the threshold peaking effect, while it manifests in the decay B̄^0 → pp̄D^{(∗)0} the data clearly do not show the threshold behavior in B^− → Λp̄J/Ψ (see Fig. 2). This can be understood as follows. In the latter decay, the invariant mass m_{Λp̄} ranges from 2.05 to 2.18 GeV, which is very narrow compared to the m_{pp̄} range in the B̄^0 → pp̄D^{(∗)0}

6 decay. Consequently, the invariant mass distribution of dΓ/dm_{Λp̄} is governed by the shape of the phase space due to the relative flat 1/t^3 dependence within the small allowed m_{Λp̄} region. B(B̄^0 → ΛΛ̄D^0) predicted to be of order 2.3 × 10^{−6} is consistent with the measured Belle data, (1.05^{+0.57}_{−0.44} ± 0.14) × 10^{−5} < 2.6 × 10^{−5}. B(B̄^0 → ΛΛ̄D^0) < B(B̄^0 → pp̄D^0) can be understood by the baryonic form factors in Eqs. (8, 11), which are evaluated to be

(D^{ΛΛ̄}_{g1} , D^{ΛΛ̄}_{f1} ) = (172.8, −105.1) GeV^5 , (D^{pp̄}_{g1} , D^{pp̄}_{f1} ) = (207.9, −162.7) GeV^5 ,

(D^{ΛΛ̄}_{gi} , D^{ΛΛ̄}_{fi} ) = 0 , (D^{pp̄}_{gi} , D^{pp̄}_{fi} ) ≠ 0 . (i=2, 3, ..., 5) (12)

In sum, within the framework of the generalized factorization approach, we have explained the measured charmful three-body baryonic B decays with D^{(∗)} or J/Ψ in the final state. The measured B(B̄^0 → ΛΛ̄D^0) < B(B̄^0 → pp̄D^0) can be understood. This is due to the constraint in the baryonic transition form factors for B̄^0 → ΛΛ̄ in the approach of the pQCD counting rules.

Acknowledgments

The author is very grateful to Hai-Yang Cheng, Chao-Qiang Geng, and Chun-Hung Chen for the fruitful collaboration on the charmful three-body baryonic B decays and to Min-Zu Wang for useful discussions.

References 1. B. Aubert et al. [BABAR Collaboration], Phys. Rev. D 74, 051101 (2006). 2. M. Suzuki, J. Phys. G 34, 283 (2007).

3. M. Z. Wang et al. [BELLE Collaboration], Phys. Rev. Lett. 90, 201802 (2003). 4. Y. J. Lee et al. [BELLE Collaboration], Phys. Rev. Lett. 93, 211801 (2004). 5. B. Aubert et al. [BABAR Collaboration], Phys. Rev. D 72, 051101 (2005). 6. M. Z. Wang et al. [BELLE Collaboration], Phys. Lett. B 617, 141 (2005). 7. Y.J. Lee et al., Phys. Rev. Lett. 95, 061802 (2005).

8. M. Z. Wang et al. [BELLE Collaboration], Phys. Rev. D 76, 052004 (2007). 9. J. T. Wei et al. [BELLE Collaboration], Phys. Lett. B 659, 80 (2008). 10. B. Aubert et al. [BABAR Collaboration], Phys. Rev. D 69, 091503 (2004). 11. Y. T. Tsai et al. [BELLE Collaboration], Phys. Rev. D75, 111101 (2007). 12. W. S. Hou and A. Soni, Phys. Rev. Lett. 86, 4247 (2001).

13. N. Gabyshev et al. [BELLE Collaboration], Phys. Rev. Lett. 97, 242001 (2006). 14. H. Y. Cheng, Int. J. Mod. Phys. A 21, 4209 (2006).

15. S. Anderson et al. [CLEO Collaboration], Phys. Rev. Lett. 86, 2732 (2001). 16. B. Aubert et al. [BABAR Collaboration], Phys. Rev. Lett. 90, 231801 (2003). 17. K. Abe et al., [BELLE Collaboration], Phys. Rev. Lett. 89, 151802 (2002). 18. T. Medvedeva et al. [BELLE Collaboration], Phys. Rev. D 76, 051102 (2007). 19. Q. L. Xie et al. [BELLE Collaboration], Phys. Rev. D 72, 051105 (2005). 20. Y.H. Chen, H.Y. Cheng, B. Tseng, and K. C. Yang, Phys. Rev. D60, 094014 (1999);

H. Y. Cheng and K. C. Yang, ibid, D62, 054029 (2000). 21. A. Ali et al., Phys. Rev. D58, 094009 (1998).

22. H.Y. Cheng and K.C. Yang, Phys. Rev. D66, 014020; 094009 (2002). 23. H.Y. Cheng and K.C. Yang, Phys. Rev. D65, 054028 (2002).

7 24. H.Y. Cheng and K.C. Yang, Phys. Lett. B 533, 271 (2002); B 633, 533 (2006). 25. H.Y. Cheng and K.C. Yang, Phys. Rev. D67, 034008 (2003). 26. C.K. Chua, W.S. Hou and S.Y. Tsai, Phys. Lett. B 528, 233 (2002). 27. C.K. Chua, W.S. Hou and S.Y. Tsai, Phys. Rev. D65, 034003 (2002). 28. C. K. Chua, W. S. Hou and S. Y. Tsai, Phys. Rev. D66, 054004 (2002). 29. C. K. Chua and W. S. Hou, Eur. Phys. J. C29, 27 (2003).

30. S.Y. Tsai, “Study of Three-body Baryonic B Decays”, Ph. D thesis, NTU (2005). 31. C.Q. Geng and Y.K. Hsiao, Phys. Lett. B610, 67; Phys. Lett. B619, 305; Phys. Rev.

D72, 037901 (2005); Int. J. Mod. Phys. A 21, 897 (2006). 32. C. Q. Geng and Y. K. Hsiao, Phys. Rev. D 74, 094023 (2006). 33. C. Q. Geng, Y. K. Hsiao and J. N. Ng, Phys. Rev. Lett. 98, 011801 (2007). 34. C. Q. Geng, Y. K. Hsiao and J. N. Ng, Phys. Rev. D 75, 094013 (2007). 35. C. Q. Geng and Y. K. Hsiao, Phys. Rev. D 75, 094005 (2007). 36. H. Y. Cheng and K. C. Yang, Phys. Lett. B 633, 533 (2006). 37. C. Q. Geng and Y. K. Hsiao, Int. J. Mod. Phys. A 23, 3290 (2008). 38. G. P. Lepage and S. J. Brodsky, Phys. Rev. Lett. 43, 545(1979) [Erratum-ibid. 43, 1625 (1979)]; Phys. Rev. D22, 2157 (1980).

39. S. J. Brodsky, G. P. Lepage and S. A. A. Zaidi, Phys. Rev. D23, 1152 (1981). 40. A. V. Belitsky, X. D. Ji and F. Yuan, Phys. Rev. Lett. 91, 092003 (2003). 41. S. J. Brodsky, C. E. Carlson, J. R. Hiller and D. S. Hwang, Phys. Rev. D69, 054022 (2004).

42. C.H. Chen, H.Y. Cheng, C.Q. Geng and Y.K. Hsiao, Phys. Rev. D 78, 054016 (2008). 43. C. Amsler et al. [Particle Data Group], Phys. Lett. B 667, 1 (2008). 44. H. M. Choi, Phys. Rev. D 75, 073016 (2007).

45. M. Wirbel, B. Stech, and M. Bauer, Z. Phys. C29, 637 (1985); 34, 103 (1987); M. Bauer and M. Wirbel, Z. Phys. C 42, 671 (1989).

46. H.Y. Cheng and C.K. Chua, Phys. Rev. D 69, 074025 (2004).

47. J. Charles et al. [CKMfitter Group], Eur. Phys. J. C 41, 1 (2005) and updated results from http://ckmfitter.in2p3.fr/; M. Bona et al. [UTfit Collaboration], JHEP 0507, 028 (2005); JHEP 0803, 049 (2005) and updated results from http://utfit.org/.

48. T. A. Armstrong et al. [E760 Collaboration], Phys. Rev. Lett. 70, 1212 (1993); A. Antonelli et al., Phys. Lett. B334, 431 (1994); M. Ambrogiani et al. [E835 Collaboration], Phys. Rev. D60, 032002 (1999); T. K. Pedlar et al. [CLEO Collaboration], Phys. Rev. Lett. 95, 261803 (2005); B. Aubert et al. [BABAR Collaboration], Phys. Rev. D73, 012005 (2006).

49. A. Antonelli et al. [FENICE Collaboration], Nucl. Phys. B517, 3 (1998). 50. B. Aubert et al. [BABAR Collaboration], Phys. Rev. D 76, 092004 (2007). 51. M.Z. Wang et al. [BELLE Collaboration], Phys. Rev. Lett. 92, 131801 (2004). 52. J. H. Chen et al. [Belle Collaboration], Phys. Rev. Lett. 100, 251801 (2008). 53. H.Y. Cheng, K.C. Yang, Phys. Rev. D 59, 092004 (1999); H.Y. Cheng, D 65, 094012 (2002); M. Neubert and A. A. Petrov, Phys. Rev. D 68, 014004 (2003).