arXiv:hep-ph/0309105 v1 10 Sep 2003

Infrared divergences of B meson exclusive decays to P-wave charmonia in QCD factorization and nonrelativistic QCD

Zhong-Zhi Song, Ce Meng, Ying-Jia Gao Department of Physics, Peking University, Beijing 100871, People’s Republic of China

Kuang-Ta Chao China Center of Advanced Science and Technology (World Laboratory), Beijing 100080, People’s Republic of China; Department of Physics, Peking University, Beijing 100871, People’s Republic of China (Dated: September 10, 2003)

In the framework of QCD factorization, we study the B meson exclusive decays B → χcJ K where the spin-triplet P-wave charmonium states χcJ (J = 0, 1, 2) are described by the color-singlet nonrelativistic wave functions. We find that for these decays (except χc1) there are infrared divergences arising from nonfactorizable vertex corrections as well as logarithmic end-point singularities arising from nonfactorizable spectator interactions at leading-twist order. The infrared divergences due to vertex corrections will explicitly break down QCD factorization within the color-singlet model for charmonia. Unlike in the inclusive decays where the higher Fock states with color-octet cc̄ pair and soft gluon can make contributions to remove the infrared divergences, their contributions can not be accommodated in the exclusive two body decays. As a result, the infrared divergences encountered in exclusive processes involving charmonia may raise a new question to the QCD factorization and NRQCD factorization in B exclusive decays.

PACS numbers: 13.25.Hw; 14.40.Gx; 12.38.Bx

B meson decays, especially exclusive nonleptonic decays, provide an opportunity to determine the parameters of the Cabibbo-Kobayashi-Maskawa (CKM) matrix, to explore CP violation and to observe new physics effects. However, although the underlying weak decay of the b quark is simple, quantitative understanding of nonleptonic B-meson decays is difficult due to the complicated strong-interaction effects.

Exclusive B-meson decays to final states containing charmonia are especially important due to three reasons. First, those decays e.g. B → J/ψK are regarded as the golden channels for CP studies due to their clean experimental signatures and straightforward theoretical interpretations. Secondly, those decays may provide useful information towards the understanding of color suppressed decays. Thirdly, those decays involve two energy scales, the beauty quark mass m_b and charm quark mass m_c, and therefore are more subtle in theoretical studies. Since experimentally CLEO, BaBar and Belle Collaborations have provided many measurements on the subject of B exclusive decays to charmonia [1] such as J/ψ, ψ^′, η_c, η^′_c, χ_{c0}, and χ_{c1}, theoretical studies on these issues become necessary.

We will start with the QCD factorization approach proposed by Beneke et al.[2]. It is argued that because the size of charmonium is small(∼1/α_sm_ψ ) and its overlap with the (B, K) system is negligible, the same QCD factorization method as for B → ππ can be used for B → J/ψK decay. This small size argument for the applicability of QCD factorization to B exclusive decays to charmonia needs to be tested for specific decay channels. Indeed, explicit calculations for B → J/ψK within the QCD factorization approach[3] showed that the nonfactorizable vertex contribution is infrared safe and the spectator contribution is perturbatively calculable at twist-2 order though the theoretical branching ratio is much smaller than the experimental data. Studies on B → η_cK decay[4] also confirmed the qualitative applicability of the small size argument while the quantitative underestimates compared with data were very similar to that encountered in B → J/ψK. However, further studies on B → χ_{c0}K [5] challenged the applicability of QCD factorization for charmonia because of the appearance of non-vanishing infrared divergences in this decay.

In previous studies for exclusive B decays to charmonia within the QCD factorization approach, the lightcone wave function description of the charmonia was adopted. This is fairly appropriate for the S-wave charmonia since the relative momentum q between charmed and anti-charmed quarks can be neglected in the lowest order approximation. However, for P-wave charmonia, q can not be neglected even in the leading-order. Although the light-cone wave function description of charmonia can provide us with some essential features of the problems involved in these decays, it can not give a complete analysis. The more appropriate method is to study charmonia within the non-relativistic bound-state picture or equivalently within the nonrelativistic QCD (NRQCD) framework[6]. In this letter, we report a complete analysis of the infrared unsafety encountered in B exclusive decays to P-wave charmonium states, including χ_{c2}, which was not involved in previous studies, by using the color-singlet non-relativistic wave functions to describe the charmonia.

To proceed, we first give a brief review of the QCD factorization approach. The general idea of the QCD factorization is that in the heavy quark limit m_b ≫ Λ_{QCD}, the transition matrix elements of operators in the hadronic decay B → M_1M_2 assumes a simple form at the leading order in 1/m_b[2]:

⟨M_1M_2|O_i|B⟩ = F^{BM1} (m^2)

∫_1 0 dx T^I (x)ϕ_{M2} (x) + ∫_1 0 dξ dx dy T^{II} (ξ, x, y)ϕ_B(ξ)ϕ_{M1} (y)ϕ_{M2} (x), (1) where M_1 is the recoiled meson and M_2 is the emitted meson which is a light meson or a quarkonium. F^{BM1} is the B → M_1 transition form factor, ϕ_M is the lightcone distribution amplitude and T^{I,II} are perturbatively calculable hard scattering kernels. If we neglect strong interaction corrections, formula.(1) reproduces the result of naive factorization. However, hard gluon exchange between M_2 and BM_1 system implies a nontrivial convolution of hard scattering kernels T^{I,II} with the distribution amplitude ϕ_{M2} .

In the non-relativistic bound-state picture, instead of the light-cone amplitude distribution, charmonium can be described by the color-singlet non-relativistic wave function (the role of the higher Fock states with coloroctet cc̄ pair will be considered later on). Let p_μ be the total 4-momentum of the charmonium and q_μ be the relative 4-momentum between c and c̄ quarks. For Pwave charmonium, because the wave function at the origin R_1(0)=0, which corresponds to the zeroth order in q, we must expand the amplitude to first order in q. Thus we have (see, e.g., [7])

M(B →^{2S+1}P_J (cc̄)) = ∑ L_z ,S_z ⟨1L_z; SS_z |JJ_z⟩ ∫ d^4q (2π)^3 q_α

×δ(q^0− |⃗q|^2 M )ψ^⋆_{1M}(q)Tr[O^α(0)P_{SSz}(p,0)+O(0)P^α_{SSz}(p,0)],(2)

where O(q) represents the rest of the decay matrix element and the spin projection operators P_{SSz} (p, q) which is constructed in terms of quark and anti-quark spinors as P_{SSz} (p, q) = √ 3 m ∑ s_1,s_2 v( p 2 −q,s_2)ū( p 2 +q,s_1)⟨s_1;s_2|SS_z⟩, (3)

and O^α(0) = ∂O(q) ∂q_α |_{q=0}, (4) P^α_{SSz} (p, 0) = ∂P_{SSz} (p, q) ∂q_α |_{q=0}. (5)

After q^0 is integrated out, the integral in Eq.(2) is proportional to the derivative of the P-wave wave function at the origin by ∫ d^3q (2π)^3 q^αψ^∗_{1M} (q) = iε^{∗α}(L_z) √ 3 4π R^′_1(0), (6) where ε^α(L_z) is the polarization vector of an angular momentum one system and the value of R^′_1(0) for charmonia can be found in e.g. Ref.[8]

The spin projection operators P_{SSz} (p, 0) and P^α_{SSz} (p, 0) can be written as[7]

P_{1Sz} (p, 0) = √ 3 4M /ε^∗(S_z )(/p + M ), (7)

P^α_{1Sz} (p, 0) = √ 3 4M^3

[/ε^∗(S_z )(/p +M )γ^α +γ^α/ε^∗(S_z )(/p +M )]

where we have made use of the non-relativistic approximation for the charmonium mass M ≃ 2m. Here m is the charmed quark mass.

In the calculation we need following polarization relations for the^3P_J states ∑ L_Z S_Z ϵ^{∗α}(L_z)ϵ^{∗β}(S_z)⟨1L_z ;1S_z|00⟩ = 1 √ 3 (−g^{αβ} + p^αp^β M^2 ), ∑ L_Z S_Z ϵ^{∗α}(L_z)ϵ^{∗β}(S_z)⟨1L_z;1S_z|1J_z⟩ = −iϵ^{αβλκ}p_κϵ^∗_λ(J_z) √ 2M , ∑ L_Z S_Z ϵ^{∗α}(L_z)ϵ^{∗β}(S_z)⟨1L_z;1S_z|2J_z⟩ = ϵ^{∗αβ}(J_z), (8)

where ϵ_λ(J_z) is the usual spin-1 polarization vector and the polarization tensor ϵ^{αβ}(J_z) is that appropriate for a spin-2 system which is symmetric under the exchange α ↔ β. The effective Hamiltonian relevant for B → χ_{cJ} K is written as[9]

H_{eff}= G_F √ 2 ( V_{cb}V^∗_{cs}(C_1O_1 + C_2O_2)− V_{tb}V^∗_{ts} 6∑ i=3 C_iO_i ) , (9)

where G_F is the Fermi constant, C_i are the Wilson coefficients and V_{q1q2} are the CKM matrix elements. We do not include the effects of the electroweak penguin operators since they are numerically small. Here the relevant operators O_i are given by

O_1 = (s_αb_β)_{V −A} · (c_β c_α)_{V −A}, O_2 = (s_αb_α)_{V −A} · (c_βc_β)_{V −A},

O_{3(5)} = (s_αb_α)_{V −A} · ∑ q (q_βq_β)_{V −A(V +A)}, (10)

O_{4(6)} = (s_αb_β)_{V −A} · ∑ q (q_β q_α)_{V −A(V +A)}, where α, β are color indices and the sum over q runs over u, d, s, c and b. Here (q̄_1q_2)_{V ±A} = q̄_1γ_μ(1 ± γ_5)q_2.

According to [2] all nonfactorizable corrections are due to Fig.1, and other corrections are factorized into the physical form factors and meson wave functions. Taking nonfactorizable corrections in Fig.1 into account, the decay amplitude for B → χ_{cJ} K(J = 0, 2) in QCD factorization is written compactly as iM = G_F √ 2 [ V_{cb}V^∗_{cs}C_1 − V_{tb}V^∗_{ts}(C_4 + C_6) ] × A, (11)

FIG. 1: Feynman diagrams for vertex and spectator correc- tions to B →χcJ K.

where the coefficients A are given by A = i6R^′_1 √ πM · α_s 4π C_F N_c ( F_1 · f_I +

4π^2f_K f_B N_c · f_{II} ) . (12)

Here N_c is the number of colors, C_F = (N^2_c − 1)/(2N_c), and F_1 is the B → K form factor (see Eq.(13) below). The function f_I is calculated from the four vertex correction diagrams (a, b, c, d) and f_{II} is calculated from the two spectator correction diagrams (e, f) in Fig.1.

The form factors for B → K are given as ⟨K(p_K )|sγ_μb|B(p_B)⟩ = (13) F_1(p^2)(p_B + p_K )_μ + [F_0(p^2) − F_1(p^2)] m^2_B − m^2_K p^2 p_μ, where p = p_B −p_K is the momentum of charmonium with p^2 = M^2, and m_B , m_K are respectively the masses of B, K mesons. We will neglect the kaon mass for simplicity. We can use the ratio between these two form factors as F_0(p^2)/F_1(p^2) = 1−p^2/m^2_B[3]. So we need only one of the two form factors, say, F_1 to describe the decay amplitude just like that in Eq.(12).

Since our main task in this letter is to explore the infrared unsafety due to the vertex corrections, we only give the explicit results below for the infrared divergence terms in f_I which are regularized within the gluon mass scheme. We also present the leading-twist results for f_{II} . Here f_I and f_{II} correspond respectively to the T^I , T^{II} terms in Eq.(1).

For^3P_1 charmonium state χ_{c1}, there is no infrared divergence in B → χ_{c1}K decay, and we will give the reasoning shortly (results of this decay within the light-cone wave function description can be found in Ref.[5]).

For^3P_0 charmonium state χ_{c0},

f_I =

8m_bz(1 − z + ln z) (1 − z) √ 3z ln ( λ^2 m^2_b ) + finite terms, (14) f_{II} = 2 m_b(1 − z) √ 3z ∫_1 0 dξ ϕ_B(ξ) ξ ∫_1 0 dy ϕ_K (y) ȳ^2 ×[−2z + (1 − z)ȳ]. (15)

For^3P_2 charmonium state χ_{c2},

f_I= 32ϵ^{∗J}_{μν}p^μ_b p^ν_b √ z^3(1−z+ln z) m_b(1 −z)^3 ln( λ^2 m^2_b )+finite terms,(16)

f_{II} = 8ϵ^{∗J}_{μν} p^μ_b p^ν_b √ z m^3_b (1 − z)^3

∫_1 0 dξ ϕ_B(ξ) ξ ∫_1 0 dy ϕ_K (y) ȳ^2 ×[z + (1 − z)ȳ]. (17)

Here z = M^2/m^2_B ≈ 4m^2_c /m^2_b , ξ is the momentum fraction of the spectator quark in the B meson and y = (1−ȳ) is the momentum fraction of the s quark inside the K meson, ϕ_B and ϕ_K are the light-cone wave functions for the B and K mesons respectively[2]. Here λ is the gluon mass introduced to regularize the infrared divergences in the vertex corrections. We have simplified the results for f_{II} by noting that ξ ∼ O(Λ_{QCD}/m_b) → 0.

The integrals for f_{II} in Eqs.(15),(17) will give logarithmic divergences when the asymptotic form ϕ_K (y) = 6y(1 − y) for the kaon twist-2 light-cone distribution amplitude as well as the same parameterization for the ξ integration as that in Ref.[2] are used. It is also worthwhile to emphasize that the infrared singularities in f_I are more serious than the end-point singularities in f_{II} . This is because, when one considers the effects of parton transverse degrees of freedom for B and K mesons, endpoint singularities arising from spectator interactions can be regularized [10] and logarithmic divergences can then be removed. However, the infrared divergences due to nonfactorizable vertex corrections still exist.

Since two large scales are involved, we can have several different choices of the heavy quark limit. In the above calculations, we have chosen the heavy quark limit as m_b → ∞ with m_c/m_b fixed. In this limit, the infrared divergences in f_I as well as the logarithmic divergences in f_{II} , will break down QCD factorization. Another choice of the heavy quark limit is that m_b → ∞ with m_c fixed. Then all the divergences mentioned above are power corrections and should be dropped out, so QCD factorization still holds in this limit. Physically, the latter case is equivalent to the limit of zero charm quark mass in which charmonium is regarded as a light meson. Obviously, the first choice of the heavy quark limit with m_c/m_b fixed is more interesting in phenomenological analysis, and is also usually used in theoretical studies[2, 11], where it is expected that QCD factorization should apply to B meson exclusive decays into charmonium in the limit m_c → ∞ with corrections of order Λ_{QCD}/(m_cα_s) ∼ 1. Our result shows that this expectation holds for decays to S-wave charmonia but not for P-wave charmonia we studied above where the vertex infrared divergence will break down factorization at order of Λ_{QCD}/(m_cα_s).

It is worthwhile to discuss the origin of the infrared divergences and the differences between S-wave and Pwave charmonia as well as the differences among P-wave charmonium states. We write momenta for cc̄ as p_c = p/2 + q, p_{c̄} = p/2 − q. The gluon coupling to the cc̄ pair showing in Fig.1 is given by

J_ν = γ_ν (/p_c + /k + m_c)Γ (p_c + k)^2 − m^2_c − Γ(/p_{c̄} + /k − m_c)γ_ν (p_{c̄} + k)^2 − m^2_c

, (18)

where Γ denotes for the weak decay vertex. When k is soft, the coupling in the nonrelativistic expansion in terms of q · k/p · k can be simplified to

J_ν ≈ 4Γ [ q_ν p · k − (q · k)p_ν (p · k)^2 ] , (19)

where we used the on-shell conditions for c and c̄ quarks. For S-wave charmonium states such as J/ψ, since the wave functions depend on q^2, q in Eq.(19) makes no contribution to the lowest order. So there is no infrared divergence for S-wave charmonium states. For χ_{c1}, because the orbital and spin momenta couplings are in an anti-symmetric form (see Eq.(8)), when combined with the B → K form factors the infrared divergences arising from Eq.(19) are totally cancelled out (note that this cancellation only accidentally holds because of the specific form of B → K form factors). However, for χ_{c0} and χ_{c2}, because the orbital and spin momenta couplings are in a symmetric form, infrared divergences arising from Eq.(19) are not cancelled out. This qualitative argument is confirmed by our explicit calculations performed above.

It is well known that there are infrared divergences in the inclusive decay and production of P-wave charmonia, which are related to the problems encountered here. In the inclusive processes, the infrared divergences in the color-singlet P-wave cc̄ state can be removed by including contributions from the higher Fock states with color-octet cc̄ pair (say in S-wave) and soft gluon within the NRQCD factorization framework (e.g. for B decay see [12], for annihilation hadronic decay see [13, 14], and for decay and production see [15, 16, 17]). However, to the best of our understanding, the color-octet cc̄ pair with dynamical soft gluon can make contributions to the multi-body but not two-body exclusive decays. (Note that the soft gluon emitted by the color-octet cc̄ and subsequently reabsorbed by the spectator light quark has already been considered in the nonfactorizable spectator contribution discussed above (see diagrams (e,f) in Fig.1), where the soft gluon is related to the end-point singularities of B and K light-cone wave functions.) As a result, it seems to us that the infrared divergences encountered in exclusive processes involving charmonia may raise a new question to the QCD factorization and NRQCD factorization in B exclusive decays. Further studies are needed to seek the solution to remove the infrared divergences.

In summary, we have studied the exclusive two-body decays of B meson into the spin-triplet P-wave charmonium states χ_{cJ} (J = 0, 1, 2) and kaon within QCD factorization and NRQCD by adopting the color-singlet nonrelativistic wave function for charmonium. We find that for these decays (except B → χ_{c1}K), there are infrared divergences arising from nonfactorizable vertex corrections, which can not be removed by including contributions from the color-octet cc̄ with soft gluon Fock states, and therefore will break down QCD factorization. New considerations should be introduced to describe B meson exclusive decays to charmonium states.

Acknowledgements

We would like to thank G.T. Bodwin, E. Braaten, J.P. Ma, and J.W. Qiu for helpful comments and K.-Y. Liu for useful discussions. This work was supported in part by the National Natural Science Foundation of China, and the Education Ministry of China.

[1] K. Hagiwara et al. (Particle Data Group), Phys. Rev. D 66(2002) 010001; see also F. Fang, hep-ex/0207004 and references therein.

[2] M. Beneke et al., Phys. Rev. Lett. 83 (1999)1914; Nucl.

Phys. B 591 (2000)313; Nucl. Phys. B 606 (2001)245. [3] J. Chay and C. Kim, hep-ph/0009244; H.Y. Cheng and K.C. Yang, Phys. Rev. D 63 (2001)074011.

[4] Z. Song, C. Meng and K.T. Chao, hep-ph/0209257. [5] Z. Song and K.T. Chao, Phys. Lett. B 568(2003)127. [6] G.T. Bodwin, E. Braaten and G.P. Lepage, Phys. Rev.

D 51 (1995)1125; Phys. Rev. D 55 (1997)5853 (E). [7] J.H. Kühn, Nucl. Phys. B 157 (1979)125; B. Guberina et al., Nucl. Phys. B 174 (1980)317.

[8] E.J. Eichten and C. Quigg, Phys. Rev. D 52 (1995)1726. [9] G. Buchalla, A.J. Buras and M.E. Lautenbacher, Rev.

Mod. Phys. 68 (1996)1125.

[10] J. Botts and G. Sterman, Nucl. Phys. B 225 (1989)62;

H-n. Li and G. Sterman, Nucl. Phys. B 381 (1992)129. [11] M. Beneke, Nucl. Phys. Proc. Suppl. 111 (2002)62. [12] G.T. Bodwin, E. Braaten, T.C. Yuan and G.P. Lepage, Phys. Rev. D 46 (1992)3703; M. Beneke, F. Maltoni and I.Z. Rothstein, Phys. Rev. D 59 (1999)054003.

[13] G.T. Bodwin, E. Braaten and G.P. Lepage, Phys. Rev.

D 46 (1992)1914.

[14] H.W. Huang and K.T. Chao, Phys. Rev. D 54 (1996)3065; ibid.D 54 (1996)6850; ibid.D 55(1997)244.

[15] A. Petrelli, Phys. Lett. B 380 (1996)159; A. Petrelli et al., Nucl. Phys. B 514 (1998)245.

[16] E. Braaten and Y.Q. Chen, Phys. Rev. D 54 (1996)3216;

ibid.D 55 (1997)2693.

[17] J.P. Ma, Nucl. Phys. B 447 (1995)405.