arXiv:hep-ph/0703032v1 3 Mar 2007

KIAS-P07010

B to light meson form factors with end-point cutoff

Jong-Phil Lee^∗ Korea Institute for Advanced Study, Seoul 130-722, Korea

Abstract

Decay form factors of B to light pseudoscalar (P ) and vector (V ) mesons are analyzed with the momentum cutoff near end point. The cutoff is caused by possible Cherenkov gluon radiation when an energetic light parton from the weak vertex travels through the ”brown muck” of light degrees of freedom. The end-point singularities and the double countings are naturally absent. The soft-overlap contributions where the partonic momenta configuration is highly asymmetric are very suppressed in this framework. A simple calculation gives a plausible results for B → P, V form factors.

PACS numbers: 12.38.Lg, 13.20.He

∗Electronic address: jplee@kias.re.kr

I. INTRODUCTION

Heavy-to-light decays are very important processes in flavor physics. The successful running of B factories BABAR and BELLE has enabled the semileptonic B decays like B → π(ρ)ℓν to work out the information about the least known Cabibbo-Kobayashi-Maskawa (CKM) matrix element |V_{ub}|, for which B → π(ρ) form factors play the crucial roles. The same form factors enter the nonleptonic modes such as B → ππ, B → πρ, which are interesting because of the factorization as well as the angles of CKM unitarity triangle. Heavy-to-light decay is also responsible for b → s transitions B → K^∗γ or B → K^∗ℓℓ, which are good probes for new physics beyond the standard model(SM).

However, the theoretical understanding of heavy-to-light transition is quite poor and still controversial. The transition matrix elements are usually parametrized by the form factors. They are nonperturbative objects which cannot be calculated from first principles, and all the essential features of the decay processes are encoded on them. At large recoil limit where the final state meson energy is sufficiently large, these form factors are not independent. Conventionally, there are 3(7) decay form factors for B to P (V ) decays, where P (V ) stands for the pseudoscalar (vector) mesons. The number of independent form factors reduces to 1(2) for B → P (V ) at large recoil limit [1]. This is due to the so called spin-symmetry relations.

It is a common lore that there are two kinematically distinctive contributions to the form factors. One is the ”soft overlap (or Feynman mechanism)” where one of the partons in the daughter meson carries almost all the momentum. The other is the ”hard scattering” where none of the partons in the daughter meson is in the end-point region of momentum configuration by exchanging hard gluons. But there is no general agreement on which of the two is the dominant one.

One of the main issue related is the end-point singularity. Contributions of hard gluon exchange with the spectator quarks are described by the convolution integrals involving meson distribution amplitudes (DA) and some kernel. At the heavy quark and large recoil limit, the kernel behaves like ∼ 1/x^2 where x is some momentum fraction of the partons while the DAs of the final state meson do as ∼ x in their asymptotic forms. The resulting convolution integral diverges at the end point x ∼ 0, and this is called the end-point singularity.

The end-point singularity has been dealt in many different ways in different theoretical frameworks. In perturbative QCD (pQCD) [2, 3, 4, 5, 6], the end-point singularity is absent due to the Sudakov suppression near the end-point region. The point is that when one of the partons carries all the momentum, the remaining part of the daughter meson cannot shield the color charge of the fast parton, so many gluons should be emitted [5]. Thus the soft overlap contribution is very suppressed in this picture, and the hard scattering is the dominant contribution. But the Sudakov suppression is not generally accepted in the literature. In Ref. [7, 8, 9], it is argued that the Sudakov suppression is not severe at the heavy quark scale m_B ∼ 5.3 GeV (for more recent discussions, see [10]) .

On the other hand, in Ref. [11], the problem of end-point singularity is evaded by absorbing the singular terms into the so called ”soft form factor”. Here the heavy-light B → M (M is a light meson) form factors f_i are compactly written as f_i(q^2) = C_iξ^M_i (E) + ϕ_B ⊗ T_i ⊗ ϕ_M , (1) where ξ^M_i (E) are the soft form factors for M of energy E, and C_i are the hard vertex renormalization; T_i are hard kernels which are convoluted (⊗) with the DAs ϕ_B and ϕ_M , and q is the momentum transfer. It was shown that the soft form factors ξ^M_i satisfy the spin-symmetry relations. The second term of convolution arises from the hard spectator interactions. Terms involving end-point singularities are already absorbed into ξ^M_i , so the remaining convolutions are end-point finite. They are shown to break the spin-symmetry relations. The soft form factors ξ^M_i are totally nonperturbative objects; they cannot be calculated from first principles, and they contain the end-point singularities. The meson DAs ϕ_{B,M} are also nonperturbative, but they can be treated systematically and are well understood. Other quantities C_i and T_i are perturbatively calculable. In fact, one of the great merit of Eq. (1) is the perturbative calculability of the hard kernel, T_i. This is the main philosophy of the QCD factorization [12]. From the numerical analysis, the authors of Ref. [11] found that the symmetry breaking convolutions contribute about 10%; they conclude that heavy-light form factors are largely from the soft form factor.

The advent of the soft-collinear effective theory (SCET) [13] shed new lights on the heavyto-light decays. In this framework, the B → M form factors are described as [9, 14, 15] f_i = T^{(i)}(E)ζ^{BM} (E) + N_0ϕ_B ⊗ C^{(i)}_J ⊗ J ⊗ ϕ_M , (2) where T^{(i)} and C^{(i)}_J are the hard functions and J is the jet function, and N_0 = f_Bf_M m_B /(4E^2) with f_{B,M} being the meson decay constants. Here ζ^{BM} is the SCET version of the ”soft” form factor. Just as in [11], the end-point singular terms are absorbed into ζ^{Bπ}, and as a whole satisfy the spin-symmetry relations. From the fact that the same form factors enter the nonleptonic two-body B decays, Ref. [16] showed that the two contributions of Eq. (2) are comparable in size. This point differs from the QCD factorization (QCDF) analysis [17], where the hard scattering contribution is very small.

Although the brief summary above shows impressive achievements in heavy-to-light transitions, there are still some ambiguities and confusions. First of all, the quantity ζ^{Bπ} in Eq. (2) is not ”soft” in the sense that the involved quarks are not in the asymmetric momentum configuration; it is defined by the collinear quarks. In this context, the SCET description of Eq. (2) is much closer to the pQCD prediction where the contributions from the asymmetric momentum configuration (i.e., soft overlap) are highly suppressed.

It is very helpful to see how the soft overlap is identified in the light-cone sum rule (LCSR). The LCSR has improved their predictions for the B → M form factors [18, 19]. At tree level after the Borel transformation, the weak form factor is proportional to [20] f^{tree}_i ∼ ∫_1

u_0

du ϕ_π(u)T_H (u) , (3)

where T_H is the process-dependent amplitude. Here u_0 ≡ (m^2_b − q^2)/(s_0 − q^2) where s_0 is the continuum threshold is a lower limit of the convolution integral. It scales as u_0 ∼ 1 − Λ_{QCD}/m_b; thus only the highly asymmetric momentum configuration is relevant. This is nothing but the exact meaning of the soft overlap. Hard spectator interactions as well as the vertex corrections appear at O(α_s). Numerically Eq. (3) is dominant compared to the O(α_s) contributions.

Recently, a new insight into the heavy-light transition was proposed [21]. It was worked out that there is an upper limit on the momentum of the outgoing quark from the weak vertex, less than the maximum recoil energy of m_b/2. When the heavy quark is changed into the light quark with very high energy via weak interaction, it suddenly moves through the ”brown muck” consisting of the light degrees of freedom. The situation is very similar to the case when an electron goes through a dense medium, where the Cherenkov radiation should occur. Much more similar processes have been studied in the heavy-ion collisions recently. Here an energetic parton enters through a dense hadronic medium, and possible Cherenkov gluon radiation has been considered extensively [22, 23]. The energy loss due to the Cherenkov radiation can be easily calculated: dE_c dx = 4πα_s ∫ n(ϵ)>1 dϵ ϵ [ 1 − 1 n^2(ϵ) ] , (4)

where n(ϵ) is the index of refraction. The nonperturbative nature is encoded in n(ϵ). The amount of energy loss for heavy-ion collisions varies around 0.1 ∼ 1 GeV/fm up to the model. But it is generally accepted that the energy loss due to the Cherenkov radiation is smaller than the normal radiation by multiple scattering.

Roughly speaking, the Cherenkov energy loss is about [22] dE_c/dx ∼ 4πα_sℓ^2_0/2, where ℓ_0 ∼ O(Λ_{QCD}) is the gluon energy. The total energy loss might be E_c E ∼ 4πα_s ℓ^2_0L 2E ∼ O ( Λ_{QCD} m_B ) , (5)

where L ∼ 1/Λ_{QCD} is the flight length of the energetic parton during the formation of π. More precise estimation requires the detailed structure of the index of refraction n(ϵ). But this naive power counting is enough to give an important message for the soft overlap. If we take into account the Cherenkov energy loss, the convolution integral of Eq. (3) will be changed into f^{tree}_i ∼ ∫_{1−Ec/E} u_0

du ϕ_π(u)T_H (u) . (6) Since 1−u_0 ∼ O(Λ_{QCD}/m_B ) ∼ E_c/E, the integration domain shrinks severely. Consequently the soft overlap is highly suppressed.

It will be a good phenomenological trade to introduce the cutoff ū_c ≡ 1 − u_c ≡ 1 − E_c/E for the nonperturbative n(ϵ). It was shown in [21] that for a natural scale of u_c ≃ m_π/m_B one gets a compatible result for B → π form factors with other approaches.

In this paper, we extend this approach to several B → P, V decays. The extension is quite straightforward. In the next Section, the relevant decay form factors are defined and the end-point singularities are identified. In Sec. III, various form factors are evaluated with the momentum fraction cutoffs, which originate from the Cherenkov energy loss. Section IV contains discussions and conclusions.

II. END-POINT SINGULARITIES

The form factors of B̄ decays into P, V are defined by [11]

⟨P (p)|q̄γ^μb|B̄(p_B )⟩ = f_+(q^2) [ p^μ_b + p^μ − m^2_B − m^2_P q^2 q^μ ] + f_0(q^2) m^2_B − m^2_P

q^2 q^μ ,(7) ⟨P (p)|q̄σ^{μν} q_ν b|B̄(p_B )⟩ = if_T (q^2) m_B + m_P [ q^2(p^μ_B + p^μ) − (m^2_B − m^2_P )q^μ ] , (8) ⟨V (p, ϵ^∗)|q̄γ^μb|B̄(p_B )⟩ = 2iV (q^2) m_B + m_V ϵ^{μνρσ} ϵ^∗_ν p_ρp^B_σ , (9) ⟨V (p, ϵ^∗)|q̄γ^μγ_5b|B̄(p_B )⟩ = 2m_V A_0(q^2) ϵ^∗ · q q^2 q^μ + (m_B + m_V )A_1(q^2) [ ϵ^{∗μ} − ϵ^∗ · q q^2 q^μ ]

−A_2(q^2) ϵ^∗ · q m_B + m_V [ p^μ_B + p^μ − m^2_B − m^2_V q^2 q^μ ] , (10)

⟨V (p, ϵ^∗)|q̄σ^{μν} q_ν b|B̄(p_B )⟩ = 2T_1(q^2)ϵ^{μνρσ} ϵ^∗_ν p^B_ρ p_σ , (11) ⟨V (p, ϵ^∗)|q̄σ^{μν} γ_5q_ν b|B̄(p_B )⟩ = −iT_2(q^2) [ (m^2_B − m^2_V )ϵ^{∗μ} − (ϵ^∗ · q)(p^μ_B + p^μ) ]

−iT_3(q^2)(ϵ^∗ · q) [ q^μ − q^2 m^2_B − m^2_V

(p^μ_B + p^μ) ] , (12)

where

ϵ^{0123} = −1 , (13)

q^μ ≡ p^μ_B − p^μ , (14)

ϵ^μ : polarization vector of V , (15)

m_M : mass of M = B, P, V . (16)

The end-point singularity appears when one considers the gluon exchange diagrams with the spectator quarks (Fig. 1). Their amplitude is proportional to the scattering kernel [11] T_{ijℓm} = −g^2C_F γ^μ_{ℓm} (p_2 − k)^2 [ Γ p/_b + k/ − p/_2 + m_b (p_b + k − p_2)^2 − m^2_b γ_μ + γ_μ p/_1 − k/ + p/_2 (p_1 − k + p_2)^2 Γ ] ij , (17)

which will be convoluted with the meson DAs to give the full amplitude. At the heavy quark and large recoil limit, the kernel reduces to T_{ijℓm} ≃ −g^2C_F γ^μ_{ℓm} [ Γ m_b(1 + v/) − ūEn/ 4ū^2m_bE^2k^+ γ_μ + γ_μ En/ − k/ 4ūE^2(k^+)^2 Γ ] ij , (18)

where p_b = m_bv, p = En, p_1 = up, p_2 = ūp ≡ (1 − u)p, and k^+ = n · k with n being a light-like vector. The end-point singularity occurs when ū → 0 or k^+ → 0 unless the meson DAs fall fast enough to compensate the factors of ū^n or (k^+)^n in the denominator. Actually,

FIG. 1: Gluon exchanges with the spectator quarks.

the asymptotic form of DAs of the light mesons are ϕ^{ays}(u) ∼ uū. As for B DAs, the specific forms depend on models, but they can also suffer from the end-point singularity with 1/(k^+)^2 factors. In this work, we just concentrate on the problem of ū → 0 for simplicity, because it is conceptually more important.

From this observation, it is commonly argued that heavy-light transition is dominated by the ”soft” physics where ū → 0. And the troublesome divergent terms are absorbed into the nonperturbative ”soft” form factor [11]. Dominance of the soft-overlap contribution is then supported by the phenomenological fitting within this parametrization. Note that near the end point where ū → 0, p_1 → p and p_2 → 0; the parton momenta of the outgoing light meson are highly asymmetric. However, one cannot conclude that the soft physics dominates from unphysical divergences. Even worse is that we cannot extrapolate the nonperturbative physics from the perturbative analysis. When ū is very close to 0, the offshellness of the exchanged gluon momentum (p_2 − k)^2 ∼ −2ūEk^+ is vanishing, so we are entering the nonperturbative regime. In this case the neglected terms of order ∼ O(Λ_{QCD}) become significant, and thus Eq. (18) is not reliable any longer.

At this stage, it will be very interesting to see how the ”soft” form factor is treated in SCET. In SCET the soft form factor is defined by a series of operators containing collinear quarks only [14]. In other words, energetic final-state meson is described solely by the collinear quarks; soft+collinear combination is not allowed. This is also justified by the large rapidity gap in [15]. That’s the reason why the defining operators have the interaction Lagrangians L_{ξq} or messenger modes which convert the soft spectator quark (q) into collinear one (ξ) through the exchange of collinear gluons or into the soft-collinear quark. In this sense, there is no soft-overlap contributions in SCET a priori.

This makes a sharp contrast with the works of [8, 24] where the soft-overlap contribution plays an important role. Also in many literatures the end-point singular terms are absorbed into the soft form factor as in Eq. (1) [11, 25]. Thus the ”soft” form factor ξ^M_i contains both soft overlap and hard spectator interactions. This parametrization is not bad in a viewpoint of the spin symmetry because all the terms in the soft form factor satisfy the spin-symmetry relations. But it may cause some confusions; for example, it is not adequate to directly compare ξ^M_i with ζ^{BM} since the soft overlap is included in the former while not in the latter from the construction. As pointed out in [25], it might be unfruitful to extract the hard scattering effects from ξ^M_i to leave it purely nonperturbative. However, it is at least conceptually important to separate the soft overlap from the hard scattering when which of the two is dominant matters.

One more profound matter in SCET regarding the end-point singularity is double counting. The phase space region where ū → 0 corresponds to the zero-bin of the collinear momentum, which must be subtracted to avoid double counting [15]. The zero-bin subtraction is equivalent to introducing the IR cutoff regulator.

As argued in Sec. I, there is a new possibility for the energy cutoff due to the Cherenkov gluon radiation in the full theory. The origin of this cutoff is of course quite different from that of zero-bin subtraction; the latter is necessary for an effective theory where the various momentum scales are involved. It is related to the self-consistency of the effective theory. But there is a situation where only collinear modes are considered, as in producing energetic light mesons from heavy-light decays. In this case the zero-bin subtraction corresponds to establishing a cutoff below which one should not enter. The Cherenkov energy loss explains why this must be the case; the energetic parton cannot reach far near end point.

The suppression of soft overlap can be easily seen in Eqs. (3), (6). In numerical calculations, however, the value of u_0 is not so close to 1. Typically, u_0 ≈ 0.65 ∼ 0.70 for B → π. Its deviation from unity is much larger than the usual Λ_{QCD}/m_B ≈ 0.04 for Λ_{QCD} ∼ 200 MeV. It is very difficult and ambiguous to determine what portion of momentum should be transferred to insure the soft overlap configuration, or to make soft quark collinear. But it is quite true that Eq. (3) contains more than ”soft overlap” with u_0 ≈ 0.65 ∼ 0.70 in numerics.

Furthermore, the approximation in [24] f^{tree}_+ ∼ ∫_1

u_0 du ϕ_π(u) ≈ − 1 2 ϕ^′_π(1)ū^2_0 ≃ 0.35 , (19)

tends to increase the numerical value compared to the original integral (≃ 0.27). This is because ū_0 ≡ 1 − u_0 ≃ 0.34 is not sufficiently small. In short, the soft overlap contribution is overestimated in LCSR. The pure soft overlap contribution comes from the much narrower range of momentum fraction, which would be shrunken again by the Cherenkov radiation.

III. FORM FACTORS WITH MOMENTUM FRACTION CUTOFFS

In what follows, we assume that the soft overlap is negligible because of the cutoff by the Cherenkov energy loss. This approach is on the same line as pQCD or SCET where the soft overlap is ignored. The B → P, V form factors are then given by the hard gluon exchange processes. There is now one nonperturbative parameter u_c which regulates the divergent convolution as a cutoff. Explicitly [11],

f_+ = ( α_sC_F 4π ) ( π^2f_B f_P m_B N_cE^2 ) ∫_{ūc} u_c du ∫_∞ 0 dk^+ { 4E − m_b m_b ϕ(u)ϕ^B_+(k^+) ūk^+ + 1 + ū ū^2k^+ ϕ(u)ϕ^B_−(k^+) + μ_π 2E [ 1 ū^2k^+ ( ϕ_p(u) − ϕ^′_σ(u) 6 ) + 4E ū(k^+)^2 ϕ_p(u) ] ϕ^B_+(k^+) } ,(20)

f_0 = ( 2E m_B ) f_+ + ( α_sC_F 4π ) ( m_B − 2E 2E ) ΔF_P , (21)

f_T = ( m_B + m_P m_B ) f_+ − ( α_sC_F 4π ) ( m_B + m_P 2E ) ΔF_P , (22)

for B → P , where N_c = 3, μ_π = m^2_P /(m_1 + m_2), and ϕ_{p,σ}(u) are the higher twist DAs. Here,

ΔF_P = ( 8π^2f_B f_P N_cm_B ) ⟨k^{−1}_+ ⟩_+⟨ū^{−1}⟩_P , (23)

where

⟨k^{−1}_+ ⟩_+ ≡ ∫ dk^+ ϕ^B_+(k^+)

k^+ , ⟨ū^{−1}⟩_P ≡ ∫ du ϕ(u) ū . (24)

For B → V , we have V = ( α_sC_F 4π ) ( π^2f_B m_B N_cE^2 ) ( m_B + m_V m_b ) ∫_{ūc} u_c du ∫_∞ 0 dk^+ {

f_⊥ϕ_⊥(u)ϕ^B_−(k^+) ū^2k^+ + f_V m_V 2E ( 2E ū(k^+)^2 + 1 ū^2k^+ ) [ g^{(v)}_⊥ (u) − g^{′(a)}_⊥ (u) 4 ] ϕ^B_+(k^+) } , (25)

A_0 = ( α_sC_F 4π ) ( π^2f_B m_B N_cE^2 ) ∫_{ūc} u_c du ∫_∞ 0 dk^+ { f_V ϕ_‖(u)ϕ^B_+(k^+) ūk^+ + 1 + ū ū^2k^+ f_V ϕ_‖(u)ϕ^B_−(k^+)

+ f_⊥m_V 2E [ − 2E ū(k^+)^2 h^{′(s)}_‖ (u)ϕ^B_+(k^+) + 1 ū^2k^+ ( h^{(t)}_‖ (u) − h^{′(s)}_‖ 2 ) ϕ^B_+(k^+) ] } , (26)

A_1 = [ 2Em_B (m_B + m_V )^2 ] V , (27)

A_2 = V − [ m_V (m_B + m_V ) Em_B ] A_0 + ( α_sC_F 4π ) m_V (m_B + m_V ) Em_B m^2_B − 2m_bE 4E^2

ΔF_‖ , (28)

T_1 = ( m_B m_B + m_V ) V + ( α_sC_F 4π ) m_B 4E ΔF_⊥ , (29)

T_2 = ( 2E m_B + m_V ) V + ( α_sC_F 4π ) 1 2 ΔF_⊥ (30)

T_3 = ( m_B m_B + m_V ) V − (m_V E ) A_0 + ( α_sC_F 4π ) ( m_B 4E ΔF_⊥ + m_V m^2_B 4E^3 ΔF_‖ ) . (31)

As in the B → P case, we define

ΔF_⊥ = ( 8π^2f_B f_⊥ N_cm_B ) ⟨k^{−1}_+ ⟩_+⟨ū^{−1}⟩_⊥ , (32)

ΔF_‖ = ( 8π^2f_B f_V N_cm_B ) ⟨k^{−1}_+ ⟩_+⟨ū^{−1}⟩_‖ , (33)

where ⟨ū^{−1}⟩_{⊥,‖} ≡ ∫ du ϕ_{⊥,‖}(u) ū . (34)

The twist-3 DAs g^{(v,a)}_⊥ (u) and h^{(t,s)}_‖ (u) can be written in terms of the twist-2 DAs by Wandzura-Wilczek type relations [11, 26]

g^{(v)}_⊥ (u) = 1 2 [∫_u 0 ϕ_‖(v) v̄ dv + ∫_1 u ϕ_‖(v) v dv ] + · · · , g^{(a)}_⊥ (u) = 2 [ ū ∫_u 0 ϕ_‖(v) v̄ dv + u ∫_1 u ϕ_‖(v) v dv ] + · · · , h^{(t)}_‖ (u) = (2u − 1) [∫_u 0 ϕ_⊥(v) v̄ dv − ∫_1 u ϕ_⊥(v) v dv ] + · · · , h^{(s)}_‖ (u) = 2 [ ū ∫_u 0 ϕ_⊥(v) v̄ dv + u ∫_1 u ϕ_⊥(v) v dv ] + · · · . (35) u_c^{mπ}_{mB} 0.02 0.0213 LCSR [18] f^π_+(0) 0.212 0.273 0.258 0.258 f^π_T (0) 0.185 0.247 0.231 0.253 f^K_+ (0) 0.265 0.341 0.322 0.331 f^K_T (0) 0.248 0.330 0.309 0.358 f^η_+(0) 0.221 0.285 0.269 0.275 f^η_T (0) 0.209 0.279 0.262 0.285

TABLE I: B → P form factors for various u_c. α_s is taken at μ = √ m_B Λ_{QCD} ≃ 1.47 GeV.

Note that the integration domain is changed into

∫_1 0 du → ∫_{ūc} u_c du to avoid the soft overlap

region. The integral over k^+ will cause another divergence at k^+ = 0. We simply introduce an IR cutoff Λ̄ = m_B − m_b for B meson sector. To get the numerical estimate, we use the asymptotic form of ϕ, ϕ_{p,σ,‖,⊥}, and

ϕ^B_+(ω) = ω ω^2_0 e^{−ω/ω0} , ϕ^B_−(ω) = 1 ω_0 e^{−ω/ω0} , (36) where ω_0 is a model parameter [27]. The results are summarized in Tables I, II for some u_cs.

In these Tables, u_c = m_π/m_B is given as a natural representative scale in heavy-light decays. Note that the larger u_c, the smaller form factors. Results from LCSR is also listed for comparison. The value of u_c = 0.0213 (0.0135) is chosen to coincide the value of f^π_+(0) (V^ρ(0)) with that from LCSR. Comparing the columns of u_c = 0.0213 (0.0135) and LCSR, f_is for B → P are generally in good agreement except f^K_T (0). As for B → V , we can find the following tendency; A^{cutoff}_0 ≫ A^{LCSR}_0 , A^{cutoff}_1 ∼ A^{LCSR}_1 , A^{cutoff}_2 ≲ A^{LCSR}_2 , T^{cutoff}_1 > T^{LCSR}_1 , T^{cutoff}_3 ∼ T^{LCSR}_3 .

IV. DISCUSSIONS AND CONCLUSIONS

Present analysis is done with the asymptotic forms of light meson DAs. Typically, nonasymptotic effects contribute by a few tens of percent, so inclusion of them will be required to refine the results. One of the main source of uncertainty is the B meson DA, ϕ^B_±(ω). Usually the problematic divergent terms involving ϕ^B_± are also absorbed into the soft u_c^{mπ}_{mB} 0.02 0.0135 LCSR [19] V^ρ(0) 0.162 0.217 0.324 0.323 A^ρ_0(0) 0.225 0.298 0.441 0.303 A^ρ_1(0) 0.123 0.165 0.247 0.242 A^ρ_2(0) 0.089 0.119 0.178 0.221 T^ρ_1 (0) 0.161 0.209 0.303 0.267 T^ρ_3 (0) 0.110 0.137 0.189 0.176 V^ω(0) 0.156 0.209 0.313 0.293 A^ω_0 (0) 0.208 0.275 0.407 0.281 A^ω_1 (0) 0.118 0.159 0.237 0.219 A^ω_2 (0) 0.087 0.117 0.176 0.198 T^ω_1 (0) 0.154 0.200 0.290 0.242 T^ω_3 (0) 0.106 0.133 0.184 0.155 V^{K∗} (0) 0.201 0.269 0.403 0.411 A^{K∗}_0 (0) 0.296 0.359 0.535 0.374 A^{K∗}_1 (0) 0.147 0.197 0.295 0.292 A^{K∗}_2 (0) 0.096 0.129 0.193 0.259 T^{K∗}_1 (0) 0.192 0.251 0.366 0.333 T^{K∗}_3 (0) 0.119 0.148 0.203 0.202 TABLE II: B → V form factors for various u_c.

form factors. The remaining part contains the inverse moment of ϕ^B_+; ∫_∞ 0 dω ϕ^B_+(ω) ω ≡ 1 λ_B . (37) With Eq. (36), one simply has λ_B = ω_0. We fix ω_0 = 2Λ̄/3 = 0.32 GeV [27]. The divergent moment is parametrized as 1 κ_B ≡ ∫_∞ 0 dω ϕ^B_−(ω) ω → ∫_∞ Λ̄ dω ϕ^B_−(ω) ω , (38) where Λ̄ acts as an IR regulator. In this parametrization with Eq. (36), the singular inversesquare moment over ϕ^B_+ is ∫_∞ 0 dω ϕ^B_+(ω) ω^2 = 1 ω_0κ_B

. (39)

It might be that the bad thing is not the singularity itself; the singular behavior would be even worse in the sense that the form factors are very sensitive to the cutoff or regulator. At least, we need to reduce the hadronic uncertainty on, say, λ_B . But current analysis shows that for a reasonable set of cutoffs the form factors are compatible with the literature. The point is that there must be a fundamental cutoff in heavy-light decay due to the Cherenkov energy loss.

The necessary condition for the Cherenkov radiation is Re[n(ϵ)] > 1, where n(ϵ) is the index of refraction. Analogous to the photon case, n(ϵ) − 1 is proportional to the forward scattering amplitudes F (ϵ). At low energies, Re[F (ϵ)] > 0 if ϵ > ϵ_R for the Breit-Wigner resonance F (ϵ) ∼ (ϵ − ϵ_R + iΓ/2)^{−1} where ϵ_R is the resonant energy and Γ is the decay width [23]. Since the light mesons are possible intermediate resonances of the brown muck, the necessary condition can be easily satisfied also in B → P, V transitions.

In exclusive decays, the Cherenkov gluons will eventually couple and transfer the energy to the light degrees of freedom to make the final state meson. On the other hand, in inclusive decays, they can appear as conelike jet events. If the jets form a specific angle which cannot be explained by conventional arguments, then they will be a strong candidate for the Cherenkov gluons.

At a glance, the suppression of soft overlap by Cherenkov energy loss looks like Sudakov effects. But the Cherenkov radiation is purely medium effects. The Sudakov factor plays a role of weight for meson DAs which falls very rapidly (though controversial) near the endpoint region. However, this is basically the extrapolation into the nonperturbative regime from the perturbative calculations. The spirit of this work is that we should not imagine the nonperturbative physics in the line of perturbative approaches. The index of refraction n(ϵ) is a robust nonperturbative object which forbids the energetic parton from the weak vertex to go far into the end-point region.

In conclusion, we propose a fundamental cutoff for the heavy-to-light transitions due to possible Cherenkov gluon radiation. It naturally avoids the end-point singularity and double counting problems. In this picture the soft overlap contribution is highly suppressed; heavyto-light decay is dominated by the hard scattering processes. Though the numerical values of the weak form factor are very sensitive to the choice of the cutoff, for a natural scale of u_c one gets a compatible result with other approaches. The existence of Cherenkov gluons can be directly checked from the conelike jets in inclusive decays.

Acknowledgments

The author thanks Hsiang-nan Li for helpful discussions.

[1] J. Charles, A. Le Yaouanc, L. Oliver, O. Pene and J. C. Raynal, Phys. Rev. D 60, 014001 (1999) [arXiv:hep-ph/9812358].

[2] H. n. Li and H. L. Yu, Phys. Rev. Lett. 74, 4388 (1995) [arXiv:hep-ph/9409313]; Phys. Rev.

D 53, 2480 (1996) [arXiv:hep-ph/9411308].

[3] Y. Y. Keum, H. n. Li and A. I. Sanda, Phys. Lett. B 504, 6 (2001) [arXiv:hep-ph/0004004];

Phys. Rev. D 63, 054008 (2001) [arXiv:hep-ph/0004173].

[4] Y. Y. Keum and H. n. Li, Phys. Rev. D 63, 074006 (2001) [arXiv:hep-ph/0006001]. [5] T. Kurimoto, H. n. Li and A. I. Sanda, Phys. Rev. D 65, 014007 (2002) [arXiv:hep-ph/0105003].

[6] H. n. Li, Phys. Rev. D 66, 094010 (2002) [arXiv:hep-ph/0102013].

[7] S. Descotes-Genon and C. T. Sachrajda, Nucl. Phys. B 625, 239 (2002) [arXiv:hep-ph/0109260].

[8] B. O. Lange and M. Neubert, Nucl. Phys. B 690, 249 (2004) [Erratum-ibid. B 723, 201 (2005)] [arXiv:hep-ph/0311345].

[9] R. J. Hill, T. Becher, S. J. Lee and M. Neubert, JHEP 0407, 081 (2004) [arXiv:hep-ph/0404217].

[10] Z. T. Wei and M. Z. Yang, Nucl. Phys. B 642, 263 (2002) [arXiv:hep-ph/0202018]; C. D. Lu and M. Z. Yang, Eur. Phys. J. C 28, 515 (2003) [arXiv:hep-ph/0212373].

[11] M. Beneke and T. Feldmann, Nucl. Phys. B 592, 3 (2001) [arXiv:hep-ph/0008255]. [12] M. Beneke, G. Buchalla, M. Neubert and C. T. Sachrajda, Phys. Rev. Lett. 83, 1914 (1999) [arXiv:hep-ph/9905312]; Nucl. Phys. B 591, 313 (2000) [arXiv:hep-ph/0006124].

[13] C. W. Bauer, S. Fleming and M. E. Luke, [arXiv:hep-ph/0005275]; C. W. Bauer, S. Fleming, D. Pirjol and I. W. Stewart, Phys. Rev. D 63, 114020 (2001) [arXiv:hep-ph/0011336]; C. W. Bauer and I. W. Stewart, Phys. Lett. B 516, 134 (2001) [arXiv:hep-ph/0107001]; C. W. Bauer, D. Pirjol and I. W. Stewart, Phys. Rev. D 65, 054022 (2002) [arXiv:hep-ph/0109045].

[14] C. W. Bauer, D. Pirjol and I. W. Stewart, Phys. Rev. D 67, 071502 (2003) [arXiv:hep-ph/0211069].

[15] A. V. Manohar and I. W. Stewart, arXiv:hep-ph/0605001.

[16] C. W. Bauer, D. Pirjol, I. Z. Rothstein and I. W. Stewart, Phys. Rev. D 70, 054015 (2004) [arXiv:hep-ph/0401188].

[17] M. Beneke, G. Buchalla, M. Neubert and C. T. Sachrajda, Phys. Rev. D 72, 098501 (2005) [arXiv:hep-ph/0411171].

[18] P. Ball and R. Zwicky, JHEP 0110, 019 (2001) [arXiv:hep-ph/0110115]; Phys. Rev. D 71, 014015 (2005) [arXiv:hep-ph/0406232].

[19] P. Ball and R. Zwicky, Phys. Rev. D 71, 014029 (2005) [arXiv:hep-ph/0412079]. [20] P. Ball and V. M. Braun, Phys. Rev. D 55, 5561 (1997) [arXiv:hep-ph/9701238]. [21] J. P. Lee, Phys. Rev. D 75, 031501 (2007) [arXiv:hep-ph/0612083].

[22] V. Koch, A. Majumder and X. N. Wang, Phys. Rev. Lett. 96, 172302 (2006) [arXiv:nucl-th/0507063]; A. Majumder and X. N. Wang, [arXiv:nucl-th/0507062].

[23] I. M. Dremin, [arXiv:hep-ph/0507167]; [24] P. Ball, arXiv:hep-ph/0308249.

[25] M. Beneke and T. Feldmann, Nucl. Phys. B 685, 249 (2004) [arXiv:hep-ph/0311335]. [26] P. Ball, V. M. Braun, Y. Koike and K. Tanaka, Nucl. Phys. B 529, 323 (1998) [arXiv:hep-ph/9802299].

[27] A. G. Grozin and M. Neubert, Phys. Rev. D 55, 272 (1997) [arXiv:hep-ph/9607366].