arXiv:hep-ph/0601214 v4 23 Aug 2006

Two body B decays with isosinglet final states in SCET

Alexander R. Williamson^1 and Jure Zupan^{1, 2} 1 Department of Physics, Carnegie Mellon University, Pittsburgh, PA 15213 2J. Stefan Institute, Jamova 39, P.O. Box 3000, 1001 Ljubljana, Slovenia

Expressions for decay amplitudes of B̄^0 , B^− and B̄^0_s mesons to two light pseudoscalar or vector mesons, including isosinglet mesons η, η^′, ω, ϕ, are obtained using Soft Collinear Effective Theory at LO in 1/mb. These are then used to predict unmeasured branching ratios, direct and indirect CP asymmetries in B̄^0, B^− and B̄^0_s decays into two light pseudoscalars, following a determination of nonperturbative SCET parameters from existing data using a χ^2-fit. A separate discussion of indirect CP asymmetries in penguin dominated B̄^0 → η^{(′ )}KS,L, π^0 KS,L decays is given.

I. INTRODUCTION

Hadronic two-body B decays constitute both a probe of the electroweak structure of the Standard Model as well as a testing ground for our understanding of QCD dynamics. In B → M M^′ decays with two energetic light final mesons M, M^′ going back-to-back in opposite directions, the amplitude factorizes in the limit m_b ≫ Λ_{QCD}, m_{M,M} ′ . This had made possible the great advancements in our theoretical understanding of B → M M^′ decays over the past several years [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22]. The observation of factorization initially relied on a 2- loop proof [1] (for earlier attempts see [2]). Following the advent of Soft Collinear Effective Theory (SCET) [3] the factorization was then shown to hold to all orders in α_S at leading order in 1/m_b [4, 5, 6, 7, 8, 9], with a possible exception of the contributions from intermediate charm quark states [9, 10, 11, 23].

In this paper we present the first SCET analysis of two body B decays where one of the final mesons contains an isospin singlet admixture to the wave function. This includes all the decays with η, η^′ or ϕ, ω mesons in the final state. As we will show the factorization in the limit m_b → ∞ which was obtained for nonisosinglet final states in Refs. [7, 8, 9, 10], generalizes to the case of isospin singlet final states. The expression for the B → M M^′ amplitude is then schematically A ∝ T_ζ ⊗ ϕ_M ⊗ ζ^{BM ′} + T_J ⊗ ϕ_M ⊗ ζ^{BM ′}_J + . . . , (1) with ⊗ denoting the convolutions over momenta fractions, ϕ_M the light-cone distribution amplitude (LCDA) of a meson that does not absorb the spectator quark, ζ^{BM ′} the soft overlap function, ζ^{BM ′}_J the function describing the completely factorizable contribution, and T_{ζ,J} the corresponding hard scattering kernels, while the ellipsis denotes the charming penguin contributions.

Eq. (1) already contains additional contributions arising from purely gluonic configurations that are specific to decays into pseudoscalar isosinglet states. These for instance lead to new jet functions in the SCET_I →SCET_{II} matching in addition to the ones found in [9], so that

both ζ^{Bη(′ )} and ζ^{Bη(′ )}_J receive leading order gluonic contributions. The phenomenological importance of η^′ gluonic content was emphasized by a number of authors [24, 25, 26] after a discovery of surprisingly large branching ratio ∼ 10^{−4} for semi-inclusive B → η^′X decays some years ago [27]. These expectations are at least partially confirmed by our SCET analysis. The gluonic contributions to the amplitude where the spectator light quark in the B meson is annihilated in the weak vertex are of leading order in the 1/m_b and α_S (m_b) expansions. This result also confirms the discussion of gluonic contributions presented in the QCD factorization calculation of B → η^′K modes [13, 14], where a similar contribution was taken into account as part of B → η^′ form factor. Unlike the authors of Ref. [13, 14], which were forced to assign a rather arbitrary size of either 0% or ∼ 40% for the gluonic contribution to the B → η^′ form factor, we are able to use the wealth of new data from the B-factories and fit for the corresponding SCET nonperturbative parameters.

Following [9] we do not expand the jet functions in terms of α_S ( √ Λm_b) and treat the corresponding functions as nonperturbative parameters that are determined from data along with the charming penguins. Although BBNS [1, 12, 15] have argued that the charming penguins are perturbatively calculable, the more conservative approach of determining the charming penguins from data avoids any inherent uncertainties associated with possibly leading order long distance effects [9, 10, 11, 23]. Taking a conservative approach is especially important, if one aims at interpreting hints of beyond the Standard Model contributions to the observables in ΔS = 1 processes: the πK puzzle [28, 29, 30] and the deviations of S parameters in penguin dominated modes K_S η^′, K_S π^0, K_S ϕ from the naive expectation of S ∼ sin 2β [31, 32, 33]. We devote the second part of our paper to these phenomenological considerations. In the numerical studies we assume that

1/m_b corrections are of typical size ∼ 20% [11].

In this paper we provide expressions for B → P P, P V and V V decays at LO in the 1/m_b and α_S(m_b) expansions, while in the numerical estimates we restrict the analysis to the decays into two pseudoscalars. Similar numerical analyses of B → ππ, πK and B → KK decays using SCET were performed previously in Refs. [9, 10]. In addition to these modes we also discuss decays into final states with η and η^′ mesons, using a χ^2-fit to extract the SCET parameters. Since in [10] a subset of measured observables rather than a χ^2-fit was used to fix the values of SCET parameters, the numerical results of the two analyses do not match exactly, but they do agree within the errors quoted. Furthermore SU(3) flavor symmetry for the SCET parameters is needed at present due to limited data for decays into η and η^′ mesons.

Assuming only isospin symmetry, the amplitudes for ΔS = 0 decays with isosinglets in the final states, i.e. the decays B → πη^{(′ )} and B → η^{(′ )}η^{(′)}, are written in terms of eight new real nonperturbative SCET parameters beyond those describing the B → ππ system (see Eqs. (43)-(49) below) at leading order in 1/m_b. In total there are nineteen observables in B → πη^{(′ )} and B → η^{(′ )}η^{(′)} decays, only four of which have been measured so far. Therefore, we are forced to use SU(3) flavor symmetry to reduce the number of unknowns. The situation is very similar for ΔS = 1 B → Kη^{(′)} decays with a total of ten observables, seven of which have been measured so far, while the amplitudes are expressed in terms of eight new real parameters beyond the ones already present in B → ππ and B → πK decays. Using SU(3) flavor symmetry greatly reduces the number of parameters. In this limit all the B → P P decays are described at LO in 1/m_b in terms of only eight real unknowns (four without isosinglet final states). This should be contrasted with the conventional use of SU(3) decomposition that leads to eighteen reduced matrix elements (nine for each of the two independent CKM elements combination, see Appendix C) and therefore to 35 real unknowns and one unobservable overall phase. We thus choose to work in the SU(3) flavor limit and perform an analysis of all presently available data on B → P P decays from which we predict the values of yet unmeasured observables in both ΔS = 0 and ΔS = 1 decays of B̄^0, B^− and B̄^0_s .

The paper is organized as follows: in Section II the matching of QCD→ SCET_I →SCET_{II} and the resulting amplitudes for two-body decays into light pseudoscalar and vector mesons (including decays into flavor singlet mesons) at leading order in 1/m_b are derived. The phenomenological implications of these results for B^−, B̄^0 and B̄^0_s decays into two light pseudoscalar mesons are then developed in Section III. Notation used throughout the paper is collected in Appendix A, while Appendix B deals with the Dirac structure of the operators multiplying jet functions. Finally, in Appendix C our results are rewritten in terms of SU(3) reduced matrix elements and a translation to the diagrammatic notation is made.

II. TWO-BODY B DECAYS IN SCET

The starting point is the effective weak Hamiltonian at the scale μ ∼ m_b for the ΔS = 1 two body B decays [34]

H_W = G_F √ 2 ∑ p=u,c λ^{(s)}_p ( C_1O^p_1 +C_2O^p_2 + 10,7γ,8g ∑ i=3 C_iO_i ) , (2)

where the CKM factors are λ^{(s)}_p = V_{pb}V^∗_{ps} and the standard basis of four-quark operators is

O^p_1 = (p̄b)(s̄p)_−, O^p_2 = (p̄_β b_α)(s̄_αp_β)_−, O_{3,5} = (s̄b)(q̄q)_∓, O_{4,6} = (s̄_αb_β)(q̄_β q_α)_∓,

O_{7,9} = 3e_q 2 (s̄b)(q̄q)_±, O_{8,10} = 3e_q 2 (s̄_αb_β)(q̄_β q_α)_±, (3)

with the abbreviation (q̄_1γ^μ(1 − γ_5)q_2)(q̄_3γ^μ(1 ∓ γ_5)q_4) ≡ (q̄_1q_2)(q̄_3q_4)_∓. The color indices α, β are displayed only when the sum is over fields in different brackets. In the definition of the penguin operators O_{3−10} in (3) there is also an implicit sum over q = {u, d, s, c, b}. The electromagnetic and chromomagnetic operators are O_{{7γ,8g}} = − m_b 4π^2 s̄σ^{μν} {eF_{μν} , gG_{μν}}P_Rb. (4) The weak Hamiltonian for ΔS = 0 decays is obtained from (2)-(4) through the replacement s → d. We will be working to leading order in α_S (m_b) so the values for the Wilson coefficients in (2) are given at LL order in the NDR scheme for α_S (m_Z ) = 0.119, α^{em} = 1/128, m_t = 174.3, even though NLL values are available [34]. At the scale μ = m_b = 4.8 GeV the Wilson coefficients C_i for tree and QCD penguin operators (2) are [34]

C_{1−6}(m_b) ={1.110, −0.253, 0.011, −0.026, 0.008, −0.032}, (5) while for electroweak penguin (EWP) operators [12, 34]

C_{7−10}(m_b) = {0.09, 0.24, −10.3, 2.2} × 10^{−3}, (6)

and for the magnetic operators C_{7γ} (m_b) = −0.315, C_{8g}(m_b) = −0.149.

The effective weak Hamiltonian (2) of full QCD is matched to the corresponding weak Hamiltonian in SCET. In the two-body B → M_1M_2 decays there are three distinct scales, the hard scale ∼ m_b due to the energy available to the decay products in the B rest frame, the typical hadronic soft scale Λ, and the hard collinear scale √ m_bΛ. This last scale corresponds to the typical momentum transfer needed to boost the spectator quark in the B meson with soft momentum k ∼ Λ so that it ends up in the final meson M_1 with a momentum p ∼ m_b(λ^2, 1, λ), where λ = Λ/m_b. The notation here is p^μ = (n · p, n̄ · p, p_⊥), with the meson M_1 containing the spectator quark going in the n^μ = (1, 0, 0, −1) direction, while M_2 goes in the opposite n̄^μ = (1, 0, 0, 1) direction. The presence of three distinct scales leads to a two-step matching procedure [35]. First hard scale m_b is integrated out so that the effective weak Hamiltonian (2) in full QCD is matched to the Hamiltonian in SCET_I where the scaling of jet momenta in n and n̄ directions are m_b(λ, 1, √ λ) and m_b(1, λ, √ λ) respectively. This is then matched to a set of nonlocal operators in SCET_{II} with jet functions as Wilson coefficients [35]. In the following two subsections we closely follow the matching at LO in 1/m_b performed in Ref. [9], extending it at the same time to a larger set of operators including the operators that contribute only for the isosinglet final states.

A. Matching to SCETI

To have a complete set of leading order contributions in the second step, we keep in the SCET_I Hamiltonian [9] H_W = 2G_F √ 2 ∑ n,n̄ { ∑ i ∫ [ dω_j ]_3 j=1c^{(f)}_i (ω_j )Q^{(0)}_{if} (ω_j ) + ∑ i ∫ [dω_j ]^4_{j=1}b^{(f)}_i (ω_j )Q^{(1)}_{if} (ω_j ) + Q_{c̄c} } , (7)

both the leading order operators Q^{(0)}_{if} as well as a subset

of relevant subleading operators Q^{(1)}_{if} in the √ λ expansion, where f = d (f = s) for ΔS = 0 (ΔS = 1) processes. In (7) the charming penguin contributions [23] are isolated in the operator Q_{c̄c}. Since 2m_c ∼ m_b the intermediate charm quarks annihilating into two collinear quarks (see Fig. 1) is a configuration where the intermediate on-shell charm quarks have a small relative velocity v and can lead to long distance nonperturbative effects due to the exchange of soft gluons. These contributions are α_S (2m_c)f(2m_c/m_b)v parametrically suppressed [9, 10, 11], with f(2m_c/m_b) a factor encoding that only in part of the phase space the charm quarks have small relative velocities. The view of BBNS [1, 15] is that this phase space suppression of the threshold region is strong enough so that nonperturbative contributions are subleading. Bauer et al. [9, 10, 11] on the other hand argue that since 2m_c/m_b ∼ O(1) then also f(2m_c /m_b) ∼ 1. Sizable charming penguin contributions have also been found in recent light-cone calculation [36]. The most conservative approach is to introduce new unknown parameters describing charming penguin contributions that are then fit from data, so this is the approach we will follow.

In (7) the same notation as in Refs. [9, 10] is used. The set of leading order operators in this notation is

Q^{(0)}_{1s} = [ū_{n,ω1} n̸̄P_Lb_v][s̄_{n̄,ω2} n̸P_Lu_{n̄,ω3} ], Q^{(0)}_{2s,3s} = [s̄_{n,ω1} n̸̄P_Lb_v][ū_{n̄,ω2} n̸P_{L,R}u_{n̄,ω3} ], Q^{(0)}_{4s} = [q̄_{n,ω1} n̸̄P_Lb_v][s̄_{n̄,ω2} n̸P_Lq_{n̄,ω3} ], Q^{(0)}_{5s,6s} = [s̄_{n,ω1} n̸̄P_Lb_v][q̄_{n̄,ω2} n̸P_{L,R}q_{n̄,ω3} ], (8)

FIG. 1: The configuration with intermediate on-shell charm quarks annihilating into two collinear quarks going in the opposite directions can lead to nonperturbative long distance contributions due to soft gluon exchanges [9]. The double line denotes heavy quark, spectator quark is not shown.

and the gluonic operator Q^{(0)}_{gs} = m_b[s̄_{n,ω1} n̸̄P_Lb_v] Tr[B^{⊥μ}_{n̄,ω2} B^{⊥ν}_{n̄,ω3} ]iϵ_{⊥μν}, (9) where the trace is over color indices. Above, an implicit summation over light quark flavors q = {u, d, s} is understood. The operators Q^{(0)}_{5s,6s,gs} contribute only to isospin singlet mesons and were not needed in [9, 10]. The quark fields in Equations (8) and (9) already contain the Wilson line together with the collinear quark field

q_{n,ω} = [δ(ω − n̄ · P)W^†_nξ^{(q)}_n ], (10)

with the usual bracket prescription that P operates only inside the square brackets [3]. We also define a purely gluonic operator related to the (n̄, ⊥) component of the gluon field strength igB^{⊥μ}_{n,ω} = 1 (−ω) [ W^†_n[in̄ · D_{c,n}, iD^μ_{n,⊥}]W_nδ(ω − n̄ · P^†) ] . (11) In (8) the operators with T^A ⊗ T^A color structure were not listed, since they do not contribute to color singlet final states. Similarly, a gluonic operator with ϵ_{⊥μν} → g_{⊥μν} in (9) is not considered, as it does not contribute to P, V final states due to parity. The Q^{(0)}_{id} operators for the ΔS = 0 weak Hamiltonian are obtained from (8), (9) with the replacement s → d.

The relevant O( √ λ) operators are [9]

Q^{(1)}_{1s} = −2 m_b [ū_{n, ω1} ig B̸^⊥_{n, ω4} P_Lb_v][s̄_{n̄, ω2} n̸P_Lu_{n̄, ω3} ], Q^{(1)}_{2s,3s} = −2 m_b [s̄_{n, ω1} ig B̸^⊥_{n, ω4} P_Lb_v][ū_{n̄, ω2} n̸P_{L,R}u_{n̄, ω3} ], Q^{(1)}_{4s} = −2 m_b [q̄_{n, ω1} ig B̸^⊥_{n, ω4} P_Lb_v][s̄_{n̄, ω2} n̸P_Lq_{n̄, ω3} ], Q^{(1)}_{5s,6s} = −2 m_b [s̄_{n, ω1} ig B̸^⊥_{n, ω4} P_Lb_v][q̄_{n̄, ω2} n̸P_{L,R}q_{n̄, ω3} ], Q^{(1)}_{7s} = −2 m_b [ū_{n, ω1} igB^{⊥μ}_{n, ω4} P_Lb_v][s̄_{n̄, ω2} n̸γ^⊥_μ P_Ru_{n̄, ω3} ], Q^{(1)}_{8s} = −2 m_b [q̄_{n, ω1} igB^{⊥μ}_{n, ω4} P_Lb_v][s̄_{n̄, ω2} n̸γ^⊥_μ P_Rq_{n̄, ω3} ], (12)

FIG. 2: Matching to Q^{(0)}gs vanishes at LO in 1/mb with a representative diagram given in a). In b) nonzero diagrams that contribute at LO in 1/mb to Q^{(1)}gs matching are given. The square represents insertion of O8g . The up- (down-) going wiggly-solid lines denote n̄ (n) collinear gluons. The offshell gluon (wiggly line) in the third diagram can also attach to any of the cross vertices.

FIG. 3: The power suppressed contributions with off-shell charm quarks emitting collinear gluons in n̄ direction.

and the operator with additional n̄ collinear gluon fields Q^{(1)}_{gs} = −2[s̄_{n, ω1} ig B̸^⊥_{n, ω4} P_Lb_v] Tr[B^{⊥μ}_{n̄,ω2} B^{⊥ν}_{n̄,ω3} ]iϵ_{⊥μν} , (13)

while, quite similarly to (9), we do not consider the additional gluonic operator with g_{⊥μν} instead of ϵ_{⊥μν} in (13), since it does not contribute to P, V final states due to parity conservation. As before Q^{(1)}_{id} are obtained by making the replacement s → d in the above definitions.

The Wilson coefficients c^{(f)}_i for the operators in (8) and b^{(1)}_{1s,2s} for the operators in (12) are known to NLO in α_S (m_b) [1, 8, 37], while the rest of the Wilson coefficients b^{(f)}_i for the operators in (12) are at present known only to leading order. In the phenomenological part of our paper, Section III, we work at LO in the α_S (m_b) expansion. At this order there are no contributions from Q^{(0)}gs and Q^{(1)}gs operators (9), (13) since the tree level matching shown in Fig. 2 and given explicitly below, is already α_S (m_b) suppressed.

We also work at leading order in Λ/m_b. In particular this means that we systematically neglect the contributions to B → P η^{(′)} amplitudes with two collinear gluons being emitted from the charm loop (see Fig. 3 a)). Here the intermediate charm quarks are off-shell, unlike the charming penguin configuration, Fig. 1. The diagram in Fig. 3 a) matches onto the ( √ λ)^2 suppressed operator [s̄_{n,ω1} n̸̄P_Lb_v] Tr[B^{⊥μ}_{n̄,ω2} in̄ · D_{n̄}B^{⊥ν}_{n̄,ω3} ]ϵ_{⊥μν}, (14) with a Wilson coefficient that is a function of 2m_c/m_b and can be found from results in [13]. Similarly, the remaining diagrams of Fig. 3 with one n̄ gluon emitted from b or n collinear quark line are part of the matching onto at least √ λ suppressed operators.

This leaves us with the set of operators (8) and (12) that contribute at LO in 1/m_b and α_S (m_b). Note that the Wilson coefficients in (7) already contain the CKM elements. Furthermore, the basis of operators (8) and (12) is a minimal choice, where the operator relation O_{9,10} =^3_2 [O^u_{2,1} + O^c_{2,1}] −^1_2 O_{3,4}, valid after off-shell b quarks are integrated out, was utilized. This leads to the following tree level matching for the four-quark operators

c^{(f)}_{1,2} = λ^{(f)}_u [ C_{1,2} + 1 N C_{2,1} ] − λ^{(f)}_t 3 2 [ 1 N C_{9,10} + C_{10,9} ] , c^{(f)}_3 = − 3 2 λ^{(f)}_t [ C_7 + 1 N C_8 ] , c^{(f)}_{4,5} = −λ^{(f)}_t [ 1 N C_{3,4} + C_{4,3} − 1 2N C_{9,10} − 1 2 C_{10,9} ] , c^{(f)}_6 = −λ^{(f)}_t [ C_5 + 1 N C_6 − 1 2 C_7 − 1 2N C_8 ] . (15)

while NLO matching can be obtained from [1, 8]. The tree level matching of the dimension seven operators leads to

b^{(f)}_{1,2} = λ^{(f)}_u [ C_{1,2} + 1 N ( 1 − m_b ω_3 ) C_{2,1} ] − λ^{(f)}_t 3 2 [ C_{10,9} + 1 N ( 1 − m_b ω_3 ) C_{9,10} ] , b^{(f)}_3 = −λ^{(f)}_t 3 2 [ C_7 + ( 1 − m_b ω_2 ) 1 N C_8 ] , b^{(f)}_{4,5} = −λ^{(f)}_t [ C_{4,3} + 1 N ( 1 − m_b ω_3 ) C_{3,4} ] + λ^{(f)}_t 1 2 [ C_{10,9} + 1 N ( 1 − m_b ω_3 ) C_{9,10} ] , b^{(f)}_6 = −λ^{(f)}_t [ C_5 + 1 N ( 1 − m_b ω_2 ) C_6 ] + λ^{(f)}_t 1 2 [ C_7 + 1 N ( 1 − m_b ω_2 ) C_8 ] , b^{(f)}_7 = −λ^{(f)}_t ( C_5 − 1 2 C_7 ) 1 N (m_b ω_1 − 1 2 m_b ω_3 ) , b^{(f)}_8 = −λ^{(f)}_t 3 2 C_7 1 N ( m_b ω_1 − 1 2 m_b ω_3 ) , (16)

while the NLO contributions from tree operators only was recently obtained in [37].

For completeness we also list the result of tree level matching for Q^{(0)}_{gs} and Q^{(1)}_{gs} operators (9), (13) following from the diagrams in Fig. 2

c^{(f)}_g = 0, (17) and b^{(f)}_g =λ^{(f)}_t C_{8g} α_S (m_b) 16C_F ( 1 ū − 1 u )[2 + z 1 − z + 2 ( 1 − 1 N^2 ) uū (1 − zu)(1 − zū) ] , (18)

where z = ω_1/m_b and u = ω_3/m_b, with ω_{1,3} the fraction momenta in (13), while C_F = (N^2 − 1)/2N and N = 3. Even though the matching result (17), (18), which is already NLO in α_S (m_b), will not be needed for our phenomenological discussions in Section III, it does represent first nonzero contribution from O_{8g} weak operator to the matching. Since this chromomagnetic operator may be enhanced in new physics models (in MSSM this is due to the fact that the chirality flip can be performed on gluino line instead on the b line [33, 38]), we provide the matching as an important input for future studies of such new physics effects in two body B decays using SCET.

B. Matching to SCETII

The matching of SCET_I onto SCET_{II} is performed by integrating out the degrees of freedom with p^2 ∼ Λm_b. To do so it is useful to perform a redefinition of fields ξ_ñ → Y_ñξ_ñ, A_ñ → Y_ñA_ñY^†_ñ , where ñ denotes either n or n̄ direction, while Y_ñ are Wilson lines of ñ · A_{us} SCET_I usoft gluon fields. After the redefinition the usoft fields decouple from collinear fields in the leading order SCET_I Lagrangian [4, 5, 9]. They still appear in the operators Q_{is} ∈ {Q^{(0)}_{1s} , . . . , Q^{(0)}_{6s} , Q^{(0)}_{gs} , Q^{(1)}_{1s} , . . . , Q^{(1)}_{8s} , Q^{(1)}_{gs} }, but only in the combination Y^†_n b_v. Thus n collinear and n̄ collinear sectors decouple [5] and the operators Q_{is} factor into^1 [9]

Q_{is} = Q^n_{is}Q^{n̄}_{is}. (19)

Since the n and n̄ operators do not communicate through usoft gluons, we can focus only on the matching of Q^n_{is} operators onto SCET_{II} operators. The soft spectator quark in the B meson is boosted to a collinear quark in the n−direction through an application of the O( √ λ) suppressed Lagrangian [39] L^{(1)}_{ξnq} = q̄_{us}Y_nig B̸^⊥_n W^†_nξ_n + h.c., (20) in the T products [9] (see also Fig. 4) T_{1,if} = ∫ d^4y d^4y^′ T [Q^{n(0)}_{if} (0), iL^{(1)}_{ξnξn} (y^′) + iL^{(1)}_{cg} (y^′),

iL^{(1)}_{ξnq}(y)] + ∫ d^4yT [Q^{n(0)}_{if} (0), iL^{(1,2)}_{ξnq} (y)],

(21)

1 Operators Q^{(0)}_{4s} , Q^{(1)}_{4s,8s} factorize into a sum ∑ q Q^n_{q,is}Q^{n̄}_{q,is}, but we suppress this sum in the notation.

and T_{2,if} = ∫ d^4yT [Q^{n(1)}_{if} (0), iL^{(1)}_{ξnq} (y)]. (22)

The explicit forms of subleading SCET Lagrangians L^{(1)}_{ξnξn} , L^{(1)}_{cg} , L^{(2)}_{ξnq} can be found in [35]. Note that all the terms in T_{1,if} and T_{2,if} have the same √ λ scaling. The superficially enhanced T product T [Q^{n(0)}_{if} (0), iL^{(1)}_{ξnq}(y)] gets suppressed once the external momenta are restricted to SCET_{II} scaling, since it involves an odd number of D^⊥_c [35].

The matrix elements ⟨M |T_{1,if} |B⟩ lead to endpoint singularities, signaling a presence of soft-overlap contributions both for nonisosinglet final states [35, 40, 41, 42, 43, 44, 45, 46, 47] as well as for isosinglet M . Following [9] we therefore define the matrix elements of T_{1,if} as new nonperturbative functions to be determined from data ⟨M |T_{1,if} |B⟩ = C^{BM}_{if} ζ^{BM} . (23) The final meson M can be either P , or V_‖, while ⟨V_⊥|T_{1,if} |B⟩ vanish at leading order [9]. The coefficients C^{BM}_{if} = 1, ±1/ √ 2 describe the flavor content of the final meson.

To facilitate the calculation of T_{2,if} the Q^{n(1)}_{if} operators are stripped of the soft quark fields (γ^αY^†_n b_v)^{ia} ((Y^†_n b_v)^{ia} in the case of Q^{n(1)}_{7s,8s}) and similarly L^{(1)}_{ξnq} is stripped of (q̄^′_{us}Y_n)^{jb}. The common matching result is then (see appendix B) T [ (ξ̄^{(q)}_n W_n)_{zω} igB^{⊥ α}_{n, z̄ω}P_{R,L} ]_{ia} (0) [ ig B̸^⊥_n W^†_nξ^{(q′)}_n ]_{jb} 0 (y) =

iδ^{ab}δ(y_+)δ^{(2)}(y_⊥)

∫_1 0 dx ∫ dk_+ 2π e^{ik+y−/2} × { 1 ω J(z, x, k_+) ( n̸P_{L,R}γ^α_⊥ )_{ji}[ q̄_{n, xω} n̸̄P_{L,R} q^′_{n, −x̄ω} ]

− 1 ω J_⊥(z, x, k_+) ( n̸ 2 P_{R,L}γ^α_⊥γ^β_⊥ )_{ji}[ q̄_{n, xω} n̸̄γ^⊥_β q^′_{n, −x̄ω} ] +δ_{q,q}′ J_g(z, x, k_+) ( n̸P_{L,R}γ^⊥_μ )_{ji} Tr[B^{⊥μ}_{n,xω}B^{⊥α}_{n,x̄ω}] +δ_{q,q}′ J^′_g(z, x, k_+) ( n̸P_{L,R}γ^α_⊥ )_{ji} Tr[B^⊥_{n,xω} · B^⊥_{n,x̄ω}] } + . . . , (24)

where the trace is over color indices, while ellipses denote operators with nontrivial color structure that do not contribute to color singlet initial state. This generalizes the result of Ref. [9] to the case of isosinglet final state, where also the operators with two interpolating gluon fields contribute, leading to two additional jet functions J_g(z, x, k_+) and J^′_g(z, x, k_+). At tree level J(z, x, k_+) = J_⊥(z, x, k_+) = δ(z − x)α_SπC_F /(N_cx̄k_+), with 1-loop corrections calculated in [42, 46], and J_g (z, x, k_+) = δ(z − x)α_S2π/(N_ck_+), J^′_g(z, x, k_+) = 0.

The matching of different Q^{n(1)}_{is} operators is obtained from (24) by multiplying with (P_Rγ^αY^†_n b_v)^{ia} (by (P_LY^†_n b_v)^{ia} in the case of Q^{n(1)}_{7s,8s}) and with (q̄^′_{us}Y_n)^{jb}. The

FIG. 4: The T-products of weak Hamiltonian operators (large black dot) with L^{(1)}_{ξn q} (20) that boosts soft quark (dashed line) to n collinear quark (blue/dark gray solid line). Two representatives of soft overlap contribution diagrams (21) with a) outgoing n collinear quarks and b) outgoing n collinear gluons are shown. Diagrams c) and d) give factorizable contributions corresponding to (22). The red/light gray solid lines denote n̄ collinear quarks, the blue/dark gray wiggly and solid lines the n collinear gluons, while double lines denote heavy quarks. The diagrams b) and d) contribute only to η, η^′ going in n direction. The αS (mb) suppressed diagrams with n̄ collinear gluons are not shown.

final result for B → M_1M_2 amplitude depends on only two jet functions, J and J_g . The operators multiplying J^′_g do not contribute since the matrix elements of Tr[B^⊥_{n,xω} · B^⊥_{n,x̄ω}] between vacuum and pseudoscalar meson or between vacuum and vector meson vanish due to parity conservation. That J_⊥ jet function does not appear in B → M_1M_2 amplitudes when M_{1,2} are nonisosinglet mesons was already shown in [9], and is true also when either of the two outgoing light mesons M_{1,2} is an isosinglet meson. Namely, the operator multiplying J_⊥ cancels in the matching of Q^{n(1)}_{1s} . . . Q^{n(1)}_{6s} , Q^{n(1)}gs operators because γ^α_⊥γ^β_⊥γ_{⊥α} = 0. It also cancels in the matching of the Q^{n(1)}_{7s,8s} operators, since n̸P_Lγ^α_⊥γ^β_⊥ = (g^{αβ}_⊥ + iϵ^{αβ}_⊥ ) n̸P_L leads to a vanishing term

(g^{αβ}_⊥ + iϵ^{αβ}_⊥ )[q̄_{n̄} n̸P_Lγ^⊥_α q^′_{n̄}] = 0, (25)

where for the last equality the relation γ^α_⊥γ^β_⊥γ_{⊥α} = 0 was used once again. Furthermore, matching of the Q^{n(1)}_{7s,8s} operators leads to a soft operator [q̄_{us}n̸P_Rγ^α_⊥b_v] multiplying J, J_g or J^′_g jet functions. The matrix element of this operator between vacuum and pseudoscalar |B⟩ states vanishes. Thus Q^{n(1)}_{7s,8s} operators contribute only to B^∗ and not at all to B → M_1M_2 decays.

We note on passing that B^∗ decays into two light mesons would also receive, at leading order in 1/m_b, contributions from non-valence Fock state of the B meson with an additional soft gluon, i.e. from the configurations with incoming heavy quark, soft spectator quark and soft gluon. The SCET_I →SCET_{II} matching is shown on Fig. 5. Since the weak SCET_I operators are 1/ √ λ enhanced compared to T_{1,if} , T_{2,if} (the T products in n direction are the same as in (21), (22), while in n̄ direction the weak operator has only one B^⊥_{n̄} field), this allows for another external A_{us} field. Due to Dirac structure these operators do not contribute to B decays, quite similar to equivalent contributions found in B^∗ → P γ [48], with P

FIG. 5: The SCETI →SCETII matching onto operators contributing only to B^∗ decays with isosinglet mesons in n̄ direction. The weak SCETI operator arising at tree level from O8g insertion (large black dot) is enhanced due to one less n̄ gluon field compared to operators in Fig. 4, which is compensated by additional soft gluon in the initial state. Additional diagrams similar to Fig. 4 b), d) are possible for isosinglet final state in n direction.

an isosinglet. Note that these contributions would not be present in B^∗ → M form factors.

We are now ready to write down the final result for the B → M_1M_2 amplitude at LO in 1/m_b in SCET that will extend the result of Ref [9] to the decays including isosinglet mesons. This result exhibits two levels of factorization: the n̄ direction collinear modes decouple from the rest, and for the T_{2,if} term the n collinear fields decouple from soft fields. Because of the factorization, the amplitude has a very simple form (1) expressible in terms of several universal nonperturbative functions such as the ζ^{BM} (23) function and the twist-2 light-cone distribution amplitudes (LCDA) [49] that are for pseudoscalar final state defined through (see e.g. [50]) ⟨P^a(p)|q̄_{n,ω1} λ^a n̸̄γ_5q^′_{n,ω2} |0⟩ = −if_P 2Eϕ^{P a} (u), (26) with M = λ^aP^{a†} a 3×3 matrix of light pseudoscalar fields P^a given in (C1), and for the longitudinally polarized vector meson final state through ⟨V^a_‖ (p)|q̄_{n,ω1} λ^a n̸̄q^′_{n,ω2} |0⟩ = if_V 2Eϕ^{V a‖} (u). (27) Amplitudes for decays to transversely polarized vector mesons do not receive leading order contributions from operators (8), (12) (see also discussion around Eq. (36)).

For the gluonic operator on the other hand [51] iϵ_{⊥μν}⟨P (p)| Tr[B^{⊥μ}_{n,ω1} B^{⊥ν}_{n,−ω2} ]|0⟩ = i 4 √ C_F f^1_P Φ̄^g_P (u), (28) where f^1_{ηq} = √ 2/3f_{ηq} , f^1_{ηs} = f_{ηs} / √ 3 and f^1_P = 0 for other pseudoscalars. Here f_{ηq} and f_{ηs} are the decay constants corresponding to q̄q = (ūu + d̄d)/ √ 2 and s̄s axial currents in (26) respectively. The matrix elements of gluonic operators between vacuum and vector meson states vanish. In all of the above definitions the integration ∫_1 0 duδ(ω_1 − un̄ · p)δ(ω_2 + ūn̄ · p) on the r.h.s. is implicitly assumed. The LCDA Φ̄^g_P (u) is related to the LCDA ϕ_{P g} (u) used in [51] through

Φ̄^g_P (u) = ϕ^{P g} (u) u(1 − u) , (29)

and coincides with the definition in [52]. It has the symmetry property ϕ̄^g_P (u) = −ϕ̄^g_P (1 − u), as can be easily seen from (28). Finally, the relevant B meson LCDA is [41, 53]

⟨0|(q̄_sY_n)|_{x−} n̸(1 − γ_5)(Y^†_n b_v)|_0|B⟩ = − if_B m_B ∫ dr_+e^{−ir+ x−/2}ϕ^+_B(r_+). (30)

Combining the SCET_I → SCET_{II} matching (24) with the definitions of the nonperturbative matrix elements and using the relation n̸P_L B̸^⊥_{n,xω} B̸^⊥_{n,x̄ω} = ( g_{⊥μν} + iϵ_{⊥μν} ) B^{⊥μ}_{n,xω}B^{⊥ν}_{n,x̄ω} n̸P_L, (31)

for the gluonic operator in (24), we arrive at the expression for the decay amplitude into pseudoscalar or longitudinally polarized vector mesons M_{1,2} valid at leading order in 1/m_b and to all orders in α_S (m_b)

A(B → M_1M_2) = G_F √ 2 m^2_B { f_{M1} ∫ duϕ_{M1} (u) ∫ dzT_{1J} (u, z)ζ^{BM2}_J (z) + f_{M1} ∫ duϕ_{M1} (u)T_{1ζ} (u)ζ^{BM2} + f^1_{M1} ∫ duΦ̄^g_{M1} (u) ∫ dzT^g_{1J} (u, z)ζ^{BM2}_J (z) + f^1_{M1} ∫ duΦ̄^g_{M1} (u)T^g_{1ζ} (u)ζ^{BM2}

+ 1 ↔ 2 + λ^{(f)}_c A^{M1M2}_{cc} } ,

(32) where A^{M1M2}_{cc} is a term denoting the nonperturbative charming penguin contributions to be discussed in more detail below, see Eqs. (47)-(54), ζ^{BM} was defined in (23), while ζ^{BM}_J (z) is given in terms of the jet functions (24) as ζ^{BM}_J (z) = f_B f_M m_B ∫ dk_+ϕ^+_B(k_+) [ C^{BM}_J ∫ dxϕ_M (x)J(z, x, k_+) + C^{BM}_g 1 4 √ C_F 3 ∫ dxΦ̄^g_M (x)J_g(z, x, k_+) ] , (33)

for both isosinglet and nonisosinglet mesons M . The term with gluonic jet function J_g(z, x, k_+) contributes only when M = η_q, η_s. The coefficients C^{BM}_{J,g} parameterizing the relative weights of the two contributions in ζ^{BM}_J (z) are BM C^{BM}_J C^{BM}_g B̄^0η_q, B^−η_q 1 2 B̄0η_s, B−η_s 0 1 B̄^0_s η_s 1 1 B̄0_s η_q 0 2

In all other cases, when M is either an isospin nonsinglet pseudoscalar meson or a vector meson, we have simply C^{BM}_J = 1 and C^{BM}_g = 0. Because η_q ∼ (uū + dd̄)/ √ 2 contains two quark flavors the gluonic coefficient C^{BM}_g is twice as large as for η_s (the normalization factor 1/ √ 2 is absorbed in hard kernels).

The hard kernels T_{1J} (u, z) in (32) are

T_{1J} (u, z) = ∑ i b_i(u, z)C^{M1}_{i,n̄} C^{M2}_{i,n} × × ( δ_{V M1} + δ_{P M1} ( 1 − 2δ_{i,3} − 2δ_{i,6} )) (34)

where C^{M1}_{i,n̄} , C^{M2}_{i,n} are coefficients describing the content of final state mesons going in the n, n̄ directions respectively, while δ_{i,j} are Kronecker deltas. The hard kernels T_{2J} (u, z) are obtained from the above expression with the replacement 1 ↔ 2, while the hard kernels T_{1ζ} (u), T_{2ζ}(u) are obtained from T_{1J} (u, z), T_{2J} (u, z) by replacing b_i → c_i. For the reader’s convenience, explicit formulas for the hard kernels are provided in Tables I- IV for the ΔS = 0 and ΔS = 1 decays of B̄^0, B^− and B̄^0_s mesons (FKS mixing scheme is used for treatment of η, η^′ final states, see discussion above and below Eq. (41)). Note that our phase convention for final states, π^+ ∼ ud̄, π^0 ∼ (uū − dd̄)/ √ 2, π^− ∼ dū, K̄^0 ∼ sd̄, K^0 ∼ ds̄, K^+ ∼ us̄, K^− ∼ sū, η_q ∼ (uū + dd̄)/ √ 2, η_s ∼ ss̄, differs from the one used in [9, 10].

The terms in the third and fourth line of Eq. (32) are coming from Q^{(1)}_{gs} and Q^{(0)}_{gs} operators respectively. They contribute only if M_1 is an isosinglet pseudoscalar meson, with hard kernels T^g_{1J} (u, z), T^g_{1ζ} (u) that start at NLO in α_S(m_b) (17), (18)

T^g_{1J} = √ C_F 2 C^{(f)}_{BM2} b^{(f)}_g , T^g_{1ζ} = √ C_F 2 C^{(f)}_{BM2} c^{(f)}_g , (35)

TABLE I: Table of hard kernels for ΔS = 0 decays of B^−, B̄^0 and B̄^0_s into isosinglet mesons, separated respectively by horizontal lines. The superscript (d) in the coefficients c^{(d)}_i is not displayed. T1J and T2J are obtained with the replacement ci → bi . Mode T1ζ T2ζ π^−ηq , ρ^−ηq^1√_2 (c1 + c4)^1√_2 (c2 − c3 + c4)+ √ 2(c5 − c6) π^− ηs, ρ^−ηs c1 + c4 c5 − c6 π^− ϕ, ρ^−ϕ 0 c5 + c6 π^−ω, ρ^−ω^1√_2 (c1 + c4)^1√_2 (c2 + c3 + c4) + √ 2(c5 + c6)

π^0 ηs,ρ^0ηs^{1√}_2 (c2 ∓ c3 − c4) −^{1√}_2 (c5 − c6)

π^0 ηq , ρ^0ηq^1_2 (c2 ∓ c3 − c4) −^1_2 (c2 − c3 + c4) − c5 + c6 π^0 ϕ, ρ^0ϕ 0 −^1√_2 (c5 + c6)

π^0ω,ρ^0ω^1_2 (c2 ∓ c3 − c4) −^1_2 (c2 + c3 + c4) − c5 − c6 ηq ϕ, ωϕ 0^1√_2 (c5 + c6)

ηq ω, ωω^1_2 (c2 ∓ c3 + c4) + c5 ∓ c6^1_2 (c2 + c3 + c4) + c5 + c6 ηq ηq^1_2 (c2 − c3 + c4) + c5 − c6^1_2 (c2 − c3 + c4) + c5 − c6 ηq ηs^1√_2 (c2 − c3 + c4) + √ 2(c5 − c6)^1√_2 (c5 − c6) ηsηs c5 − c6 c5 − c6 K^{0(∗)}ϕ, K^{0(∗)}ηs {0, c4} c5 ± c6 K^{0(∗)}ω, K^{0(∗)}ηq {0,^1√_2 c4}^1√_2 (c2 ± c3 + c4) + √ 2(c5 ± c6)

where C^{(f)}_{BM2} is a coefficient describing the q̄f flavor content of M_2, with q the flavor of spectator quark. For instance C^{(d)}_{B− π−} = 1, C^{(d)}_{B̄0 π0} = −1/ √ 2, while C^{(s)}_{B−π−} = 0.

The discussion of B decays into transversely polarized vector mesons is complicated by the presence of m_b enhanced electromagnetic operator, as pointed out recently in Ref. [54]. Namely, for the decays into neutral V_⊥ mesons the 1/λ enhanced operator

Q^{(−1)}_γ = m^2_b [s̄_{n,ω1} n̸̄γ^μ_⊥P_Rb_v][B^{⊥μ}_{γ,n̄,ω2} ], (36)

also contributes. Here ieB^{⊥μ}_{γ,n̄,ω} is a purely electromagnetic operator related to the (n̄, ⊥) component of the electromagnetic field strength, defined in the same way as the gluonic counterpart in (11), but with the replacement of QCD Wilson lines and covariant derivatives with the QED ones, W_n → W_{γn}, iD_{cμ} → i∂_μ + eA_μ. At leading order in the electromagnetic coupling the operator (36) is a result of a tree level matching of O_{7γ} (4) and of four quark operators O_{1,...,10} with a photon emitted from a closed quark loop [54].

The operator (36) leads to contributions that are m_b/Λ enhanced compared to the amplitudes for B → V_‖V_‖ in (32), but which are, on the other hand, also α^{em} suppressed due to the exchanged photon. Numerically thus the contributions from (36) can be expected to be smaller than the O(m^0_b ) terms in (32). Thus at leading order the only contributions to B → V_⊥V_⊥ can arise from nonperturbative charming penguins A_{cc} [9], possibly explaining large transversely polarized amplitudes in B → ϕK^∗ decays [55], while the other terms are either 1/m_b or α^{em}_0 m_b/Λ suppressed (for alternative explanations see [22, 56]). Therefore, a complete first order treatment of observables, most notably all the CP asymmetries, in

TABLE II: Table of hard kernels for ΔS = 1 decays of B^−, B̄^0 and B̄^0_s into isosinglet mesons (separated by horizontal lines in the table). The superscript (s) on coefficients c^{(s)}_i is not displayed. T1J and T2J follow from the replacement ci → bi. Mode T1ζ T2ζ K^{−(∗)}ηq , K^{−(∗)}ω^{1√}_2 (c1 + c4)^{1√}_2 (c2 ∓ c3 + 2c5 ∓ 2c6) K^{−(∗)}ηs, K^{−(∗)}ϕ {c1 + c4, 0} c4 + c5 ∓ c6 K̄^{0(∗)}η_q , K̄^{0(∗)}ω^1_{√2} c_4^1_{√2} (c_2 ∓ c_3 + 2c_5 ∓ 2c_6)

K̄^{0(∗)}η_s, K̄^{0(∗)}ϕ {c_4, 0} c_4 + c_5 ∓ c_6

ηsπ^0 , ϕπ^0 0^{1√}_2 (c2 − c3)

ηsρ^0, ϕρ^0 0^1√_2 (c2 + c3)

ηq π^0 , ηq ρ^0 0^1_2 (c2 ∓ c3) ηq ηq^{c2}_2 −^{c3}_2 + c5 − c6^{c2}_2 −^{c3}_2 + c5 − c6 ηsηq , ϕηq^1√_2 (c4 + c5 ∓ c6)^1√_2 (c2 − c3 + 2c5 − 2c6) ηsηs, ϕϕ c4 + c5 ∓ c6 c4 + c5 ∓ c6 ϕηs c4 + c5 + c6 c4 + c5 − c6 ηsω, ϕω 0^1√_2 (c2 + c3 + 2c5 + 2c6)

B → V_⊥V_⊥ decays requires an inclusion of 1/m_b operators, which is beyond the scope of the present paper and will not be pursued further.

The amplitude (32) has the form of a convolution of nonperturbative light-cone wave functions ϕ_M (x), Φ̄^g_M (x), ϕ^+_B(k+) and the perturbative hard kernel and jet functions. With prior knowledge of the light-cone wave function from a fit to an unrelated experiment, a prediction for B → M_1M_2 decays can be made using a perturbative expansion in α_S ( √ m_bΛ) for the jet functions and in α_S (m_b) for the hard kernels. Alternatively, the

TABLE III: Table of hard kernels for ΔS = 0 decays of B^−, B̄^0 and B̄^0_s mesons respectively (separated by horizontal lines in the table) without isosinglets in the final state. The superscripts on c^{(d)}_i are not displayed for brevity. T2J and T1J are obtained with the replacement ci → bi . Mode T1ζ T2ζ π^− π^0, ρ^−π^{0 1√}_2 ( c1 + c4 )_{1√} 2 ( c2 − c3 − c4 ) π^−ρ^0, ρ^−ρ^{0 1}√_2 ( c1 + c4 )_{1√} 2 ( c2 + c3 − c4 ) K^{0(∗)}K^{−(∗)} c4 0 π^+ π^−, ρ^+π^− 0 c1 + c4 π^+ρ^−, ρ^+ρ^− 0 c1 + c4 π^0 π^0, π^0ρ^{0 1}_2 ( − c2 + c3 + c4

)_1 2 ( − c2 ± c3 + c4 ) ρ^0ρ^{0 1}_2 ( − c2 − c3 + c4 )_1 2 ( − c2 − c3 + c4 ) K^{0(∗)}K̄^{0(∗)} c4 0 π^− K^{+(∗)}, ρ^−K^{+(∗)} c1 + c4 0 π^0 K^{0(∗)}, ρ^0K^{0(∗) 1}√_2 ( c2 ∓ c3 − c4 ) 0

nonperturbative parameters can be fit from observables in B → M_1M_2 decays. This approach is especially useful at leading order in α_S (m_b), since then the hard kernels T_{1ζ,2ζ}(u) are constants, while T_{1J,2J} (u, z) are functions of u only. Furthermore, at this order the hard kernels T^g_{1J,2J} (u, z), T^g_{1ζ,2ζ}(u) do not contribute at all. At LO in α_S (m_b) thus A_{B→M1 M2} = G_F √ 2 m^2_B { f_{M1} ζ^{BM2}_J ∫ duϕ_{M1} (u)T_{1J} (u) + f_{M1} ζ^{BM2} T_{1ζ} + 1 ↔ 2 + λ^{(f)}_c A^{M1M2}_{cc} } , (37)

where ζ^{BM1} and

ζ^{BM1}_J = ∫ dzζ^{BM1}_J (z), (38) are treated as nonperturbative parameters to be fit from experiment. Note that in this way no perturbative expansion in α_S ( √ m_bΛ) is needed. Eq. (37) has exactly the same form as a factorization formula obtained in Refs. [9, 10] for decays into nonisosinglet mesons, but is now valid also for decays into isosinglets. We will use this form for the factorized amplitudes in the phenomenological analyses in Section III.

We turn now to the treatment of η and η^′ states, where we use the FKS mixing scheme [57]. An arbitrary isospin zero biquark operator O can be written as a linear combination of O_q ∼ (uū + dd̄)/ √ 2 and O_s ∼ ss̄ operators with well defined flavor structure (here Dirac structure is ignored for simplicity). The matrix elements of O = c_qO_q + c_sO_s between η^{(′)} states and the vacuum can then be parameterized in a completely general way by ⟨0|O|η⟩ = c_q cos ϕ_q⟨O_q ⟩ − c_s sin ϕ_s⟨O_s⟩, (39) ⟨0|O|η^′⟩ = c_q sin ϕ_q⟨O_q⟩ + c_s cos ϕ_s⟨O_s⟩, (40)

TABLE IV: Table of hard kernels for ΔS = 1 decays of B^−, B̄^0 and B̄^0_s mesons respectively (separated by horizontal lines in the table) without isosinglets in the final state. T2J and T1J are obtained with the replacement ci → bi. Mode T1ζ T2ζ K^{−(∗)}π^0 , K^{−(∗)}ρ^{0 1}√_2 ( c^{(s)}_1 + c^{(s)}_4 )_{1√} 2 ( c^{(s)}_2 ∓ c^{(s)}_3 ) K̄^{0(∗)}π^−, K̄^{0(∗)}ρ^− c^{(s)}_4 0 K̄^{0(∗)}π^0 , K̄^{0(∗)}ρ^0 −^1_{√2} c^{(s)}_4^1_{√2} (c^{(s)}_2 ∓ c^{(s)}_3 )

K^{−(∗)}π^+ , K^{−(∗)}ρ^+ c^{(s)}_1 + c^{(s)}_4 0 K^{−(∗)}K^{+(∗)} c^{(s)}_1 + c^{(s)}_4 0 K̄^{0(∗)}K^{0(∗)} c^{(s)}_4 0

where the four matrix elements ⟨0|O_{q,s}|η^{(′)}⟩ have been traded for two angles ϕ_{q,s} and two reduced matrix elements ⟨O_{q,s}⟩, all of which in principle depend on the structure of operator O. Phenomenologically, ϕ_q = ϕ_s = ϕ to a very good degree, with ϕ = (39.3 ± 1.0)^∘ irrespective of the operator O [57]. In other words, if the mass eigenstates η, η^′ are related to the flavor basis through

η = η_q cos ϕ − η_s sin ϕ, η^′ = η_q sin ϕ + η_s cos ϕ,

(41)

then to a very good approximation (i) the matrix elements corresponding to OZI suppressed processes vanish, ⟨0|O_q|η_s⟩ = ⟨0|O_s|η_q⟩ = 0, and (ii) the shapes of η_{q,s} components of the wave functions do not depend on the mass eigenstate so that the reduced matrix elements ⟨O_q⟩_η = ⟨0|O_q|η⟩/ cos ϕ, ⟨O_q⟩_η′ = ⟨0|O_q|η^′⟩/ sin ϕ (and similarly for O_s) are independent of the final state particle, ⟨O_q⟩_η = ⟨O_q⟩_η′ .

We will make one further assumption ϕ_π(u, μ) = ϕ_{ηq} (u, μ), (42) that is well respected by data. The relation (42) is true for asymptotic forms of LCDA, where for μ → ∞ one has ϕ_π (u) = ϕ_{ηq} (u) = 6uū. It can be, however, only approximately true for all other scales, since ϕ_{ηq} (u, μ) mixes with gluonic LCDA Φ̄^g_{ηq} (u, μ), while ϕ_π(u, μ) does not. Even so, for μ as low as μ = 1 GeV the relation (42) is very well respected [51]. The inverse moments or π and η_q LCDA for instance agree within experimental errors, which are at the level of 3 − 5%.

Eq. (42) leads to relations between the nonperturbative function ζ_{(J)} and A_{cc} for decays into π, η_q, so that one can write

ζ^{Bηq}_{(J)} = ζ^{Bπ}_{(J)} + 2ζ_{(J)g}, (43)

with ζ_{(J)g} new nonperturbative functions that are entirely due to contributions from interpolating gluons (the function ζ_{Jg} for instance is equal to the second term in (33)). The decomposition (43) is useful only in the limit of exact flavor SU(3) symmetry, when

ζ^{Bηs}_{(J)} = ζ_{(J)g}. (44)

FIG. 6: The gluonic charming penguin contributions with intermediate on-shell charm quarks annihilating into two collinear quarks going in the opposite directions, with n collinear quark annihilating with spectator quark and producing two n collinear gluons (compare also with diagrams b) and d) of Fig. 4).

Similar relations for A_{cc} will be given below.

Using SU(3) symmetry further relations are possible. In the exact SU(3) limit only two ζ functions are needed for the decays without isosinglet mesons

ζ_{(J)} ≡ ζ^{Bπ}_{(J)} = ζ^{BK}_{(J)} = ζ^{Bs K}_{(J)} . (45)

Furthermore, to describe all the decays into isosinglet mesons only the two new functions ζ_{(J)g} defined in (43), are needed. Namely, in exact SU(3) one has (cf. Eq. (33))

ζ^{Bs ηq}_{(J)} = 2ζ_{(J)g}, ζ^{Bs ηs}_{(J)} = ζ_{(J)} + ζ_{(J)g} , (46)

in addition to the relations (43), (44).

Let us now discuss the nonperturbative charming penguin contributions A^{M1M2}_{cc} (37) in the isospin limit assuming FKS mixing along with relation (42). The charming penguins in B̄^0, B^− decays into πη_q, πη_s and ππ final states are parameterized in terms of four complex parameters A^{ππ}_{cc} ≡ A^{π+ π−}_{cc} = A^{π0 π0}_{cc} , A^{πηs}_{cc,g} ≡ A^{π− ηs}_{cc} = − √ 2A^{π0 ηs}_{cc} = √ 2A^{ηqηs}_{cc} , (47) and A^{πη}_{cc} , A^{πηq}_{cc,g} in terms of which A^{π− ηq}_{cc} = √ 2 ( A^{πη}_{cc} + A^{πηq}_{cc,g} ) , A^{π0ηq}_{cc} = −A^{πη}_{cc} − A^{πηq}_{cc,g}, A^{ηqηq}_{cc} = A^{ππ}_{cc} + 2A^{πηq}_{cc,g}, (48) and A^{π− π0}_{cc} = 0. Here A^{πηq,s}_{cc,g} describes the charming penguin contributions, where the n collinear quark coming from the annihilation of charm quarks annihilates the spectator quark and produces two n collinear gluons, Fig. 6. At LO in 1/m_b there is one additional relation A^{ππ}_{cc} = A^{πη}_{cc} . (49)

The amplitude A^{ππ}_{cc} receives contributions from SCET operators of higher order in 1/m_b, where the spectator quark directly attaches to the weak vertex. These higher order corrections correspond to penguin annihilation in the diagrammatic language and do not contribute to A^{πη}_{cc} .

At LO in 1/m_b one further parameter is introduced for ΔS = 0 decays into two kaons A^{KK}_{cc} ≡ A^{K0K−}_{cc} = A^{K0K̄0}_{cc} , (50) while higher order penguin annihilation contributions to A^{K0K̄0} cc distinguish between the two amplitudes. Three additional complex parameters describe charming penguins in ΔS = 1 decays of B̄^0, B^− A^{Kπ}_{cc} ≡ A^{K− π+}_{cc} = A^{K̄0π−}_{cc} = − √ 2A^{K̄0π0}_{cc} = √ 2A^{K− π0} cc , √ 2A^{Kηq}_{cc,g} + 1 √ 2 A^{Kπ}_{cc} ≡ A^{K̄0ηq}_{cc} = A^{K− ηq}_{cc} , A^{Kηs}_{cc,g} + A^{Kηs}_{cc} ≡ A^{K− ηs}_{cc} = A^{K̄0 ηs}_{cc} , (51) where the gluonic component A^{Kηs}_{cc,g} has been pulled out for later convenience. An additional six complex parameters describe charming penguin contributions in B̄^0_s decays A^{πK}_{cc} (s) ≡ A^{B̄0s →π− K+} cc = − √ 2A^{B̄0s →π0K0} cc A^{KK}_{cc} (s) ≡ A^{B̄0s →K− K+} cc = A^{B̄0s →K0K̄0} cc , √ 2A^{ηs ηq}_{ccg} (s) ≡ A^{B̄0s →ηsηq} cc , 2A^{ηsηs}_{cc} (s) + 2A^{ηsηs}_{ccg} (s) ≡ A^{B̄0s →ηsηs}_{cc} , 1 √ 2 A^{πK}_{cc} (s) + √ 2A^{Kηq}_{ccg} (s) ≡ A^{B̄0s →K0 ηq} cc , A^{Kηs}_{cc} (s) + A^{Kηs}_{ccg} (s) ≡ A^{B̄0s →K0 ηs}_{cc} , (52) where the subscript g again denotes gluonic contributions as before. Note that the above relations are valid to all orders in the α_S(m_b) and 1/m_b expansions, under the assumptions leading to FKS mixing along with relation (42).

In the limit of exact SU(3) and at LO in 1/m_b the above seventeen complex parameters in (47)-(52) are related to only two complex parameters A_{cc} = A^{ππ}_{cc} = A^{πη}_{cc} = A^{Kπ}_{cc} = A^{Kηs}_{cc} = A^{KK}_{cc} = = A^{πK}_{cc} (s) = A^{KK}_{cc} (s) = A^{ηsηs}_{cc} (s) = A^{Kηs}_{cc} (s), (53) and A_{ccg} = A^{πηq}_{cc,g} = A^{πηs}_{cc,g} = A^{Kηq}_{cc,g} = A^{Kηs}_{cc,g} = A^{ηsηq}_{ccg} (s) = A^{ηsηs}_{ccg} (s) = A^{Kηq}_{ccg} (s) = A^{Kηs}_{ccg} (s), (54)

The same relations also apply to B decays into two vector mesons, with the replacements η_q → ω, η_s → ϕ, π → ρ, K → K^∗, but with additional simplification since the gluonic contributions (54) vanish. The relations apply for each polarization of the vector mesons separately, with transversely polarized vector mesons receiving only contributions from nonperturbative charming penguins [9]. The relations between A_{cc} for B → P V decays are slightly more complicated, because separate nonperturbative parameters are needed if pseudoscalar or vector meson absorb the spectator quark. Since we will not perform the phenomenological analysis of B → P V decays we do not display these relations.

C. Semileptonic B decays into isosinglet mesons

Using the above derivations, it is fairly straightforward to obtain the results for vector and axial vector form factors in semileptonic B decays to light pseudoscalar or vector mesons at q^2 = 0. The V − A current q̄γ^μ(1 − γ_5)b is matched to SCET_I LO and NLO currents [3, 39, 40, 44, 47] ∫ dω_1c_0(ω_1)j^μ_0 (ω_1)+ ∑ ñ=n,n̄ ∫ [dω_{1,2}]c_{1ñ}(ω_{1,2})j^μ_{1ñ}(ω_{1,2})+. . . ,

(55) where

j^μ_0 =n^μ[q̄_{n,ω1} n̸̄P_Lb_v], (56)

j^μ_{1n} = −2 m_B n^μ[q̄_{n,ω1} ig B̸^⊥_{n,ω2} P_Lb_v], (57) j^μ_{1n̄} = −2 m_B n̄^μ[q̄_{n,ω1} ig B̸^⊥_{n,ω2} P_Lb_v], (58) with the ellipses denoting the remaining SCET_I currents that either receive contributions only at NLO in α_S (m_b) or contribute to the form factors at subleading order in 1/m_b. At leading order in α_S(m_B )

c_0 = c_{1n} = c_{1n̄} = 1. (59)

Since j^μ_0 , j^μ_{1n} are equal to n^μQ^{n(0,1)}_{1d,2d,2s} in (19) for b → u, d, s transitions respectively, while j^μ_{1n̄} is equal to n̄^μQ^{n(1)}_{1d,2d,2s}, we can readily obtain the result for the SCET_I to SCET_{II} matching of the V-A current from the results obtained in the previous subsection for the four quark operators. The soft overlap contribution is proportional to n^μ, while the hard scattering contributions contribute equaly to terms with n^μ and n̄^μ Lorentz structure. More precisely, the soft overlap for b → d decay equals n^μT_{1,2d}, leading to a contribution of m_B n^μζ^{BM} to the matrix element ⟨M |d̄γ^μ(1 − γ_5)b|B⟩ at q^2 = 0, with similar results for the hard scattering contributions. Using a definition of form factors ⟨P |q̄γ^μ(1 − γ_5)b|B⟩ =C^{BP} [ m_B n^μf^{BP}_+ (0) + m_B 2 n̄^μ ( f^{BP}_+ (0) + f^{BP}_− (0) )] , (60) where the relations p^μ_B = m_B v^μ, and p^μ_P = m_B n^μ/2 have been used, this gives for the form factors of B → P transition at maximal recoil at LO in 1/m_b and α_S(m_b)

f^{BP}_+ (0) = ζ^{BP} + ζ^{BP}_J , (61)

f^{BP}_+ (0) + f^{BP}_− (0) = 2ζ^{BP}_J . (62)

Quite similarly one obtains for the form factors at q^2 = 0 in B → V transition

A_0(0) = m_B 2m_V (A_1(0) − A_2(0)) = A_3(0) = ζ^{BV} + ζ^{BV}_J ,

(63) and A_2(0) + 2m_V m_B d(A_3 − A_0) dq^2 | | | |_{q2=0} = − 4m_V m_B ζ^{BV}_J , (64)

where the standard definition of form factors has been used (and can be found e.g. in [58]). The coefficients C^{BP} in the definition of B → P form factors (60) and equivalent coefficients C^{BV} in the definition of B → V form factors, take care of the flavor content of the final state M . For instance for η_q, ω these are C^{B−M} = C^{B̄0M} = 1/ √ 2, while for η_s, ϕ, they are C^{B−M} = C^{B̄0M} = 1. The expressions for ζ_J parameters in terms of jet functions are given in Eq. (33). Note that the derived relations between form factors and the SCET nonperturbative functions are valid also for isosinglet mesons and in this sense extend the previous discussions of B → P, V form factors [35, 40, 41, 42, 43, 44, 45, 46, 47]. In particular, the B → η_q form factors f_±(0) receive the gluonic contribution as can be seen from (33).

III. PHENOMENOLOGY

We now apply the LO (in 1/m_b and α_S(m_b) expansions) factorization formula Eq. (37) to B decays into pseudoscalar mesons.

For the nonperturbative parameters A^{M1M2}_{cc} and ζ^{BMi}_{(J)} exact SU(3) relations (43)-(46), (53), (54) will be used, leading to four independent real parameters ζ_{(J)}, ζ_{(J)g} and two complex parameters A_{cc}, A_{ccg} describing nonperturbative charming penguins. The parameters ζ_{(J)g} and A_{ccg} correspond to gluonic contributions and are specific to the decays into isosinglet final states. We will thus first determine ζ_{(J)} and A_{cc} using a χ^2-fit to observables in B → ππ, B → πK decays and then fix the remaining parameters ζ_{(J)g} and A_{ccg} from a separate χ^2-fit to observables in B → η^{(′)}π, B → η^{(′)}K decays.

The data used in the analysis are from HFAG, Summer 2005 compilation [59], apart from the observables where different experiments do not agree, in which case the errors are inflated according to the PDG prescription [60]. The observables used throughout the analysis are the CP averaged decay widths

Γ(B → f) = |⃗p | 8πm_B 1 2 ( |Ā_f |^2 + |A_f |^2 ) , (65) with |⃗p | = m_B /2 + O(m^2_M /m^2_B ) the three momentum of light mesons in the B rest frame, and an additional factor of 1/2 on the right hand side, if two identical mesons are in the final state, while the abbreviations are Ā_f = A_{B→f} , A_f = A_{B→f} . Then the direct CP asymmetries

A^{CP}_f =

|Ā_f |^2 − |A_f |^2 |Ā_f |^2 + |A_f |^2

, (66)

and the additional observables, S_f and H_f , that can be extracted from time dependent decays of neutral B mesons are (restricting f to have definite CP)

Γ(B^0_q (t) → f) = e^{−Γt} Γ(B_q → f) [ cosh (ΔΓt 2 ) + + H_f sinh ( ΔΓt 2 ) − A^{CP}_f cos(Δmt) − S_f sin(Δmt) ] , (67)

where Δm = m_H − m_L > 0, Γ is the average decay width and ΔΓ = Γ_H − Γ_L the difference of decay widths for heavier and lighter B^0_q mass eigenstates. The time dependent decay width Γ(B̄^0_q (t) → f) is obtained from the above expression by flipping the signs of the cos(Δmt) and sin(Δmt) terms.

Since (ΔΓ/Γ)_{Bd} ≪ 1 in the B^0_d system, only measurements of the parameter

S_f = 2 Im [ e^{−i2β}Ā_f (A_f )^∗ ] |Ā_f |^2 + |A_f |^2

, (68)

are experimentally feasible in the foreseeable future. In the above relation (68) the phase convention with arg V_{cb} = arg V_{cs} = arg(−V_{cd}) = 0, so that β = arg(−V^∗_{cb}V^∗_{td}V_{cd}V_{tb}) = arg(V^∗_{td}V_{tb}) was employed [61].

In the B_s system, on the other hand, we expect a much larger decay width difference (ΔΓ/Γ)_{Bs} = −0.12 ± 0.05 within the Standard Model [62], while experimentally (ΔΓ/Γ)_{Bs} = −0.33^{+0.09}_{−0.11} [59], so that both

(S_f )_{Bs} = 2 Im [ e^{+i2ϵ}Ā_f (A_f )^∗ ] |Ā_f |^2 + |A_f |^2

, (69) and

(H_f )_{Bs} = 2 Re [ e^{+i2ϵ}Ā_f (A_f )^∗ ] |Ā_f |^2 + |A_f |^2

, (70)

might be experimentally accessible [63]. Thus predictions for both (69) and (70) will be given in Section III D. In writing (69) and (70) the same phase convention as in (68) was used, with ϵ = arg(−V_{cb}V_{ts}V^∗_{cs}V^∗_{tb}) [61, 64].

In our numerical estimates we use preferred values of Ref. [65] for inverse moments of LCDA at 1 GeV ⟨x^{−1}⟩_π = 3.3 and ⟨x^{−1}_s ⟩_K = 2.79, ⟨x^{−1}_q ⟩_K = ⟨(1 − x_s)^{−1}⟩_K = 3.81, and take ⟨x^{−1}⟩_{ηq} = ⟨x^{−1}⟩_{ηs} = ⟨x^{−1}⟩_π .

Note that this choice respects the sum rule for inverse moments [66]

⟨x^{−1}⟩_π + 3⟨x^{−1}⟩_η = 2(⟨x^{−1}_s ⟩_K + ⟨x^{−1}_q ⟩_K ). (71)

The inverse moment of the pion LCDA also agrees with the experimental determination ⟨x^{−1}⟩_π = 2.91 ± 0.54 obtained from CLEO data on the pion’s electromagnetic form factor in Ref. [67]. The values of the CKM elements and the CKM unitarity triangle angles γ and β are taken from CKM fitter, Summer 2005 update [68]. In particular, |V_{ub}| = (3.899 ± 0.10) × 10^{−3}, γ = 58.6^∘ ± 6.4^∘ and β = 23.22^∘ ± 0.75^∘, while for the weak phase in the B^0_s − B̄^0_s mixing ϵ = 1.04^∘ ± 0.07^∘ [68]. These values agree with the ones obtained by the UTFit collaboration [69]. Note that the constraints on CKM angle γ (α) are obtained using an isospin decomposition of time dependent B → ππ, ρπ, ρρ decays [70, 71] (for a discussion of isospin violating effects see [72]) and from B → DK decays [73, 74]. No use of theoretical inputs from a 1/m_b expansion has been made at this point (such a possibility for using SCET to facilitate extraction of α from B → ππ has been discussed in [75]). Also, B → ππ data are not restrictive at present in the determination of α, so essentially no use of B → P P data has been made to fix the above CKM parameters to be used in our analysis. For the decay constants we use f_π = 131 MeV, f_B = 218 ± 23 MeV [76] and f_{ηq} = 140 ± 3 MeV, f_{ηs} = 176 ± 8 MeV [57].

Since our phase convention for the π states, π^+ ∼ ud̄, π^0 ∼ 1/ √ 2(uū − dd̄), π^− ∼ dū and the kaon states K̄^0 ∼ d̄s, K0 ∼ s̄d, K+ ∼ s̄u, K− ∼ ūs differs from the one used in Refs. [9, 10] the corresponding hard kernels are gathered in Tables III and IV.

A. Analysis of B → ππ and B → πK decays

Let us start the analysis with a discussion of the ΔS = 0 B → ππ and ΔS = 1 B → πK decays. Our analysis differs in the treatment of errors and in the way the SCET nonperturbative parameters ζ_{(J)}, A_{cc} are determined from LO SCET analysis of the same decay modes in Refs. [9, 10]. Here a combined χ^2-fit to available experimental information will be made to determine the SCET parameters, while in [10] only a subset of modes was used for this purpose. The values of the SCET parameters that will be determined in this section will then be used in subsequent sections; in the discussion of decays into final states with η^{(′ )} mesons in Section III B, for predictions on S parameters in penguin dominated modes in Section III C, and for prediction of observables in B̄^0_s decays in Section III D.

The majority of the differences between B → ππ and B → πK decays can be explained by a CKM hierarchy of different contributions. Here and in the rest of the analysis we will split the amplitudes into “tree” and “penguin” contributions according to the CKM elements. Using the unitarity relation λ^{(d,s)}_t = −λ^{(d,s)}_c − λ^{(d,s)}_u we define A¯_{B→f} = λ^{(d,s)}_u T¯_{B→f} + λ^{(d,s)}_c P¯_{B→f} , (72) for any process B̄ → f. In addition we will also use the nomenclature where tree contributions (without quotation marks) will denote insertions of O^u_{1,2} (2) operators and will be present only in “tree” amplitudes T_{B→f} , charming penguin contributions will denote insertions of O^c_{1,2} and will be present only in “penguin” amplitudes P_{B→f} , while QCD penguin and EWP contributions will denote insertions of the operators O_{3,...,6} and O_{7,...,10} respectively and will contribute to both T_{B→f} and P_{B→f} .

In ΔS = 1 decays, such as B → πK, there is a strong CKM hierarchy between the two terms in (72) since |λ^{(s)}u | ∼ 0.02|λ^{(s)}c |. No such CKM hierarchy is present in ΔS = 0 decays, where both terms are of the same order in the Wolfenstein expansion |λ^{(d)}_u | ∼ |λ^{(d)}_c | ∼ λ^3 [77]. One therefore expects sizeable direct CP asymmetries in ΔS = 0 processes and much smaller ones in ΔS = 1 decays.

There are a number of other observations that can be made using the LO SCET expression (37) even before the nonperturbative parameters of SCET are determined from the data. Because of the intriguing discrepancies between theoretical expectations and experiment in the ΔS = 1 transition, we will focus in this section mainly on B → πK decays. We start with the isospin decomposition of B → πK decay amplitudes [78, 79, 80]

A¯_B0_{→π}+_K− =A^0_{1/2} − A^1_{3/2} − A^1_{/2}, (73)

A_B−_{→π}0_K− = 1 √ 2 A^0_{1/2} − √ 2A^1_{3/2} + 1 √ 2 A^1_{/2}, (74)

A¯_B0_{→π}0¯_K0 = − 1 √ 2 A^0_{1/2} − √ 2A^1_{3/2} + 1 √ 2 A^1_{/2}, (75)

A_B−_{→π}−¯_K0 =A^0_{1/2} + A^1_{3/2} + A^1_{/2}, (76)

with I and ΔI in the reduced matrix elements A^{ΔI}_I denoting the isospin I = 3/2, 1/2 of the final states and ΔI = 1, 0 denoting the isospin content of the weak Hamiltonian. If electroweak penguin contributions are neglected, the reduced matrix elements A^1_{3/2} and A^1_{/2} receive contributions only from tree operators O^u_{1,2}, while A^0_{1/2} receives both penguin and tree contributions. Explicitly, at LO in SCET

A^0_{1/2} = m^2_B G_F √ 2 { λ^{(s)}_c A^{Kπ}_{cc} + f_K 2 [ ζ^{Bπ} ( c^{(s)}_1 + 2c^{(s)}_4 )

+ ζ^{Bπ}_J ( b^{(s)}_1 + 2b^{(s)}_4 )]} , (77)

A^1_{/2} = − m^2_B 6 G_F √ 2 { f_K [ ζ^{Bπ} c^{(s)}_1 + ζ^{Bπ}_J b^{(s)}_1 ]

+ 2f_π [ ζ^{BK} ( c^{(s)}_3 − c^{(s)}_2 ) + ζ^{BK}_J ( b^{(s)}_3 − b^{(s)}_2 )]} , (78)

A^1_{3/2} = − m^2_B 3 G_F √ 2 { f_K [ ζ^{Bπ} c^{(s)}_1 + ζ^{Bπ}_J b^{(s)}_1 ]

− f_π [ ζ^{BK} ( c^{(s)}_3 − c^{(s)}_2 ) + ζ^{BK}_J ( b^{(s)}_3 − b^{(s)}_2 )]} , (79)

where SCET Wilson coefficients c^{(s)}_i , b^{(s)}_i are to be understood as already convoluted with LCDA. This amounts to a replacement ω_{2,3} → ±m_B /⟨x^{−1}_{s,q}⟩_K , in b^{(s)}_i that are multiplied by f_K and a replacement ω_{2,3} → ±m_B /⟨x^{−1}⟩_π in b^{(s)}_i that are multiplied by f_π .

The dominant term in B → Kπ decays is the charming penguin term A^{Kπ}_{cc} , which is λ^{(s)}_c /λ^{(s)}_u enhanced over tree contributions. Since it arises from insertions of O^c_{1,2} operators it is also larger than QCD penguins by a factor C_1α_S (2m_c)/ max(C_3, . . . , C_6) ∼ 10. The charming penguin contribution has ΔI = 0 and is thus present only in A^0_{1/2} (77). Similarly, the reduced matrix elements A^1_{3/2,1/2} do not receive contributions from QCD penguins since these are ΔI = 0 operators. Note also, that the presence of the inverse moment ⟨x^{−1}⟩_{π,K} ∼ 3 in b_i lifts the color suppression of tree operators in B̄^0 → K̄^0π^0. Similarly the color suppression of EWP contributions to B̄^0 → π^+K^− and B^− → π^−K̄^0 is lifted as well. Isospin decomposition also leads to the relation

A_B−_{→K}−_π0 = 1 √ 2 ( A¯_B0_{→K}−_π+ + A_B−_→¯_K0_π− ) + A¯_B0_→¯_K0_π0 ,

(80)

valid to all orders in 1/m_b and α_S [78, 79, 80]. As pointed out recently in Ref. [81] this relation furthermore receives corrections from isospin breaking which are of only second order numerically, with corrections to penguins that are linear in m_{u,d}/Λ canceling exactly.

The dominance of the A^{Kπ}_{cc} term in B → Kπ amplitudes leads to the approximate relation between branching ratios

Br_π+_K− ≃ Br_π−¯_K0 ≃ 2Br_π0_K− ≃ 2Br_π0¯_K0 , (81)

that is well obeyed by the data. The corrections to these relations come from A^1_{/2,3/2} reduced matrix elements (78), (79) that receive only contributions from |λ^{(s)}u | ∼ 0.02|λ^{(s)}c | suppressed tree operators or from EWP. To study them it is useful to construct ratios of CP averaged decay widths in which the dependence on A^{πK}_{cc} cancels to first approximation. Following the notation in the literature we define [82, 84] R = Γ̄(B̄^0 → K^−π^+) Γ̄(B− → K̄0π−) Exp.

= 0.84 ± 0.07, (82)

R_c = 2 Γ̄(B− → K−π0) Γ̄(B− → K̄0π−) Exp.

= 1.00 ± 0.10, (83)

R_n = 1 2 Γ̄(B̄0 → K−π+) Γ̄(B̄0 → K̄0π0)

Exp.

= 0.82 ± 0.08, (84)

where the experimental information on the ratios has also been displayed. For the reader’s convenience we will also

TABLE V: Predicted CP averaged branching ratios (×10^{−6} , first row) and direct CP asymmetries (second row in each mode) for ΔS = 0 and ΔS = 1 B decays (separated by horizontal line) to two nonisosinglet pseudoscalar mesons. The errors on the predictions are estimates of SU(3) breaking, 1/mb corrections and due to errors on SCET parameters, respectively.

Mode Exp Theory B̄^0 → π^− π^+ 5.0 ± 0.4 5.4 ± 1.3 ± 1.4 ± 0.4

0.37 ± 0.23^a 0.20 ± 0.17 ± 0.19 ± 0.05 B̄^0 → π^0 π^0 1.45 ± 0.52^b 0.84 ± 0.29 ± 0.30 ± 0.19

0.28 ± 0.40 −0.58 ± 0.39 ± 0.39 ± 0.13 B^− → π^0 π^− 5.5 ± 0.6 5.2 ± 1.6 ± 2.1 ± 0.6 0.01 ± 0.06 < 0.04 B^− → K^0K^− 1.2 ± 0.3 1.1 ± 0.4 ± 1.4 ± 0.03 − − B̄^0 → K^0K̄^0 0.96 ± 0.25 1.0 ± 0.4 ± 1.4 ± 0.03 − − B̄^0 → π^0K̄^0 11.5 ± 1.0 9.4 ± 3.6 ± 0.2 ± 0.3

0.02 ± 0.13 0.05 ± 0.04 ± 0.04 ± 0.01 B̄^0 → K^−π^+ 18.9 ± 0.7 20.1 ± 7.4 ± 1.3 ± 0.6

−0.115 ± 0.018 −0.06 ± 0.05 ± 0.06 ± 0.02 B^− → K^−π^0 12.1 ± 0.8 11.3 ± 4.1 ± 1.0 ± 0.3 0.04 ± 0.04 −0.11 ± 0.09 ± 0.11 ± 0.02 B^− → K̄^0π^− 24.1 ± 1.8^c 20.8 ± 7.9 ± 0.6 ± 0.7 −0.02 ± 0.05^d < 0.05

PDG scaled errors^a(S = 2.3),^b(S = 1.8),^c(S = 1.4), d(S = 1.5).

discuss the ratio R_{00} = R/R_n proposed in [14]

R_{00} = 2

Γ̄(B̄0 → K̄0π0) Γ̄(B− → K̄0π−) Exp.

= 1.03 ± 0.12. (85)

The deviations from 1 are experimentally only at the level of at most 2σ. Also, of the CP asymmetries only A^{CP}_{K− π+} is well measured, so that the values of the SCET parameters ζ^{BK}_{(J)} , ζ^{Bπ}_{(J)} and the phase of A^{πK}_{cc} cannot at present be reliably extracted from B → Kπ experimental data alone. We thus impose SU(3) symmetry A_{cc} = A^{ππ}_{cc} = A^{πK}_{cc} , ζ_{(J)} = ζ^{BK}_{(J)} = ζ^{Bπ}_{(J)} and construct χ^2 from observables in B → ππ and B → πK decays.

In B → ππ decays there is experimental information on seven observables: the time dependent CP asymmetry S_π+_π− , the three CP averaged decay widths Γ̄(B → π^+π^−), Γ̄(B → π^0π^0), Γ̄(B → π^−π^0) and three direct CP asymmetries A^{CP}_{π+ π−} , A^{CP}_{π0π0} A^{CP}_{π− π0} . This latter is not used in the fit since B^− → π^−π^0 is a ΔI = 3/2 process and thus does not receive QCD or charming penguin contributions, so that strong phases are generated only at NLO in α_S (m_b), while at LO the asymmetry is zero irrespective of the SCET parameters.

In addition, the following observables in B → Kπ

TABLE VI: Predictions for the CP violating S parameters. The errors on the predictions are estimates of SU(3) breaking, 1/mb corrections and errors due to SCET parameters, respectively.

Mode Exp Theory B̄^0 → π^− π^+ −0.50 ± 0.19^a −0.86 ± 0.07 ± 0.07 ± 0.02 B̄^0 → π^0π^0 − 0.71 ± 0.34 ± 0.33 ± 0.10 B̄^0 → π^0 K_S 0.31 ± 0.26 0.80 ± 0.02 ± 0.02 ± 0.01

aError scaled according to PDG (S=1.5).

decays are used in the χ^2-fit: the four CP averaged decay widths Γ̄(B → K̄^0π^0), Γ̄(B → K^−π^+), Γ̄(B → K^−π^0), Γ̄(B → K̄^0π^−), but only three direct CP asymmetries A^{CP}_{K̄0π0} , A^{CP}_{K−π+} , A^{CP}_{K−π0} . The prediction for the remaining direct CP asymmetry A^{CP}_{K̄0 π−} can receive large corrections at NLO in α_S (m_b) from terms of the form λ^{(s)}_u C_{1,2}α_S (m_b). These can be comparable in size to LO terms proportional to λ^{(s)}u which come entirely from QCD penguin operators. Also, the experimental information on S_{KS π}0 is not used in the χ^2-fit, and will be discussed separately in Section III C.

From the χ^2-fit to the B → ππ, Kπ data we then obtain

ζ = (7.3 ± 1.8) × 10^{−2},

ζ_J = (10.3 ± 1.6) × 10^{−2},

(86) and |A_{cc}| = (46.8 ± 0.8) × 10^{−4} GeV, arg(A_{cc}) = 156^∘ ± 6^∘,

(87)

with χ^2/d.o.f. = 44.6/(13 − 4), where the largest discrepancies are in A^{CP}_{π0 K−} , A^{CP}_{π− K+} as can be seen from Table V. This very high value of χ^2 predominantly reflects the fact that the expected theory errors coming from NLO 1/m_b and α_S(m_b) terms and from SU(3) breaking are larger than experimental errors. If the estimates for these errors, to be discussed below, that are given as first and second errors on the theoretical values in Table V, are added quadratically to experimental errors in the definition of χ^2, the resulting value is χ^2/d.o.f. = 8.9/(13 − 4) (χ^2/d.o.f. = 15.3/(13 − 4) if SU(3) breaking errors are taken to be correlated). The extracted values of SCET parameters (86), (87) agree within errors with similar extractions from only ππ data or a combination of ππ and πK data without modes that depend on ζ^{BK}_{(J)} that were performed in Ref. [10].

Using the above values for the SCET parameters one can predict CP averaged decay widths and direct CP asymmetries with the results listed in Tables V and VI. These results were obtained in the limit of exact SU(3) and as such an error of 20% is introduced as an estimate of SU(3) breaking effects in the relation ζ_{(J)} = ζ^{BK}_{(J)} = ζ^{Bπ}_{(J)} . Similarly an additional 20% error on the magnitude and 20^∘ error on the strong phase is introduced due to SU(3) breaking and 1/m_b corrections in the relation A_{cc} = A^{πK}_{cc} = A^{ππ}_{cc} . These variations result in the first theoretical error estimate in Tables V, VI. The second error is an estimate of the remaining 1/m_b and α_S (m_b) corrections which we take to have a magnitude of 20% of the leading order contributions proportional to λ^{(f)}_u and λ^{(f)}_t CKM elements and assume that they introduce an error of 20^∘ on the strong phase (with the exception of A_{cc} in ΔS = 0 decays, where the error of 5% on the magnitude is assigned due to insertions of O_{3,...,10} operators leading to nonperturbative charm contributions proportional to λ^{(d)}_u instead of λ^{(d)}_c , while in ΔS = 1 decays this effect is negligible).

A different approach is used for the observables in which the subleading corrections are expected to be anomalously large. This can happen in the decay modes in which the leading contributions are not proportional to c^{(f)}_1 , b^{(f)}_1 or c^{(f)}_2 , b^{(f)}_2 , so that 1/m_b or α_S (m_b) suppressed contributions may lead to O(1) corrections. For instance,

A_B−_→¯_K0_π− = G_F √ 2 m^2_B { f_K [ ζ^{Bπ} c^{(s)}_4 +ζ^{Bπ}_J b^{(s)}_4 ] +λ^{(s)}_c A^{πK}_{cc} } , (88) where the meaning of SCET_I Wilson coefficients c^{(s)}_i , b^{(s)}_i is the same as in Eqs. (77)-(79). The λ^{(s)}_u part of the B^− → K̄^0π^− can receive corrections of the form C_{1,2}α_S(m_b) which can compete in size with λ^{(s)}_u part of c^{(s)}_4 , b^{(s)}_4 in LO hard kernel. Thus only a conservative upper bound on the CP asymmetry is given in Table V. Similar reasoning holds for B^− → K^0K^− decay

A_B−_→¯_K0_K− = G_F √ 2 m^2_B { f_K [ ζ^{BK} c^{(d)}_4 + ζ^{BK}_J b^{(d)}_4 ]

+ λ^{(d)}_c A^{KK}_{cc} } , (89)

and for B̄^0 → K^0K̄^0 decays, whose amplitude is equal to (89) at LO in 1/m_b and α_S (m_b). Again, for the λ^{(d)}_u “tree” part of the amplitude we can expect large NLO corrections from C_{1,2}α_S (m_b) terms. Because there is no CKM hierarchy between “tree” and “penguin” amplitudes the predictions for these two modes are even more uncertain, so that we do not give any bound on CP asymmetry, while the estimate of α_S(m_b) corrections to branching ratios is taken to be the same as for B̄0 → π−π+. Many of the errors cancel to a large extent in the ratios of the decay widths, which are then predicted more precisely than the individual rates

R − 1^{Th.}= (3.7 ± 1.5 ± 3.9 ± 2.1) × 10^{−2}, (90)

R_c − 1^{Th.}= (8.8 ± 2.3 ± 6.9 ± 1.2) × 10^{−2}, (91)

R_n − 1^{Th.}= (6.9 ± 2.0 ± 7.5 ± 0.8) × 10^{−2}, (92)

R_{00} − 1^{Th.}= (−3.0 ± 0.9 ± 3.2 ± 1.4) × 10^{−2}, (93) with the errors estimating the SU(3) breaking, 1/m_b and α_S(m_b) corrections, and the errors due to uncertainties on SCET parameters respectively. Note that even though the SCET parameters were determined using these data as well, the agreement between predicted ratios and the experimental values (82)-(85) is far from impressive. Experimentally R, R_n < 1 with about a 2σ difference from the above expectations.

An important input to the above theoretical predictions was provided by ππ data using SU(3) symmetry. If instead no ππ data is used and the SCET parameters are determined solely from the B → πK decays, the theoretical and experimental values of the R ratios (82)-(84) would agree within experimental errors, but with values of SCET parameters that differ significantly from (86), with ζ a factor of 4 larger, while ζ_J even flips sign!^2 This leads us to two conclusions, that (i) the SCET expansion on itself is not in contradiction with πK data and (ii) without permitting extremely large SU(3) breakings that allow even for a change of sign for the nonperturbative parameters, there is a discrepancy between data and theoretical expectations. An independent check on the validity of the SCET 1/m_b expansion can be provided with a phenomenological analysis of B → πK data using diagrammatic decomposition, where no SU(3) is assumed but annihilation topologies are neglected [68, 83].

Especially interesting is the difference between R_n and R_c [84, 85]. Defining the “tree” and “penguin” contents of A^{ΔI}_I analogously to the general decomposition Eq. (72)

A^{ΔI}_I = λ^{(s)}_u T^{ΔI}_I + λ^{(s)}_c P^{ΔI}_I , (94)

and using the fact that A^{πK}_{cc} dominates the amplitudes so that λ^{(s)}_c P^0_{1/2} ≫ λ^{(s)}_u T^1_{3/2,1/2}, λ^{(s)}_u T^0_{1/2} and λ^{(s)}_c P^0_{1/2} ≫

λ^{(s)}_c P^1_{3/2,1/2} (this latter hierarchy follows from the fact that P^1_{3/2,1/2} receive only EWP contributions and are thus smaller than charming penguin contributions in P^0_{1/2} that arise from insertions of O^c_{1,2}), then completely model independently to first order in small parameters

R_c = R_n =1 − 6 [ Re ( λ^{(s)}_u λ^{(s)}_c ) Re ( T^1_{3/2}

P^0_{1/2} ) + Re ( P^1_{3/2}

P^0_{1/2} )] . (95)

The higher order corrections to the above relation amount to a difference

(R_c − R_n)^{Th.}= (1.8 ± 0.9 ± 0.9 ± 0.4) × 10^{−2}, (96)

in the theoretical predictions (83), (84). This is to be contrasted with the difference between experimental values (R_c −R_n)_{Exp.} = 0.18±0.13. If this difference persists

2 The result of this fit is ζ = 0.26 ± 0.05, ζ_J = −0.19 ± 0.05, A_{cc} = (48.8 ± 1.1) × 10^{−2}, arg A_{cc} = 131 ± 13^∘, which gives unacceptably small Br(B^− → π^− π^0) = (0.4^{+0.9}_{−0.4}) × 10^{−6}.

with reduced experimental errors, it will be very difficult to explain in the Standard Model. A possible explanation due to isospin violating new physics that changes EWP contributions and thus enhances the P^1_{3/2} term in (95) has been extensively discussed in the literature [28, 29, 30, 86, 87, 88]

That the πK data alone are not inconsistent with the theory is well demonstrated for instance by the sum of CP averaged decay widths

2Γ̄(B̄^0 → K̄^0π^0) − Γ̄(B̄^0 → K^−π^+)+

+ 2Γ̄(B^− → K^−π^0) − Γ̄(B^− → K̄^0π^−),

(97)

first discussed by Lipkin [89] and by Gronau and Rosner [90]. The sum (97) does not depend on A^0_{1/2} and thus on A^{Kπ}_{cc} . In terms of the R ratios the sum (97) is

ΔL = R_{00} − R + R_c − 1. (98)

Using the expansion to first order in small parameters P^1_{3/2,1/2}/P^0_{1/2}, T^{1,0}_{3/2,1/2}/P^0_{1/2} as in (95) for R_{00} and R

R_{00} =1 + 2 [ Re ( λ^{(s)}_u λ^{(s)}_c ) Re ( T^1_{3/2} − 2T^1_{1/2}

P^0_{1/2} )

+ Re ( P^1_{3/2} − 2P^1_{1/2}

P^0_{1/2} )] , (99)

R =1 − 4 [ Re ( λ^{(s)}_u λ^{(s)}_c ) Re ( T^1_{3/2} + T^1_{1/2}

P^0_{1/2} )

+ Re ( P^1_{3/2} + P^1_{1/2}

P^0_{1/2} )] , (100)

it is easy to check that ΔL is only of second order in small parameters in accordance with the fact that all interference terms with A^0_{1/2} in (97) cancel. In ΔL the dependence on A^{Kπ}_{cc} drops out completely leading to the value of ΔL that is |λ^{(s)2}u /λ^{(s)2}c )| ∼ λ^4 = 2 · 10^{−3} CKM suppressed. Experiment at present is consistent with vanishing ΔL at one σ

ΔL^{Exp.}= 0.19 ± 0.14, (101)

while the theoretical prediction using LO SCET expressions and (86), (87), is

ΔL^{Th.}= (2.0 ± 0.9 ± 0.7 ± 0.4) × 10^{−2}. (102)

Another very precisely predictable quantity is the sum of partial decay differences ΔΓ = Γ(B̄ → f) − Γ(B → f̄ )

Δ^∑ =2ΔΓ(B^− → K^−π^0) − ΔΓ(B^− → K̄^0π^−)

+ 2ΔΓ(B̄^0 → K̄^0π^0) − ΔΓ(B̄^0 → K^−π^+). (103)

In the limit of exact isospin and no EWP Δ^∑ vanishes [91, 92, 93]. However, even in the presence of EWP, the corrections are subleading in the 1/m_b expansion [93]. Using isospin decomposition (77)-(79) and defining “tree” and “penguin” terms of the corresponding reduced matrix elements (94) one has

Δ^∑ = −24 Im [ λ^{(s)}_u λ^{(s)∗}_c ] Im [( T^1_{1/2}−T^1_{3/2} ) P^{1∗}_{3/2}+T^1_{3/2}P^{1∗}_{1/2} ] . (104) The “penguin” terms P^1_{3/2,1/2} receive only EWP contributions, while the “tree” terms T^1_{3/2,1/2} are a sum of tree and EWP contributions, with tree contributions dominating due to larger Wilson coefficients. At leading order in 1/m_b and α_S (m_b) expansion the strong phase is nonzero only due to A^{Kπ}_{cc} . Thus at this order T^1_{3/2,1/2} and P^1_{3/2,1/2} are real (in our phase convention) so that Δ^∑ = 0 to the order that we are working.

B. Decays into isosinglet states

At present the experimental data on the decays with η^{(′)} are not abundant. Of the 55 observables describing the complete set of B̄^0, B^− and B̄^0_s decays to two body final states with η^{(′ )}, only 11 have been measured so far. We will thus assume the SU(3) relations (43)-(46), (53), (54) between SCET parameters as in the previous subsection and furthermore use the determination of the SCET parameters ζ_{(J)} and A_{cc} from the ππ and πK data given in Eqs. (86), (87). The remaining parameters specific to isosinglet modes, ζ_{(J)g} , describing gluonic contributions to B → η^{(′ )} form factors, and A_{ccg}, describing the gluonic parts of charming penguin, Fig. 6, are then fixed from a χ^2-fit to observables in the isosinglet modes.

As in the previous subsection only CP averaged decay widths and direct CP asymmetries are used in this determination, while the discussion of S_{KS η}′ is relegated to Section III C. This leaves four observables from ΔS = 0 decays: two CP averaged decay widths and two direct CP asymmetries in B^− → π^−η^{(′)}, and six observables in ΔS = 1 decays: three CP averaged decay widths and three direct CP asymmetries in B̄^0 → K̄^0η^′ and B^− → K^−η^{(′ )} modes.

In the above modes the functions ζ_g and ζ_{Jg} enter in the combinations c^{(f)}_1 ζ_g +b^{(f)}_1 ζ_{Jg} and c^{(f)}_4 ζ_g+b^{(f)}_4 ζ_{Jg} , with the latter being numerically much smaller (cf. (5), (15), (16)). Since c^{(f)}_1 ≃ b^{(f)}_1 we expect the combination ζ_g + ζ_{Jg} to be relatively well determined from the data, with the orthogonal combination only poorly constrained. We thus define

ζ^±_g = ζ_g ± ζ_{Jg}, (105)

which are then fit from the data. We find two sets of SCET parameters that minimize χ^2:

TABLE VII: Predicted CP averaged branching ratios (×10^{−6} , first row) and direct CP asymmetries (second row for each mode) for ΔS = 0 and ΔS = 1 B decays (separated by horizontal line) to isosinglet pseudoscalar mesons. The Theory I and Theory II columns give predictions corresponding to Solution I, II sets of SCET parameters. The errors on the predictions are estimates of SU(3) breaking, 1/mb corrections and errors due to SCET parameters, respectively. No prediction on CP asymmetries is given, if [−1, 1] range is allowed at 1σ.

Mode Exp. Theory I Theory II B^− → π^−η 4.3 ± 0.5 (S = 1.3) 4.9 ± 1.7 ± 1.0 ± 0.5 5.0 ± 1.7 ± 1.2 ± 0.4 −0.11 ± 0.08 0.05 ± 0.19 ± 0.21 ± 0.05 0.37 ± 0.19 ± 0.21 ± 0.05 B^− → π^−η^′ 2.53 ± 0.79 (S = 1.5) 2.4 ± 1.2 ± 0.2 ± 0.4 2.8 ± 1.2 ± 0.3 ± 0.3 0.14 ± 0.15 0.21 ± 0.12 ± 0.10 ± 0.14 0.02 ± 0.10 ± 0.04 ± 0.15 B̄^0 → π^0 η < 2.5 0.88 ± 0.54 ± 0.06 ± 0.42 0.68 ± 0.46 ± 0.03 ± 0.41

− 0.03 ± 0.10 ± 0.12 ± 0.05 −0.07 ± 0.16 ± 0.04 ± 0.90 B̄^0 → π^0 η^′ < 3.7 2.3 ± 0.8 ± 0.3 ± 2.7 1.3 ± 0.5 ± 0.1 ± 0.3 − −0.24 ± 0.10 ± 0.19 ± 0.24 − B̄^0 → ηη < 2.0 0.69 ± 0.38 ± 0.13 ± 0.58 1.0 ± 0.4 ± 0.3 ± 1.4

− −0.09 ± 0.24 ± 0.21 ± 0.04 0.48 ± 0.22 ± 0.20 ± 0.13 B̄^0 → ηη^′ < 4.6 1.0 ± 0.5 ± 0.1 ± 1.5 2.2 ± 0.7 ± 0.6 ± 5.4

− − 0.70 ± 0.13 ± 0.20 ± 0.04 B̄^0 → η^′ η^′ < 10 0.57 ± 0.23 ± 0.03 ± 0.69 1.2 ± 0.4 ± 0.3 ± 3.7

− − 0.60 ± 0.11 ± 0.22 ± 0.29 B̄^0 → K̄^0η^′ 63.2 ± 4.9 (S = 1.5) 63.2 ± 24.7 ± 4.2 ± 8.1 62.2 ± 23.7 ± 5.5 ± 7.2

0.07 ± 0.10 (S = 1.5) 0.011 ± 0.006 ± 0.012 ± 0.002 −0.027 ± 0.007 ± 0.008 ± 0.005 B̄^0 → K̄^0η < 1.9 2.4 ± 4.4 ± 0.2 ± 0.3 2.3 ± 4.4 ± 0.2 ± 0.5

− 0.21 ± 0.20 ± 0.04 ± 0.03 −0.18 ± 0.22 ± 0.06 ± 0.04 B^− → K^−η^′ 69.4 ± 2.7 69.5 ± 27.0 ± 4.3 ± 7.7 69.3 ± 26.0 ± 7.1 ± 6.3 0.031 ± 0.021 −0.010 ± 0.006 ± 0.007 ± 0.005 0.007 ± 0.005 ± 0.002 ± 0.009 B^− → K^−η 2.5 ± 0.3 2.7 ± 4.8 ± 0.4 ± 0.3 2.3 ± 4.5 ± 0.4 ± 0.3 −0.33 ± 0.17 (S = 1.4) 0.33 ± 0.30 ± 0.07 ± 0.03 −0.33 ± 0.39 ± 0.10 ± 0.04

Solution I:

ζ^+_g = (−9.9 ± 2.4) × 10^{−2}, (106)

ζ^−_g = (−3.5 ± 14.6) × 10^{−2}, (107)

|A_{ccg}| = (35.8 ± 1.9) × 10^{−4} GeV, (108) arg(A_{ccg}) = −109^∘ ± 3^∘, (109)

with χ^2/d.o.f. = 25.0/(10 − 4), where the largest discrepancy with data is in A^{CP}_{ηK−} . The value of χ^2 is reduced to χ^2/d.o.f. = 7.6/(10 − 4), if theoretical errors due to SU(3) breaking and estimated NLO corrections are added quadratically to experimental errors in the definition of χ^2. The second solution, on the other hand,

Solution II:

ζ^+_g = (−6.6 ± 4.3) × 10^{−2}, (110)

ζ^−_g = (−11.2 ± 28.7) × 10^{−2}, (111)

|A_{ccg}| = (36.2 ± 2.2) × 10^{−4} GeV, (112) arg(A_{ccg}) = 68^∘ ± 4^∘, (113)

has χ^2/d.o.f. = 40.8/(10 − 4) or χ^2/d.o.f. = 5.4/(10 − 4), if theoretical errors are added in the definition of χ^2. The largest discrepancies with experimental data in this case is in A^{CP}_{ηπ−} while the prediction for A^{CP}_{ηK−} agrees well with data in contrast to Solution I.

The strong phases of the gluonic charming penguin in the two solutions lie in opposite quadrants, while the values of |A_{cc,g}| and ζ^±_g agree between the two solutions. The gluonic contribution to the B → η^{(′)} form factors, ζ_g + ζ_{Jg} , is similar in size to ζ and ζ_J in (86) as expected from SCET counting, Using Eq. (61) we find in the SU(3) limit and at LO in 1/m_b and α_S (m_b)

f^{Bηq}_+ (0) = { (−2.3 ± 4.8) × 10^{−2}, (4.5 ± 8.6) × 10^{−2},

(114)

f^{Bηs}_+ (0) = { (−9.9 ± 2.4) × 10^{−2}, (−6.6 ± 4.3) × 10^{−2},

(115)

to be compared with f^{Bπ}_+ (0) = 0.176 ± 0.007, that is obtained using the results of ππ, πK fit (86). The upper (lower) rows in (114), (115) correspond to values in Solution I (Solution II), where only experimental errors due to the extracted SCET parameters are shown. Because of the large experimental uncertainties, the gluonic contributions to the form factors are still consistent with zero at a little above the 1σ level in Solution II. The gluonic charming penguin A_{ccg} on the other hand is shown to be nonzero in both sets of solutions and is of similar size to A_{cc} in (87) in agreement with SCET counting.

That the gluonic contribution is of leading order in 1/m_b has already been recognized in the context of QCD factorization. In the phenomenological analysis of Ref. [13], the gluonic contributions to the B → η^′ form factor are proportional to F_2, a parameter not known from other sources and given the rather arbitrary values of F_2 = 0, 0.1. With these values, the gluonic contribution accounts for 0%, 40% of the B → η^′ form factor with constructive interference between the gluonic and the remaining contributions. This can be compared with our analysis where, in the B → η^′ form factor, destructive interference between ζ_{(J)g} and ζ_{(J)} terms is found with the gluonic contribution from ζ_g + ζ_{Jg} 2.1 (1.4) times larger than the contribution from ζ + ζ_J in Solution I(II)).

The predicted branching ratios and CP asymmetries using the above values are compiled in Tables VII and VIII. The errors due to SU(3) breaking and 1/m_b or α_S (m_b) corrections are estimated in the same way as in previous subsection. An error of 20% and a variation on charming penguin strong phase of 20^∘ is assigned to relations (43)-(46) and (53), (54) giving the first error estimate in the Table VII. The remaining 1/m_b and α_S (m_b) errors, listed as second error estimates in Table VII, are obtained by varying the size and strong phase of leading order amplitudes proportional to λ^{(f)}_u or λ^{(f)}_t by 20% and 20^∘ respectively.

A prominent feature of B → Kη^{(′)} decays is the large disparity between the branching ratios for B → Kη^′ and B → Kη decays. In the SCET framework this is quite naturally explained through a constructive and destructive interference of different terms in the amplitudes as has been first suggested in [94, 95]. Specifically, the amplitudes A_{B→Kη}(′ ) are related to A_{B→Kηq} and A_{B→Kηs} through a rotation (41)

A¯_{B→}¯_{Kη}′ = cos ϕA¯_{B→}¯_{Kηs} + sin ϕA¯_{B→}¯_{Kηq} , (116)

A¯_{B→}¯_{Kη} = − sin ϕA¯_{B→}¯_{Kηs} + cos ϕA¯_{B→}¯_{Kηq} , (117)

with ϕ = (39.3 ± 1.0)^∘, so that cos ϕ ≃ sin ϕ. There is therefore a constructive interference in A¯_{B→}¯_{Kη}′ and a destructive interference in A¯_{B→}¯_{Kη} provided that A¯_{B→}¯_{Kηq} ≃ A¯_{B→}¯_{Kηs} , which is exactly what is found in SCET. In B → Kη^{(′)} there is a similar hierarchy of terms that was found in B → πK decays so that charming penguin contributions are the largest, while tree contributions are λ^{(s)}_u /λ^{(s)}_c ∼ 0.04 suppressed, and QCD penguin and EWP contributions ∼ max[C_3, . . . , C_{10}]/α_S(2m_c)C_1 ∼ 0.1 suppressed. The largest contributions to the amplitudes are thus A_B−_{→ηsK}− = G_F √ 2 m^2_B { λ^{(s)}_c ( A^{Kηs}_{cc} + A^{Kηs}_{cc,g} ) + · · · }

≃A¯_B0_{→ηs}¯_K0 , (118) A_B−_{→ηqK}− = G_F √ 2 m^2_B { λ^{(s)}_c (AπK_{cc} √ 2 + √ 2A^{Kηq}_{cc,g} ) + · · · }

≃A¯_B0_{→ηq}¯_K0 , (119)

where the ≃ sign denotes equality up to smaller terms represented by ellipses. This gives for the A_{B→Kη} and A_{B→Kη}′ amplitudes A_B−_{→ηK}− = G_F √ 2 m^2_B λ^{(s)}_c cos ϕ { ( √ 2 − tan ϕ)A_{cc,g} + ( 1 √ 2 − tan ϕ ) A_{cc} + · · · } , (120) A_B−_{→η}′_K− = G_F √ 2 m^2_B λ^{(s)}_c cos ϕ { (1 + √ 2 tan ϕ)A_{cc,g} + ( 1 + 1 √ 2 tan ϕ ) A_{cc} + · · · } , (121)

where the SU(3) relations (53) and (54) were used. The same expressions hold for B̄^0 → K̄^0η^{(′ )} amplitudes. The coefficient in front of A_{cc} in the B → Kη amplitude is (1 − √ 2 tan ϕ)/( √ 2 + tan ϕ) = −0.07 suppressed compared to the one in the B → Kη^′ amplitude. The relative suppression of the A_{ccg} contributions ( √ 2 − tan ϕ)/(1 + √ 2 tan ϕ) = 0.28 is not as strong, so that B^− → ηK^− and B̄^0 → ηK̄^0 are dominated by gluonic charming penguin contributions. In the absence of the A_{ccg} term, the corresponding branching ratios for B → ηK would be an order of magnitude smaller still, i.e. of order O(10^{−7}) instead of O(10^{−6}).

Note that the partial cancellation of charming penguin contributions in B → ηK amplitudes occurs regardless of the strong phases carried by A_{cc} and A_{cc,g}. In particular, the strong phases of A_{cc} and A_{cc,g} that were obtained from the fit (87), (109), (113), are near 180^∘ and 90^∘ mod 180^∘ respectively, so that there is little further cancellation between the two terms in (120). A similar pattern of destructive and constructive interference has also been observed in the framework of QCD factorization [13, 14].

Note that the enhancement of Br(B → Kη^′) over Br(B → πK) is almost entirely due to the additional gluonic charming penguin A_{ccg} that arises from the annihilation of the n direction collinear quark with the spectator quark, where simultaneously two new n collinear gluons are emitted, Fig. 6. These contributions correspond to singlet penguin amplitude s in the diagrammatic SU(3) approach, see appendix C. Explicitly, in the SU(3) limit

TABLE VIII: Predictions for the CP violating S parameters. The errors on the predictions are estimates of SU(3) breaking, 1/mb corrections and errors due to SCET parameters, respectively.

Mode Exp. Theory I Theory II B̄^0 → π^0 η − −0.90 ± 0.08 ± 0.03 ± 0.22 −0.67 ± 0.14 ± 0.03 ± 0.81 B̄^0 → π^0 η^′ − −0.96 ± 0.03 ± 0.05 ± 0.11 −0.60 ± 0.08 ± 0.08 ± 1.30 B̄^0 → ηη − −0.98 ± 0.06 ± 0.03 ± 0.09 −0.78 ± 0.19 ± 0.12 ± 0.22 B̄^0 → ηη^′ − −0.82 ± 0.02 ± 0.04 ± 0.77 −0.71 ± 0.14 ± 0.19 ± 0.29 B̄^0 → η^′ η^′ − −0.59 ± 0.05 ± 0.08 ± 1.10 −0.78 ± 0.09 ± 0.19 ± 0.23 B̄^0 → K_S η^′ 0.50 ± 0.13 (S = 1.4) 0.706 ± 0.005 ± 0.006 ± 0.003 0.715 ± 0.005 ± 0.008 ± 0.002 B̄^0 → K_S η − 0.69 ± 0.15 ± 0.05 ± 0.01 0.79 ± 0.14 ± 0.04 ± 0.01

A_B−_{→η}′_K− A¯_B0_{→π}+_K− ≃ ( cos ϕ + sin ϕ √ 2 )A_{cc} A_{cc} + ( cos ϕ + √ 2 sin ϕ ) A_{ccg} A_{cc} + · · · ≃ 1.22 + 1.67 A_{ccg} A_{cc} , (122)

where ellipses denote numerically smaller terms. In the limit A_{ccg} → 0 thus Br(B → Kη^′) and Br(B → πK) would be of similar size, while in SCET we expect A_{ccg} ∼ A_{cc} which provides the observed enhancement.

In QCD factorization, A_{ccg} is perturbative and is proportional to the F_2 contribution in the F^{B→η,η′}_0 form factors of Ref. [13]. As previously discussed, F_2 is not known from other sources and the authors of [13] assume the arbitrary values F_2 = 0, 0.1. Other mechanisms that were proposed in the literature to explain the large Br(B → Kη^′) are found to be either α_S (m_b) or 1/m_b suppressed in SCET. The contributions due to b → sgg → sη^′ coupling that would arise from integrating out the charm loop, Fig. 3, [13, 96, 97] and could be interpreted as effective charm content of η^′ meson [13, 98, 99], lead to a 1/m^2_b suppressed operator (14) once matching to SCET_{II} is performed. A mechanism in which one gluon is emitted from b or s quarks, with the other gluon coming from charm loop or from O_{8g} insertion, Fig. 2, leads to either α_S(m_b) or 1/m_b suppressed contributions as already discussed below Eq. (13). The hard spectator contribution b → sg^∗g^∗ → sη^′ discussed in [100], where one of the hard off-shell gluons is emitted from the spectator quark, matches onto power suppressed SCET_I operators with additional soft and collinear spectator quark fields obtained by integrating out the hard gluon (and other hard degrees of freedom). Similarly, the gluon condensate mechanism of Ref. [101] corresponds to a matching onto power suppressed operators with additional soft gluon fields once the intermediate hard-collinear gluon is integrated out.

Since the smallness of Br(B → ηK) arises from two large numbers cancelling, the predictions for this mode are rather uncertain, with modest variations on input parameters leading to larger relative variations on the observables. This could be used in the future to better constrain the SCET parameters ζ_{(J)g} , A_{ccg}. Of special interest are the direct CP asymmetries in B^− → ηK^− and B̄^0 → ηK̄^0 that can resolve between the two solutions (cf. Table VII). Defining the “tree” and “penguin” amplitudes as in (72), one has

T¯_B0_{→ηq}¯_K0 = G_F √ 2 m^2_B f_{ηq} √ 2 [ ζ^{BK} ( C_2 + 1 N C_1 )

+ ζ^{BK}_J ( C_2 + 1 N ( 1 + ⟨x^{−1}⟩_{ηq} ) C_1 )] + · · · , (123)

T_B−_{→ηq K}− =T¯_B0_{→ηq}¯_K0 + G_F √ 2 m^2_B f_K √ 2 [ ζ^{Bηq} ( C_1 + 1 N C_2 )

+ ζ^{Bηq}_J ( C_1 + 1 N ( 1 + ⟨x^{−1}_q ⟩_K ) C_2 )] + · · · , (124)

where ellipses denote smaller terms coming from insertions of QCD penguin and EWP operators. The “tree” amplitude T_B−_{→ηq K}− receives contributions from configurations with two n-collinear gluons, Fig. 4, that are part of ζ^{Bηq}_{(J)} SCET parameters (43). In the diagrammatic approach these terms correspond to often neglected annihilation amplitudes as shown in appendix C. We find them to be of LO in 1/m_b and should be kept in the analysis (in ΔS = 1 decays they are CKM suppressed and are thus numerically significant only for direct CP asymmetries).

At LO in α_S(m_b) the “tree” amplitudes T¯_B0_{→ηs}¯_K0 and T_B−_{→ηsK}− do not receive contributions from tree operators O^u_{1,2}, so that T¯_B0_{→ηs}¯_K0 ≪ T¯_B0_{→ηq}¯_K0 , T_B−_{→ηsK}− ≪ T_B−_{→ηq K}− , (125) from which one obtains an approximate relation T¯_{B→η}¯_K cos ϕ ≃ T¯_{B→η}′¯_K sin ϕ

, (126)

where B̄ (K̄) can be either B^−(K^−) or B̄^0 (K̄^0). No such simple relation exists between P¯_{B→η}¯_K and P¯_{B→η}′¯_K .

These are given by (120) and (121) (after division by λ^{(s)}_c ) up to numerically smaller terms, and have a hierarchy P¯_{B→η}¯_K ≪ P¯_{B→η}′¯_K as already discussed before.

Defining

r_f e^{iδf} = −2 Im ( λ^{(s)}_u λ^{(s)}_c ) T¯_{B→f} P¯_{B→f} , (127)

where −2 Im λ^{(s)}_u /λ^{(s)}_c = 0.037, the CP asymmetries are to first order in small parameter r_f

A^{CP}_f = r_f sin δ_f + O(r^2_f ). (128)

The values of r_f and the strong phase difference δ_f between “tree” and “penguin” amplitudes for B̄ → η^{(′)}K̄ decays are given in Table IX. While the “tree” amplitudes in B̄ → η^′K̄ and B̄ → ηK̄ are of approximately the same size (126), the “penguin” amplitudes in B̄ → ηK̄ are on the contrary suppressed as discussed above, leading to an order of magnitude larger value for r_η¯_K . Furthermore, in B̄ → ηK̄ decays the strong phase difference is predominantly determined by the gluonic charming penguin A_{ccg} due to a much larger suppression of A_{cc}, so that the corresponding CP asymmetries are very sensitive to the value of arg A_{ccg}.

A different type of cancellation occurs in the B̄^0 → π^0η amplitude. The two relevant amplitudes are (taking ⟨x^{−1}⟩_π = ⟨x^{−1}⟩_{ηq} )

A¯_B0_{→π}0_{ηs} = G_F √ 2 m^2_B

[ c^{(d)}_2 √ 2 f_π ζ^{Bηs} + b^{(d)}_2 √ 2 f_πζ^{Bηs}_J − λ^{(d)}c A^{πη}_{cc,g} √ 2 + · · · ] , (129)

A¯_B0_{→π}0_{ηq} = G_F √ 2 m^2_B [c(d)_2 2 (f_π ζ^{Bηq} − f_{ηq} ζ^{Bπ} ) + b^{(d)}_2 2 (f_π ζ^{Bηq}_J − f_{ηq} ζ^{Bπ}_J ) − λ^{(d)}_c ( A^{πη}_{cc,g} + A^{ππ}_{cc} ) + · · · ] , (130)

where the ellipses represent the numerically smaller contributions from Q_{3d,...,6d} operators, while b^{(d)}_2 is evaluated as λ^{(d)}_u [C_2 + (1 + ⟨x^{−1}⟩_π )C_1/N ] + · · · . Since f_{ηq} ≃ f_π and ζ^{Bηq}_{(J)} ≃ ζ^{Bπ}_{(J)} + 2ζ^{Bηs}_{(J)} , the tree amplitudes T¯_B0_{→π}0_η(′) are

predominantly coming from ζ^{Bηs}_{(J)} , i.e. from gluonic con-

tributions. Furthermore, the combination c^{(d)}_2 ζ_g +b^{(d)}_2 ζ_{Jg} is a linear combination of ζ^+_g and ζ^−_g . Since the latter parameter is largely unknown, cf. (107), (111), this leads to relatively large errors on the predicted observables in B̄0 → π0η(^′) decays as can be seen from Tables VII and VIII. Measuring these observables would thus greatly improve our knowledge of ζ^−_g .

The situation is reversed for charming penguin contributions. In B̄^0 → π^0η the contributions from A^{πη}_{cc,g} partially cancel, just like in B → Kη. However, unlike

B → Kη, the nongluonic contribution A^{ππ}_{cc} is present only in A¯_B0_{→π}0_{ηq} and not in A¯_B0_{→π}0_{ηs} and therefore does not cancel in B̄^0 → π^0η. The same conclusions regarding charming penguins hold for B^− → π^−η. Note that unlike B̄^0 → π^0η_q, the “tree” term in A_B−_{→ηqπ}− , on the other hand, is not predominantly gluonic since there is no equivalent cancellation to the one in the “tree” term of (130).

The predictions are fairly uncertain also for observables in B̄^0 → η^{(′ )}η^{(′)} decays, since these depend on both ζ^+_g and ζ^−_g , similarly to B̄ → η^{(′)}π decays. We have

A¯_B0_{→ηη} =A¯_B0_{→ηq ηq} cos^2 ϕ + A¯_B0_{→ηsηs} sin^2 ϕ − A¯_B0_{→ηq ηs} sin 2ϕ, (131)

A¯_B0_{→ηη}′ = ( A¯_B0_{→ηq ηq} − A¯_B0_{→ηsηs} ) sin 2ϕ 2 + A¯_B0_{→ηq ηs} cos 2ϕ,

(132)

A¯_B0_{→η}′_η′ =A¯_B0_{→ηq ηq} sin^2 ϕ + A¯_B0_{→ηs ηs} cos^2 ϕ

+ A¯_B0_{→ηq ηs} sin 2ϕ.

(133)

The amplitude A¯_B0_{→ηs ηs} receives contributions only from Q_{6d,7d} operators and thus has no charming penguin contributions. These are present in A¯_B0_{→ηqηq} and A¯_B0_{→ηqηs} and therefore also in the amplitudes for the decays into mass eigenstates η^{(′)}η^{(′}).

C. S parameters in penguin dominated modes

The CP violating S parameters in the ΔS = 1 decays B^0(t) → K_{S,L}π^0, B^0(t) → K_{S,L}η^{(′)} are of special interest because of the large CKM suppression of “tree” amplitudes over “penguin” amplitudes that was already discussed in the previous subsection. The decay amplitudes thus to a first approximation do not carry any weak phase and cancel in (68), leading to the approximate relation S_f ≃ −η^{CP}_f sin 2β where η^{CP}_f is the CP of the final state. This leads us to define an effective angle through

S_f = −η^{CP}_f sin 2β^{eff}_f . (134)

In this way the modes with K_S and K_L in the final state have the same β^{eff} (neglecting CP violation in the kaon sector).

In the decays at hand the common final state of B^0 and B̄^0 is provided by K^0 − K̄^0 mixing, that causes the mass eigenstates K_{S,L} to be an admixture of K^0 and K̄^0 states. For instance, we have A¯_B0_{→ηKS,L} A_B0_{→ηKS,L} = ∓ p_K q_K Ā_{B̄0 →ηK̄0} A_B0_{→ηK}0

, (135)

with q_K/p_K = −V^∗_{us}V_{ud}/V_{us}V^∗_{ud} ≃ −1, where the phases of |K̄^0⟩, |K^0⟩, |B̄^0⟩, |B^0⟩ were chosen so that CP |K̄^0⟩ = |K^0⟩ and CP |B̄^0⟩ = |B^0⟩. This relation can then be used in (68) to obtain the expression for S_f . As in the

TABLE IX: Predictions for “tree” over “penguin” ratios rf (first row of each mode, in terms of ×10^{−2} ) and strong phase differences δf (second row), defined in Eq. (127), for several ΔS = 1 B^0 and B^− decays (separated by horizontal line). Theory I (II) column correspond to two sets of SCET parameters Solution I (II) in (106)-(113). Since B^0 → π^0K̄^0 does not depend on isosinglet SCET parameters only one prediction is given. The meaning of errors is the same as in Table VIII.

Mode Theory I Theory II η^′K̄^0 2.9 ± 0.7 ± 0.7 ± 0.4 3.0 ± 0.7 ± 0.7 ± 0.5 (159 ± 10 ± 24 ± 4)^∘ (−117 ± 11 ± 24 ± 6)^∘ ηK̄^0 21 ± 20 ± 4 ± 3 23 ± 24 ± 5 ± 4 (101 ± 58 ± 20 ± 4)^∘ (−58 ± 62 ± 20 ± 7)^∘ π^0K̄^0 14 ± 4 ± 3 ± 2 (24 ± 20 ± 20 ± 6)^∘ η^′ K^− 2.8 ± 0.8 ± 0.5 ± 1.3 0.8 ± 0.6 ± 0.1 ± 1.1 (−22 ± 11 ± 17 ± 4)^∘ (61 ± 11 ± 15 ± 4)^∘ ηK^− 34 ± 31 ± 7 ± 3 42 ± 46 ± 9 ± 5 (105 ± 57 ± 20 ± 3)^∘ (−65 ± 67 ± 20 ± 4)^∘

previous subsections we decompose the amplitude into “tree” and “penguin” parts according to CKM element content A¯_{B→f} = λ^{(s)}_c P¯_{B→f} +λ^{(s)}_u T¯_{B→f} . Due to the large CKM hierarchy in the ΔS = 1 decays “penguin” terms dominate over “tree”, with the last term ∼ λ^2 = 0.04 CKM suppressed compared to the first one, as discussed in Section III B. Expanding in this small ratio we have [102]

ΔS_f ≡ sin 2β^{eff}_f − sin 2β

= r_f cos δ_f cos 2β + O(r^2_f ),

(136)

where the “tree” over “penguin” ratio, r_f e^{iδf} , was defined in Eq. (127) and already contains the ratio of CKM elements.

The difference between sin 2β^{eff}_f and sin 2β vanishes if either r_f is zero or if the strong phase difference δ_f between “tree” and “penguin” amplitudes is equal to ±90^∘. The largest deviation, on the other hand, is obtained for δ_f = 0^∘, 180^∘. The deviation itself cannot be very large in the Standard Model because of the already mentioned CKM suppression of order λ^2 = 0.04, unless the ratio T_f /P_f is very large. This can happen in ηK_{S,L} decay modes, where there is large cancellation in P¯_B0_{→η}¯_K0 (120). No such cancellations are possible in η^′K_{S,L} modes. The large branching ratios of η^′K necessarily imply small deviations of sin 2β^{eff}_η′_{KS,L} from sin 2β in the context of Standard Model. Using the values of parameters in (86), (87), and (106)-(113) obtained in the previous two sections

ΔS_η′_{KS,L}^{Th.}= { (−1.9 ± 0.5 ± 0.6 ± 0.3) × 10^{−2}, (−1.0 ± 0.5 ± 0.8 ± 0.2) × 10^{−2},

(137)

ΔS_{ηKS,L}^{Th.}= { (−3.4 ± 15.5 ± 5.4 ± 1.4) × 10^{−2}, (7.0 ± 13.6 ± 4.2 ± 1.1) × 10^{−2},

(138)

where the upper (lower) rows correspond to Solution I (II) sets of SCET parameters in (106)-(113), while

ΔS_π0_{KS,L}^{Th.}= (7.7 ± 2.2 ± 1.8 ± 1.0) × 10^{−2}, (139)

where again the first two errors are due to SU(3) breaking and expected 1/m_b, α_s(m_b) corrections, while the last is due to experimental uncertainties on SCET parameters extracted from the χ^2-fit to branching ratios and direct CP asymmetries.

It is illuminating to evaluate the ratios r_f e^{iδf} (127) of “tree” and “penguin” terms for these modes. The numerical values are gathered in Table IX. As expected from the general arguments outlined above, the ratio r_f is relatively large for B̄^0 → ηK_{S,L} due to cancellations in “penguin” amplitudes. The corresponding strong phases δ_f both for Solution I and Solution II sets of SCET parameters (106)-(113) are not close to 0^∘ or 180^∘, so the values of ΔS_{ηKS,L} in (138) are not close to the maximal possible deviations for given values of r_f . On the contrary, ΔS_π0_{KS,L} in (139) is already close to maximal positive deviation for fixed value of r_f . Phenomenologically probably most interesting is ΔS_η′_{KS,L} , whose absolute value is much smaller and is below 4% even if δ_f is taken to be completely unknown. In accordance with general expectations very small values of |ΔS_η′_{KS,L} | have also been found in other approaches to two-body B decays; in QCD factorization [14, 103], in QCD factorization with modeled rescattering [104] and are consistent with bounds obtained using SU(3) symmetry [92, 105].

The predictions (138) - (139) are to be contrasted with the experimental findings, where (neglecting the small difference between S_{J/ΨKS,L} and sin 2β [106])

ΔS_η′_{KS}^{Exp.}= −0.23 ± 0.13. (140) and ΔS_π0_{KS,L}^{Exp.}= −0.41 ± 0.26, (141)

while no information on ΔS_{ηKS} is yet available. The difference between S_η′_{KS} , S_π0_{KS} and sin 2β has been even more pronounced in the past, and has been reduced in the past year to the present level of almost 2 σ. Since predictions for these two quantities in SCET are not prone to large uncertainties as shown by the errors in (137), (139), a further reduction of experimental errors with unchanged central values would be a clear signal of beyond the Standard Model physics.

TABLE X: Predicted CP averaged branching ratios (×10^{−6}, first row) and direct CP asymmetries (second row for each mode) for ΔS = 0 and ΔS = 1 B^0_s decays (separated by horizontal line). The columns Theory I (II) correspond to two sets of SCET parameters (106)-(113). Since the decays into nonisosinglet mesons do not depend on parameters in (106)-(113) only one prediction is given. The errors on the predictions are estimates of SU(3) breaking, 1/mb corrections and errors due to SCET parameters, respectively.

Mode Exp Theory I Theory II B̄^0_s → π^− K^+ < 2.2f_d/f_s^a 4.9 ± 1.2 ± 1.3 ± 0.3

− 0.20 ± 0.17 ± 0.19 ± 0.05 B̄^0_s → π^0 K^0 − 0.76 ± 0.26 ± 0.27 ± 0.17

− −0.58 ± 0.39 ± 0.39 ± 0.13 B̄^0_s → ηK^0 − 0.80 ± 0.48 ± 0.29 ± 0.18 0.59 ± 0.34 ± 0.24 ± 0.15

− −0.56 ± 0.46 ± 0.14 ± 0.06 0.61 ± 0.59 ± 0.12 ± 0.08 B̄^0_s → η^′ K^0 − 4.5 ± 1.5 ± 0.4 ± 0.5 3.9 ± 1.3 ± 0.5 ± 0.4

− −0.14 ± 0.07 ± 0.16 ± 0.02 0.37 ± 0.08 ± 0.14 ± 0.04 B̄^0_s → K^−K^+ (9.5 ± 2.0)f_d/f_s^a 18.2 ± 6.7 ± 1.1 ± 0.5

− −0.06 ± 0.05 ± 0.06 ± 0.02 B̄^0_s → K^0K̄^0 − 17.7 ± 6.6 ± 0.5 ± 0.6 − < 0.1 B̄^0_s → ηπ^0 − 0.014 ± 0.004 ± 0.005 ± 0.004 0.016 ± 0.007 ± 0.005 ± 0.006 − − − B̄^0_s → η^′ π^0 − 0.006 ± 0.003 ± 0.002^{+0.064}_{−0.006} 0.038 ± 0.013 ± 0.016^{+0.260}_{−0.036} − − − B̄^0_s → ηη − 7.1 ± 6.4 ± 0.2 ± 0.8 6.4 ± 6.3 ± 0.1 ± 0.7

− 0.079 ± 0.049 ± 0.027 ± 0.015 −0.011 ± 0.050 ± 0.039 ± 0.010 B̄^0_s → ηη^′ − 24.0 ± 13.6 ± 1.4 ± 2.7 23.8 ± 13.2 ± 1.6 ± 2.9

− 0.0004 ± 0.0014 ± 0.0039 ± 0.0043 0.023 ± 0.009 ± 0.008 ± 0.076 B̄^0_s → η^′ η^′ − 44.3 ± 19.7 ± 2.3 ± 17.1 49.4 ± 20.6 ± 8.4 ± 16.2

− 0.009 ± 0.004 ± 0.006 ± 0.019 −0.037 ± 0.010 ± 0.012 ± 0.056

aThe production fraction ratio of B^0_{d,s} mesons is f_d/f_s ≈ 4 [60].

D. Bs decays

Using SU(3) symmetry allows us to make predictions for B^0_s decays as well. Predictions made with the values of SCET parameters (86), (87), and (106)-(113) for CP averaged branching ratios and direct CP asymmetries are collected in Table X, while the predictions for the observables (S_f )_{Bs} (69) and (H_f )_{Bs} (70) are given in Table XI. The SU(3) breaking on the SCET parameters relations (43)-(46) and (53) was assumed to be 20% with a 20^∘ variation on the charming penguin’s strong phases. The second errors in Tables X, XI, estimate the remaining order 1/m_b and α_S (m_b) corrections. These are obtained from a 20% variation on the size and a 20^∘ variation on the strong phase of the leading order amplitudes proportional to λ^{(f)}_u or λ^{(f)}_t .

Many observations made about B̄^0 and B^− decays hold also for B̄^0_s decays. For instance ΔS = 1 decays B̄^0_s → KK̄ and B̄^0_s → η^{(′)}η^{(′)} are dominated by nonperturbative charming penguins due to a CKM hierarchy just like B → πK, B → Kη^{(′ )} decays. Expanding in the CKM suppressed “tree” over “penguin” ratio r_f (127) the observables from time dependent decays (69), (70)

(S_f )_{Bs} = η^{CP}_f sin 2ϵ − η^{CP}_f r_f cos δ_f cos 2ϵ + O(r^2_f ), (142) and (H_f )_{Bs} = η^{CP}_f cos 2ϵ ( 1 − r^2_f 2 ) + η^{CP}_f sin 2ϵ [ r_f cos δ_f

+ r^2_f Re ( λ^{(s)}_u /λ^{(s)}_c ) Im ( λ^{(s)}_u /λ^{(s)}_c ) ( cos^2 δ_f − 1 2 )] + O(r^3_f ),

(143)

while the expression for direct CP asymmetry to first order in r_f is given in (128). Since ϵ ∼ 1^∘ in the Standard Model, (H_f )_{Bs} for the penguin dominated decays B̄0_s → KK̄ and B̄0_s → η(^′)η(^′) is expected to be very close to 1. In the Standard Model sin 2ϵ ∼ 0.035 and thus sin 2ϵ ∼ r_f , so that the deviations of (H_f )_{Bs} from unity are numerically of order O(r^2_f ). For 1 ≫ r_f > 2 sin 2ϵ, the r^2_f correction in the first term in (143) is actually larger than the second term in (143) which starts at linear order in r_f . In this case η^{CP}_f (H_f )_{Bs} is smaller than

TABLE XI: Predictions for (Sf )B_s (first row in each mode) and (Hf )B_s (second row) parameters in Bs decays. The columns Theory I (II) correspond to two sets of SCET parameters (106)-(113). Since the decays into nonisosinglet mesons do not depend on parameters in (106)-(113) only one prediction is given. The errors on the predictions are estimates of SU(3) breaking, 1/mb corrections and errors due to SCET parameters, respectively. No predictions are made for (Sf )B_s and (Hf )B_s in B̄^0_s → K^0K̄^0 and B̄^0_s → π^0η^′ , see text.

Mode Exp Theory I Theory II B̄^0_s → K_S π^0 − −0.16 ± 0.41 ± 0.33 ± 0.17

− 0.80 ± 0.27 ± 0.25 ± 0.11 B̄^0_s → K_S η − 0.82 ± 0.32 ± 0.11 ± 0.04 0.63 ± 0.61 ± 0.16 ± 0.08

− 0.07 ± 0.56 ± 0.17 ± 0.05 0.49 ± 0.68 ± 0.21 ± 0.03 B̄^0_s → K_S η^′ − 0.38 ± 0.08 ± 0.10 ± 0.04 0.24 ± 0.09 ± 0.15 ± 0.05

− −0.92 ± 0.04 ± 0.04 ± 0.02 −0.90 ± 0.05 ± 0.05 ± 0.03 B̄^0_s → K^−K^+ − 0.19 ± 0.04 ± 0.04 ± 0.01

− 1 − (0.021 ± 0.008 ± 0.007 ± 0.002) B̄^0_s → π^0 η − 0.45 ± 0.14 ± 0.42 ± 0.30 0.38 ± 0.20 ± 0.42 ± 0.37

− −0.89 ± 0.07 ± 0.21 ± 0.15 −0.92 ± 0.08 ± 0.17 ± 0.15 B̄^0_s → ηη − −0.026 ± 0.040 ± 0.030 ± 0.014 −0.077 ± 0.061 ± 0.022 ± 0.026

− 1 − (0.0035 ± 0.0041 ± 0.0019 ± 0.0015) 1 − (0.0030 ± 0.0048 ± 0.0017 ± 0.0021) B̄^0_s → ηη^′ − 0.041 ± 0.004 ± 0.002 ± 0.051 0.015 ± 0.010 ± 0.008 ± 0.069

− 1 − (0.0008 ± 0.0002 ± 0.0001 ± 0.0021) 1 − (0.0004 ± 0.0003 ± 0.0003 ± 0.0007) B̄^0_s → η^′ η^′ − 0.049 ± 0.005 ± 0.005 ± 0.031 0.051 ± 0.009 ± 0.017 ± 0.039

− 1 − (0.0012 ± 0.0003 ± 0.0002 ± 0.0017) 1 − (0.0020 ± 0.0007 ± 0.0009 ± 0.0041)

1 irrespective of the strong phase difference δ_f . The deviations of (H_f )_{Bs} from 1 for different modes are listed in Table XI.

The charming penguin dominance in the KK̄ modes

A¯_B0_{s →K}−_K+ = G_F √ 2 m^2_B [ λ^{(s)}_s A^{KK}_{cc} + · · · ]

≃A¯_B0_{s →K}0¯_K0 ,

(144)

furthermore leads to an approximate relation

Γ̄_{B̄0s →K− K+} ≃ Γ̄_{B̄0s →K0K̄0} . (145)

The amplitude for B̄^0_s → K^0K̄^0 does not receive any LO contributions from Q^{(0),(1)}_{1s,2s} operators, cf. Table IV, so that at this order in the α_S (m_B ) expansion the “tree” amplitude is entirely due to QCD penguin and EWP operator insertions. At NLO in α_S (m_B ) there could, however, be contributions proportional to C_{1,2}α_S (m_B ) leading to a large correction to the predicted direct CP asymmetry. We thus give in Table X only an estimated upper bound of this observable. Similarly, no prediction of (S_f )_{Bs} , (H_f )_{Bs} for this mode is made in Table XI, but conservatively we can expect

|(S_{KS KS} )_{Bs} | < |(S_K+_K− )_{Bs} |, (146) |1 − (H_{KSKS} )_{Bs} | < |1 − (H_K+_K− )_{Bs} |, (147)

In B̄^0_s → η^{(′)}η^{(′)} amplitudes the dominating contributions are also given by charming penguins A¯_B0_{s →ηsηq} = G_F √ 2 m^2_B [√ 2λ^{(s)}_s A^{ηsηq}_{ccg} + · · · ] , (148) A¯_B0_{s →ηs ηs} = G_F √ 2 m^2_B [ λ^{(s)}_s 2 ( A^{ηsηs}_{ccg} (s) + A^{ηsηs}_{cc} (s) ) + · · · ] , (149)

with the ellipsis denoting smaller contributions, while in A¯_B0_{s →ηqηq} there are no charming penguins. Using (131)- (133) we then get for the coefficients in front of A_{cc}, A_{ccg} in the SU(3) limit (apart from the common multiplicative factor G_F m^2_B / √ 2) mode A_{cc} A_{ccg} B̄0_s → ηη √2 sin^2 ϕ √2 sin^2 ϕ − sin 2ϕ B̄^0_s → ηη^′ −^1_{√2} sin 2ϕ cos 2ϕ −^1_{√2} sin 2ϕ B̄0_s → η′η′ √2 cos2 ϕ √2 cos2 ϕ + sin 2ϕ

which for ϕ = 39^∘ gives numerically mode A_{cc} A_{ccg} B̄0_s → ηη −0.42 0.56 B̄^0_s → ηη^′ −0.48 −0.69 B̄0_s → η′η′ 1.83 0.85 explaining the pattern of branching ratios in Table X. Note that the branching ratios for B̄^0_s → ηη and B̄^0_s → η^′η^′ have an additional symmetry factor 1/2 in (65) because of indistinguishable particles in the final state.

TABLE XII: Predictions for “tree” over “penguin” ratios rf (first row of each mode, in terms of ×10^{−2} ) and strong phase differences δf (second row), defined in Eq. (127), for penguin dominated ΔS = 1 B^0_s decays. Theory I (II) column correspond to two sets of SCET parameters Solution I (II) in (106)-(113). Since B̄^0_s → K^+K^− does not depend on isosinglet SCET parameters only one prediction is given. The meaning of errors is the same as in Table VIII.

Mode Theory I Theory II K^−K^+ 16.2 ± 3.5 ± 3.3 ± 1.0 (−159 ± 18 ± 21 ± 5)^∘ ηη 10 ± 5 ± 2 ± 2 12 ± 7 ± 2 ± 2 (53 ± 25 ± 20 ± 4)^∘ (−6 ± 26 ± 20 ± 4)^∘ ηη^′ 0.5 ± 0.4 ± 0.2 ± 5.1 3.1 ± 1.0 ± 0.5 ± 0.5 (175 ± 17 ± 48 ± 4)^∘ (47 ± 18 ± 18 ± 4)^∘ η^′ η^′ 1.6 ± 0.5 ± 0.4 ± 3.6 4.0 ± 1.1 ± 1.0 ± 3.6 (145 ± 13 ± 25 ± 9)^∘ (−112 ± 12 ± 25 ± 9)^∘

Since B_s → KK and B_s → η^{(′)}η^{(′ )} decays are penguin dominated, they represent ideal probes for new physics searches. A very useful observable in this respect is (H_f )_{Bs} (143). In the Standard Model we have a very robust prediction that (H_f )_{Bs} ≃ 1 for penguin dominated modes B_s → KK and B_s → η^{(′)}η^{(′ )}, where the deviations from this relation are of order O(r^2_f ) as discussed above, where r_f itself is of order λ^2 ∼ 0.04 (127). The predicted values in SCET for different modes are given in Table XII. The deviations from (H_f )_{Bs} = 1 are therefore expected to be very small, well below percent level for B_s → η^{(′)}η^{(′ )} modes. If virtual corrections from the beyond Standard Model particles modify either the B_s − B̄_s mixing phase or introduce new phases in b → s penguins, a hint of which may have already been experimentally seen in B → πK, B → η^′K modes, (H_f )_{Bs} can easily deviate from 1 by a correction of O(1). Another attractive feature of (H_f )_{Bs} is that it can be measured in untagged B_s decays [63].

A special case among the ΔS = 1 B_s decays are the decays B^0_s → π^0η^{(′ )}. Since these are ΔI = 1 transitions, there are no QCD penguin contributions to these decays, including no contributions from the nonperturbative charming penguins. The theoretical control over these modes is thus much greater, on par with B^− → π^−π^0, where charming penguins are also absent. Furthermore, B^0_s → π^0η^{(′)} decays are color suppressed, which makes them a perfect probe of the SCET prediction that color suppression is lifted due to Q^{(1)}_{2s} contributions. Unfortunately their branching ratios are of the order ∼ 10^{−7} − 10^{−8} because of the CKM suppression of the “tree” amplitude. The absence of QCD penguins in B^0_s → π^0η^{(′)} also leads to a generic prediction that (S_f )_{Bs} and 1 − (H_f )_{Bs} can be of O(1). Namely, the “penguin” amplitude in B^0_s → π^0η^{(′)} is coming exclusively from EWP operators, which have small Wilson coefficients, making them of similar size as the CKM suppressed “tree” amplitudes, giving r_f ∼ O(1) in (142) and (143). Furthermore, because there are no contributions from charming penguins, while the other contributions factorize at LO in 1/m_b, the strong phase differences vanish at leading order in α_s(m_b) and 1/m_b, δ_f = (0^∘ mod 180^∘), so that A^{CP}_f (128) in B^0_s → π^0η^{(′)} vanishes at this order. This will be lifted at NLO.

Scanning the allowed range of the at present very poorly constrained parameter ζ^−_g (107), (111), we find that a cancellation between different terms in A_B0_{s →π}0_η′ is possible for special values of ζ^−_g . We thus give only a 1σ range for the decay width, while no prediction on (S_f )_{Bs} and 1 − (H_f )_{Bs} for B^0_s → π^0η^′ can be made.

The ΔS = 0 decays have “tree” and “penguin” contributions of similar size. Furthermore, both B̄^0_s → K^0η^{(′)} and B̄^0_s → π^−K^+, π^0K^0 do receive contributions from nonperturbative charming penguins, leading to sizeable direct CP asymmetries. A peculiar case is the B̄^0_s → K^0η decay, where a similar cancellation occurs as in B̄0 → K̄0η between charming penguin contributions due to η−η^′ mixing. Namely, up to numerically smaller terms from Q_{3d,...,6d} insertions we have in the SU(3) limit

A¯_B0_{s →}¯_K0_{ηs} = G_F √ 2 m^2_B [ λ^{(d)}_c ( A_{cc} + A_{ccg} ) + . . . ] , (150)

A¯_B0_{s →}¯_K0_{ηq} = G_F √ 2 m^2_B [ λ^{(d)}_c ( 1 √ 2 A_{cc} + √ 2A_{ccg} )

+ f_{ηq} √ 2 ( ζc^{(d)}_2 + ζ_J b^{(d)}_2 ) + · · · ] , (151)

giving a (1 − √ 2 tan ϕ)/( √ 2 + tan ϕ) = −0.07 suppressed coefficient in front of A_{cc} in B̄^0_s → K^0η compared to the coefficient in front of A_{cc} in B̄^0_s → K^0η^′. Similarly, the coefficient in front of A_{ccg} in B̄^0_s → K^0η is (1 − tan ϕ/ √ 2)/(1/ √ 2 + tan ϕ) = 0.28 suppressed compared to the one in B̄^0_s → K^0η^′. No such cancellations are present in “tree” amplitudes. Because B̄^0_s → K^0η^{(′)} decays are ΔS = 0, with no CKM hierarchy between “tree” and “penguin” amplitudes, the effect of cancellations on predicted branching ratios is less drastic than in B̄^0 → K̄^0η^{(′)}, as can be seen from results in Table X.

IV. CONCLUSIONS

We have provided expressions for decay amplitudes of B̄^0, B^− and B̄^0_s mesons to two light pseudoscalar or vector mesons, including isosinglet mesons η, η^′, ω, ϕ, using Soft Collinear Effective Theory at LO in 1/m_b. For the decays into η, η^′ mesons the contributions where a spectator quark is annihilated by the weak operator, while two collinear gluons are created, is found to be of the leading order in 1/m_b. This leads to a new jet function in SCET_I → SCET_{II} matching for the operators that contribute only to isosinglet final states.

In the phenomenological analysis we work at LO in α_S(m_b) and 1/m_b. In particular, no expansion in α_S ( √ Λm_b) at intermediate scale is made. Instead, following Refs. [9, 10] a set of new nonperturbative SCET functions is introduced, which are then extracted from data using a χ^2-fit. The numerical analysis is performed for the decays into two pseudoscalars. From separate χ^2- fits to B → ππ, πK data and to B → πη^{(′)}, Kη^{(′)} data SCET parameters for nonisosinglet final states and for isosinglet final states are extracted, respectively. Due to scarce data for isosinglet final states, SU(3) symmetry is imposed on the SCET parameters. Even so, two sets of solutions are found for the SCET parameters ζ_{(J)g} , A_{ccg} that enter only in the amplitudes for decays into isosinglet final states.

Predictions for branching ratios, direct and indirect CP asymmetries in B̄^0, B^− and B̄^0_s decays together with estimates of theoretical errors due to SU(3) breaking, 1/m_b and α_S (m_b) corrections and errors due to extracted values of SCET parameters are listed in Tables V-VIII and Tables X-XI. We find:

• A discrepancy between theoretical and experimental values for the R and R_n ratios of decay widths (82), (84), (90), (92) at a level of 2σ if both ππ and πK data are used simultaneously to determine the SCET parameters. No statistically significant deviations are found if only a fit to πK data is made, but the resulting values of SCET parameters strongly violate flavor SU(3).

• The enhancement of Br(B → Kη^′) over Br(B → Kη) is naturally explained in SCET due to destructive and constructive interference governed by η−η^′ mixing as first proposed by Lipkin [94, 95]. The enhancement of Br(B → Kη^′) over Br(B → πK) is due to the “gluonic” charming penguin A_{ccg}, where the n collinear quark annihilates with the spectator quark producing two n collinear gluons. The other mechanisms for enhancing Br(B → Kη^′) discussed in the literature are found to be suppressed by at least one order of 1/m_b.

• The SCET parameters ζ_{(J)g} and A_{ccg} corresponding to annihilation diagrams with two simultaneously emitted collinear gluons are found to be both parametrically and numerically of the same order as the other leading order contributions in accordance with SCET counting. The combination ζ_{Jg} − ζ_g is at present very poorly constrained, but can be constrained by future measurements of decay widths and CP asymmetries in B → π^0η^{(′ )} and CP asymmetries in B → K^0η^{(′)} decays. The orthogonal combination ζ_{Jg} + ζ_g which also enters into B → η^{(′)} form factors is already much better contrained and the corresponding values of the B → η_{q,s} form factors are given in Eqs. (114) and (115). In the future, with more abundant data on isosinglet decays, the assumption of SU(3) flavor symmetry that was used in the present analysis can be relaxed. This will significantly reduce the theoretical uncertainties associated with many of our predictions.

• The deviation ΔS of the S parameter from sin 2β in B̄^0(t) → K_S η^′ decay, which was not used as a constraint in the χ^2-fit, is predicted to lie in the range [−0.026, 0] at 1σ and to be below 4% even if no information on the strong phases is used. Further constraints on ΔS in B̄^0 → K_S η, K_S π^0 decays are given in subsection III C.

• Predictions are made for the branching ratios in B_s → P P decays, as well as for related direct CP asymmetries, (S_f )_{Bs} parameters and the coefficient (H_f )_{Bs} multiplying sinh(ΔΓt/Γ) in the time dependent decay width. A robust prediction, (H_f )_{Bs} = 1, for penguin dominated ΔS = 1 decays holds in the Standard Model up to corrections that are at the permil level for B_s → η^{(′ )}η^{(′)} decays and at the percent level for B_s → KK decays. This prediction follows from general arguments independent of the SCET framework. In beyond the Standard Model scenarios, the relation (H_f )_{Bs} = 1 can generically receive corrections of O(1), making them very interesting probes of new physics.

We thank Ira Rothstein for initiating this work and for his helpful comments, Michael Gronau, Chul Kim, Manfred Paulini, Dan Pirjol and Amarjit Soni for comments on the manuscript and Krešimir Kumerički, Adam Leibovich and Kornelija Passek-Kumerički for enlightening discussions. This work was supported in part by the United States Department of Energy under Grants No. DOE-ER-40682-143 and DEAC02-6CH03000.

APPENDIX A: NOTATION

Choosing n^μ = (1, 0, 0, −1) and n̄^μ = (1, 0, 0, 1), so that n̸ = γ^0 + γ^3 and n̸̄ = (γ^0 − γ^3), while in shorthand notation n · k = k_+ and n̄ · k = k_− for any four-vector k^μ, and choosing for the Levi-Civita tensor normalization to be ϵ^{0123} = −1, (A1)

while γ_5 = iγ^0γ^1γ^2γ^3, so that for instance Tr[γ_5γ^μγ^ν γ^αγ^β ] = 4iϵ^{μναβ}, and furthermore defin- ing ϵ^{μν}_⊥ = 1 2 ϵ^{μναβ}n̄_αn_β (A2) so that ϵ^{12}_⊥ = −ϵ^{21}_⊥ = 1 and γ_5 =^i_8 [ ̸n̄, ̸n]ϵ_{⊥μν}γ^μ_⊥γ^ν_⊥, this leads to the following relations n̸γ^μ_⊥γ^ν_⊥P_{L,R} = (g^{μν}_⊥ ± iϵ^{μν}_⊥ ) n̸P_{L,R}, (A3) n̸̄γ^μ_⊥γ^ν_⊥P_{L,R} = (g^{μν}_⊥ ∓ iϵ^{μν}_⊥ ) n̸̄P_{L,R}, (A4) where g^{μν}_⊥ = g^{μν} −^1_2 (n^μn̄^ν +n̄^μn^ν ) and P_{L,R} = (1∓γ_5)/2.

APPENDIX B: THE STRUCTURE OF JET FUNCTIONS

In this appendix we show that in the matching (24) only four jet functions appear to all orders in α_S ( √ Λm_b).

Let us first discuss the case where in T [ (ξ̄_nW )_{zω}igB^{⊥ α}_{n, −z̄ω}P_{R,L} ]_{ia} (0) [ ig B̸^⊥_n W^†ξ_n ]_{jb} (y), (B1)

the gluon fields are contracted, leading to J_⊥ and J jet functions (24). At higher orders in α_S ( √ Λm_b) the corrections will come from insertions of leading order SCET Lagrangian L^{(0)}_{ξξ} = ξ̄_{n,p}′ ( in · D_c + i D̸^⊥_c 1 in̄ · D_c i D̸^⊥_c ) n̸̄ 2 ξ_{n,p}, (B2) and the purely gluonic L^{(0)}_{cg} . Thus the most general form of the operator with two external collinear quark fields that (B1) matches onto is (up to operators with nontrivial color structure) δ^{ab} [ ū^c_n ∏ i (n̸̄γ^{μi}_⊥ γ^{μi+1}_⊥ n̸)P_{R,L} ]_i[ γ^β_⊥ ∏ j (n̸ n̸̄γ^{μj}_⊥ γ^{μj+1}_⊥ )u^c_n ]_j , (B3) with γ^β_⊥ coming from ̸B^⊥_n , ̸n coming from the collinear quark propagator, and pairs of γ_⊥ matrices coming from L^{(0)}_{ξξ} . After Fierz transformation then (up to an overall factor) δ^{ab} ∑ I (ū_nΓ_I u_n) [ γ^β_⊥ n̸ n̸̄ ∏ j (γ^{μj}_⊥ γ^{μj+1}_⊥ )× × Γ^′_I ∏ i (γ^{μi}_⊥ γ^{μi+1}_⊥ ) n̸̄ n̸P_{R,L} ]_{ji} , (B4)

where Γ_I ⊗ Γ^′_I = n̸̄⊗ n̸− n̸̄γ_5⊗ n̸γ_5− n̸̄γ^ν_⊥⊗ n̸γ_{⊥ν} = = n̸̄(1 ∓ γ_5)⊗ n̸− n̸̄γ^ν_⊥⊗ n̸γ_{⊥ν} . (B5)

In the last equality the action of γ_5 on P_{R,L} has been used. The two Dirac structures give rise to the operators with jet functions J and J_⊥ in (24). For instance the n̸̄(1 ∓ γ_5)⊗ n̸ Dirac structure leads to the operator [ q̄_{n, xω} n̸̄P_{L,R}q^′_{n, −x̄ω} ]( n̸γ^α_⊥P_{R,L}, )_{ji} , (B6)

which follows from the relation ̸n ̸n̄ ̸n ∝ ̸n and the fact that all the Lorentz indices in (B4) are contracted pairwise (contraction with external p_⊥ momentum is subleading) except for the index α which is carried by the remaining γ_⊥. Namely, the γ_⊥ matrices with contracted indices can be permuted to be next to each other so that the end result is a pure number times γ^α_⊥.

The ̸n̄γ^ν_⊥⊗ ̸nγ_{⊥ν} Dirac structure, on the other hand, leads to the operator [ q̄_{n, xω} n̸̄γ^⊥_ν q^′_{n, −x̄ω} ](n̸ 2 P_{R,L}γ^α_⊥γ^ν_⊥ )_{ji} . (B7)

This immediately follows from the relation [odd]γ^ν_⊥[even] ∝ γ^α_⊥γ^ν_⊥ to be proven below. Here [odd] and [even] denote products of odd and even number of γ_⊥ matrices, with γ^α_⊥ either in [odd] or [even], while all other indices are contracted.

Before we proceed let us show by induction that [odd]γ^ν_⊥[odd]=0, where the indices of γ_⊥ matrices in [odd] are all contracted pairwise. This is true at lowest order, γ^β_⊥γ^ν_⊥γ_{⊥β} = 0. Now assume that the relation holds for N − 2 γ_⊥ matrices and look at the case of N γ_⊥ matrices. Since in [odd] there is an odd number of γ_⊥ there must be at least one pair of γ_⊥ matrices that has contracted indices and sits on the opposite sides of γ^ν_⊥. Moving these matrices next to γ^ν_⊥ using γ^σ_⊥γ^δ_⊥ = 2g^{σδ}_⊥ −γ^δ_⊥γ^σ_⊥ leads to terms of form [odd]γ^ν_⊥[odd] with N −2 matrices, which are zero by assumption, and a term [even]γ^β_⊥γ^ν_⊥γ_{⊥β} [even], which is also zero. Similarly, one can show that [even]γ^ν_⊥[even]∝ γ^ν_⊥. This holds trivially at lowest order with [even] empty. Let us assume that it holds for N −2 γ_⊥ matrices and move to N γ_⊥ matrices. If in [even]γ^ν_⊥[even] there are no cross contractions then [even] is just a number. If there are cross contractions, then as before the corresponding two matrices can be moved next to γ^ν_⊥. This leads to terms [even]γ^ν_⊥[even] with N − 2 matrices, which are proportional to γ^ν_⊥ by assumption, and a term [odd]γ^β_⊥γ^ν_⊥γ_{⊥β} [odd], which is zero.

We can now show by induction that [odd]γ^ν_⊥[even] ∝ γ^α_⊥γ^ν_⊥. The relation is trivially satisfied when [even] is an empty set and [odd]= γ^α_⊥. Let us assume that the relation holds also for N −2 γ_⊥ in [odd] and [even] and move to N γ_⊥. We distinguish two cases, (i) γ^α_⊥ is in [odd] and (ii) γ^α_⊥ is in [even]. For option (i) the matrix γ^α_⊥ can be moved to the far left using γ^{μi}_⊥ γ^α_⊥ = 2g^{μiα}_⊥ − γ^α_⊥γ^{μi}_⊥ . The terms with g^{μiα}_⊥ have N − 2 γ_⊥ and are proportional to γ^α_⊥γ^ν_⊥ by assumption, leaving a term γ^α_⊥[even]γ^ν_⊥[even]∝ γ^α_⊥γ^ν_⊥ (since [even]γ^ν_⊥[even]∝ γ^ν_⊥). In the case (ii) γ^α_⊥ is moved to the right. This leads to terms with N − 2 gamma matrices, which are proportional to γ^α_⊥γ^ν_⊥ by assumption, and a term [odd]γ^ν_⊥[odd]γ^α_⊥, which is zero as shown above.

Finally let us discuss the matching in (B1) with fermion fields contracted. Generally, this leads to an operator of the form δ^{ab} [ γ^β_⊥ n̸ ∏ i (n̸̄γ^{μi}_⊥ γ^{μi+1}_⊥ n̸)P_{R,L}]^{ji}B^{μA}_{⊥n−x̄ω}B^{νA}_{⊥n−xω}, (B8) where one of the Lorentz indices is equal to α, while the others are contracted pairwise. This general operator can always be written as a linear combination of operators δ^{ab} [ γ^α_⊥ n̸P_{R,L}]^{ji}B^A_{⊥n−x̄ω} · B^A_{⊥n−xω}, (B9) δ^{ab} [ B̸^A_{⊥n−x̄ω} n̸P_{R,L}]^{ji}B^{Aα}_{⊥n−xω}, (B10) δ^{ab} [ B̸^A_{⊥n−xω} n̸P_{R,L}]^{ji}B^{Aα}_{⊥n−x̄ω}. (B11) This is trivially satisfied for only γ^β_⊥ in (B8) without additional γ_⊥ insertions. It is also true in general, since the Dirac structure [any]γ^ν_⊥[any]γ^μ_⊥[any]γ^α_⊥[any], where [any] is a product of an arbitrary number of γ_⊥ matrices, with the unshown Lorentz indices contracted, is a sum of γ^ν_⊥γ^μ_⊥γ^α_⊥ and the similar terms with permuted Lorentz indices. Decomposition in terms of operators (B9)-(B11) then follows from

γ^ν_⊥γ^μ_⊥γ^α_⊥ = g^{μν}_⊥ γ^α_⊥ − g^{να}_⊥ γ^μ_⊥ + g^{μα}_⊥ γ^ν_⊥. (B12)

Since (B10) and (B11) differ merely by x ↔ x̄ interchange, only one of the two is needed after integration over x in (24).

APPENDIX C: SU(3) DECOMPOSITION

In the limit m_s, m_{u,d} ≪ Λ a useful approach is to use the transformation properties of the weak Hamiltonian (2) under flavor SU(3) and decompose the decay amplitudes in terms of reduced matrix elements [107]. The diagrammatic approach of Refs. [108, 109] is equivalent to the SU(3) decomposition of the amplitudes (for recent applications see e.g. [30, 110, 111]). It is usually followed, however, by further dynamical assumptions, with annihilation and exchange topologies neglected [110]. For nonisosinglet final states this assumption can be justified using SCET, since the reduced matrix elements corresponding to the two topologies are found to be 1/m_b suppressed [9, 10, 112]. As we will show in this appendix, the annihilation and exchange topologies, on the other hand, cannot be neglected for isosinglet final states since they come as leading order contributions in 1/m_b expansion in SCET. In this appendix we also provide the translation between our LO SCET results (37) and the diagrammatic language. All the results will be given assuming exact SU(3), using thus the relations (45), (46), (53), (54) along with a similar relation for the decay constants f_M = f_π = f_K = f_{ηq} = f_{ηs} .

The effective weak Hamiltonian (2) transforms under flavor SU(3) as ¯3⊗3⊗¯3 = ¯3⊕¯3 ⊕6⊕15, so that it can be decomposed in terms of a vector H^i(3), a traceless tensor antisymmetric in upper indices, H^{[ij]}_k (6), and a traceless tensor symmetric in the upper indices, H^{(ij)}_k (15). We further define a vector of B fields B_i = (B^+, B^0, B^0_s ) and a matrix of light pseudoscalar fields

M^i_j =

π^0√

2 −^{η8√}_6 π^− K^−

π^+ −^{π0√}_2 −^{η8√}_6 K̄^0

K^+ K^0

√_2 3 η_8 + η_0 √ 3 11, (C1)

where the SU(3) singlet η_0 ∼ (uū + dd̄ + ss̄)/ √ 3 and octet η_8 ∼ (2ss̄−uū−dd̄)/ √ 6 admixtures of η_{q,s} are used, which is the natural choice in unbroken SU(3). The most general Hamiltonian that has the same transformation properties under SU(3) as the weak Hamiltonian in (2) is then a sum of terms that contribute to both SU(3) singlet and octet final states

A_3B_iH^i(3)M^j_k M^k_j + C_3B_iM^i_j M^j_k H^k(3)

+A_6B_iH^{ij}_k (6)M^l_j M^k_l + C_6B_iM^i_j H^{jk}_l (6)M^l_k

+A_{15}B_iH^{ij}_k (15)M^l_j M^k_l + C_{15}B_iM^i_j H^{jk}_l (15)M^l_k,

(C2)

and terms that are nonzero only if SU(3) singlet is in the final state

E_3B_iM^i_j H^j(3)M^k_k + D_3B_iH^i(3)M^j_j M^k_k

+D_6B_iH^{ij}_k (6)M^k_j M^l_l + D_{15}B_iH^{ij}_k (15)M^k_j M^l_l ,

(C3)

where for ΔS = 0 decays

H^2(3) = 1, (C4)

H^{12}_1 (6) = −H^{21}_1 (6) = H^{23}_3 (6) = −H^{32}_3 (6) = 1, (C5)

2H^{12}_1 (15) = 2H^{21}_1 (15) = −3H^{22}_2 (15) =

= −6H^{23}_3 (15) = −6H^{32}_3 (15) = 6,

(C6)

with the remaining entries zero, while for ΔS = 1 decays the nonzero entries in H^i(3), H^{ij}_k (6), H^{ij}_k (15) are obtained from (C4)-(C6) with the replacement 2 ↔ 3. Note that since the final state |P P ⟩ is symmetric, there are only 9 reduced matrix elements in B → P P [107]. Namely, the coefficients C_6, A_6, D_6 in the above decompositions (C2), (C3) always appear in the combinations C_6 − A_6 and D_6 + A_6.

In the diagrammatic approach the linear combinations of reduced matrix elements C_{3,6,15} are redefined as t, c, p amplitudes

t = 2C_6 + 4C_{15}, (C7) c = −2C_6 + 4C_{15}, (C8) p = C_3 − C_6 − C_{15}, (C9)

while A_{3,6,15}, leading to amplitudes e, a, pa in the diagrammatic notation, are usually neglected. This dynamical assumption can be justified using SCET, where A_{3,6,15} are found to be 1/m_b suppressed [9, 10, 112], while the remaining amplitudes are at LO in 1/m_b and α_S (m_b) t = G_F √ 2 m^2_B f_M [ b^{(d)}_1 ζ_J + c^{(d)}_1 ζ ] , (C10) c = G_F √ 2 m^2_B f_M [ (b^{(d)}_2 − b^{(d)}_3 )ζ_J + (c^{(d)}_2 − c^{(d)}_3 )ζ ] , (C11) p = G_F √ 2 m^2_B [ f_M (b^{(d)}_4 ζ_J + c^{(d)}_4 ζ) + λ^{(d)}_c A_{cc} ] . (C12)

The Wilson coefficients b^{(d)}_i are here understood to be already convoluted with light pseudoscalar LCDA. In the SU(3) limit this amounts to a replacement m_b/ω_2 = −m_b/ω_3 = ⟨x^{−1}⟩_π = ⟨x^{−1}⟩_K = ⟨x^{−1}⟩_η ≃ 3 in Eq. (16). The amplitudes for ΔS = 1 transitions are obtained from (C10)-(C12) with b^{(d)}_i → b^{(s)}_i , c^{(d)}_i → c^{(s)}_i .

The complete SU(3) decomposition of amplitudes for decays not containing η_0 is given in Ref. [109] both

TABLE XIII: The SU(3) decomposition of ΔS = 0 (above horizontal line) and ΔS = 1 decays (below horizontal line) into final states with η0. Each amplitude should be divided by the common denominator in the ”Factor” column, so that for instance A_B−_{→π}−_{η0} = (2C3 + C6 + 3C15 + 2A6 + 6A15 + 3E3 + 3D6 + 9D15 )/ √ 3 = (c + t + 2p + ts + ps)/ √ 3. The ”Diagrammatic” column shows the decomposition in the diagrammatic approach notation, with A3,6,15 neglected.

Mode C3 C6 C15 A3 A6 A15 E3 D3 D6 D15 Factor Diagrammatic B^− → π^−η0 2 1 3 0 2 6 3 0 3 9 √ 3 t + c + 2p + ts + ps B̄^0 → π^0 η_0 −2 −1 5 0 −2 10 −3 0 −3 15 √6 −2p + c_s − p_s B̄^0 → η_8 η_0 −2 3 −3 0 6 −6 −3 0 9 −9 3√2 −(2c + 2p + c_s + p_s) B̄^0 → η_0 η_0 2 0 0 6 0 0 6 18 0 0 3 2(c + p + c_s + p_s + s_0) B̄^0_s → K^0η_0 2 −1 −1 0 −2 −2 3 0 −3 −3 √3 c + 2p + p_s

B^− → K^−η0 2 1 3 0 2 6 3 0 3 9 √ 3 t^′ + c^′ + 2p^′ + t^′_s + p^′_s B̄^0 → K̄^0η_0 2 −1 −1 0 −2 −2 3 0 −3 −3 √3 c^′ + 2p^′ + p^′_s B̄^0_s → π^0 η_0 0 −2 4 0 −4 8 0 0 −6 12 √6 c^′ + c^′_s B̄^0_s → η_8 η_0 4 0 −6 0 0 −12 6 0 0 −18 3√2 c^′ + 4p^′ − c^′_s + 2p^′_s B̄^0_s → η_0 η_0 2 0 0 6 0 0 6 18 0 0 3 2(c^′ + p^′ + c^′_s + p^′_s + s^′_0)

in terms of reduced matrix elements A_{3,6,15}, C_{3,6,15} as well as in terms of diagrammatic amplitudes and will thus not be repeated here. (In Ref. [109] a different phase conventions was used, so the replacements π^0 → −π^0, π^− → −π^−, K^− → −K^− need to be made, while the amplitudes into two indistinguishable states should be multiplied by √ 2 to have our normalization of the amplitudes. In addition we find the ”Factor” in Table 2. of [109] for B_sπ^0η_8 to be − √ 3.) The complete SU(3) decomposition of amplitudes for decays into SU(3) singlets, on the other hand, is provided in Table XIII.

The reduced matrix elements E_3 and D_{3,6,15} describing the decays into SU(3) singlet final states are found in SCET to be all nonzero already at leading order in 1/m_b and α_S(m_b). Defining the singlet ”diagrammatic” amplitudes

t_s = 6(D_6 + 2D_{15}), (C13) c_s = −6(D_6 − 2D_{15}), (C14) p_s = 3(C_6 − C_{15} − D_6 − D_{15} + E_3), (C15) s_0 = 9(D_3 + D_6 − D_{15}), (C16)

we find at leading order in 1/m_b and α_S (m_b)

t_s = G_F √ 2 m^2_B 3f_M [ b^{(d)}_1 ζ_{Jg} + c^{(d)}_1 ζ_g ] , c_s = G_F √ 2 m^2_B 3f_M [ (b^{(d)}_2 − b^{(d)}_3 )ζ_{Jg} + (c^{(d)}_2 − c^{(d)}_3 )ζ_g ] , p_s = G_F √ 2 m^2_B 3 [ f_M ( (b^{(d)}_5 − b^{(d)}_6 )ζ_J + (c^{(d)}_5 − c^{(d)}_6 )ζ ) + f_M ( b^{(d)}_4 ζ_{Jg} + c^{(d)}_4 ζ_g ) + λ^{(d)}_c A_{ccg} ] , s_0 = G_F √ 2 m^2_B 9f_M [ (b^{(d)}_5 − b^{(d)}_6 )ζ_{Jg} + (c^{(d)}_5 − c^{(d)}_6 )ζ_g ] , (C17)

where s_0 contributes only to η_0η_0 decays. The ΔS = 1 amplitudes t^′_s, c^′_s, p^′_s, s^′_0 are obtained by replacing d → s in (C17). Note that these amplitudes are arising from gluon content of isosinglet final states and correspond to diagrams on Fig. 4 b) and 4 d) and on Fig. 6, with p_s receiving also nongluonic contributions.

In the applications of SU(3) decomposition using the diagrammatic approach it is frequently assumed that only one reduced matrix element, E_3, is nonzero, while D_{3,6,15} are assumed to be suppressed [109, 110]. This corresponds to taking p_s nonzero, while neglecting t_s, c_s and s_0 (commonly s = p_s/3 is introduced instead of p_s). In the SCET result (C17) this would correspond to a limit ζ_{(J)g} ≪ ζ_{(J)}, while from SCET scaling of the operators we expect ζ_{(J)g} ∼ ζ_{(J)}. At present both possibilities are still allowed by experiment, Eqs. (106), (107), (110), (111), but nonzero values of ζ_g + ζ_{Jg} are preferred. More precisely, in Solution I ζ_{Jg} + ζ_g cannot be zero, while it is still consistent with zero at ∼ 1.5σ in Solution II (the poorly constrained orthogonal combination ζ_{Jg} − ζ_g is consistent with zero in both cases).

[1] 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].

[2] A. Szczepaniak, E. M. Henley and S. J. Brodsky, Phys.

Lett. B 243, 287 (1990); M. J. Dugan and B. Grinstein, Phys. Lett. B 255, 583 (1991); H. D. Politzer and M. B. Wise, Phys. Lett. B 257, 399 (1991).

[3] C. W. Bauer, S. Fleming and M. E. Luke, Phys.

Rev. D 63, 014006 (2001) [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].

[4] C. W. Bauer, D. Pirjol and I. W. Stewart, Phys. Rev.

D 65, 054022 (2002) [arXiv:hep-ph/0109045]. [5] C. W. Bauer, S. Fleming, D. Pirjol, I. Z. Rothstein and I. W. Stewart, Phys. Rev. D 66, 014017 (2002). [arXiv:hep-ph/0202088].

[6] C. W. Bauer, D. Pirjol and I. W. Stewart, Phys. Rev.

Lett. 87, 201806 (2001) [arXiv:hep-ph/0107002]. [7] J. g. Chay and C. Kim, Phys. Rev. D 68, 071502 (2003) [arXiv:hep-ph/0301055].

[8] J. Chay and C. Kim, Nucl. Phys. B 680, 302 (2004) [arXiv:hep-ph/0301262].

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

[10] C. W. Bauer, I. Z. Rothstein and I. W. Stewart, arXiv:hep-ph/0510241.

[11] C. W. Bauer, D. Pirjol, I. Z. Rothstein and I. W. Stewart, Phys. Rev. D 72, 098502 (2005) [arXiv:hep-ph/0502094].

[12] M. Beneke, G. Buchalla, M. Neubert and C. T. Sachrajda, Nucl. Phys. B 606, 245 (2001) [arXiv:hep-ph/0104110].

[13] M. Beneke and M. Neubert, Nucl. Phys. B 651, 225 (2003) [arXiv:hep-ph/0210085].

[14] M. Beneke and M. Neubert, Nucl. Phys. B 675, 333 (2003) [arXiv:hep-ph/0308039].

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

[16] C. N. Burrell and A. R. Williamson, Phys. Rev. D 64, 034009 (2001) [arXiv:hep-ph/0101190]; C. N. Burrell and A. R. Williamson, arXiv:hep-ph/0504024.

[17] T. Becher, M. Neubert and B. D. Pecjak, Nucl. Phys.

B 619, 538 (2001) [arXiv:hep-ph/0102219].

[18] M. Neubert and B. D. Pecjak, JHEP 0202, 028 (2002) [arXiv:hep-ph/0202128].

[19] Y. Y. Keum, H. n. Li and A. I. Sanda, Phys. Lett.

B 504, 6 (2001) [arXiv:hep-ph/0004004]; Y. Y. Keum, H. N. Li and A. I. Sanda, Phys. Rev. D 63, 054008 (2001) [arXiv:hep-ph/0004173]; C. D. Lu, K. Ukai and M. Z. Yang, Phys. Rev. D 63, 074009 (2001) [arXiv:hep-ph/0004213].

[20] T. Feldmann and T. Hurth, JHEP 0411, 037 (2004) [arXiv:hep-ph/0408188].

[21] G. Buchalla and A. S. Safir, Eur. Phys. J. C 45, 109 (2006) [arXiv:hep-ph/0406016].

[22] A. L. Kagan, Phys. Lett. B 601, 151 (2004) [arXiv:hep-ph/0405134].

[23] M. Ciuchini, E. Franco, G. Martinelli and L. Silvestrini, Nucl. Phys. B 501, 271 (1997) [arXiv:hep-ph/9703353]; M. Ciuchini, E. Franco, G. Martinelli, M. Pierini and L. Silvestrini, Phys. Lett. B 515, 33 (2001) [arXiv:hep-ph/0104126]; P. Colangelo, G. Nardulli, N. Paver and Riazuddin, Z. Phys. C 45, 575 (1990).

[24] D. Atwood and A. Soni, Phys. Lett. B 405, 150 (1997) [arXiv:hep-ph/9704357].

[25] W. S. Hou and B. Tseng, Phys. Rev. Lett. 80, 434 (1998) [arXiv:hep-ph/9705304].

[26] H. Fritzsch, Phys. Lett. B 415, 83 (1997) [arXiv:hep-ph/9708348].

[27] T. E. Browder et al. [CLEO Collaboration], Phys. Rev.

Lett. 81, 1786 (1998) [arXiv:hep-ex/9804018]. [28] M. Gronau and J. L. Rosner, Phys. Lett. B 572, 43 (2003) [arXiv:hep-ph/0307095]; T. Yoshikawa, Phys. Rev. D 68, 054023 (2003) [arXiv:hep-ph/0306147]; S. Mishima and T. Yoshikawa, Phys. Rev. D 70, 094024 (2004) [arXiv:hep-ph/0408090]; Y. L. Wu and Y. F. Zhou, Phys. Rev. D 71, 021701 (2005) [arXiv:hep-ph/0409221]; Y. L. Wu and Y. F. Zhou, Phys. Rev. D 72, 034037 (2005) [arXiv:hep-ph/0503077]; C. S. Kim, S. Oh and C. Yu, Phys. Rev. D 72, 074005 (2005) [arXiv:hep-ph/0505060]; H. n. Li, S. Mishima and A. I. Sanda, Phys. Rev. D 72, 114005 (2005) [arXiv:hep-ph/0508041].

[29] A. J. Buras, R. Fleischer, S. Recksiegel and F. Schwab, Eur. Phys. J. C 32, 45 (2003) [arXiv:hep-ph/0309012]; Phys. Rev. Lett. 92, 101804 (2004) [arXiv:hep-ph/0312259]; Nucl. Phys. B 697, 133 (2004) [arXiv:hep-ph/0402112]; Acta Phys. Polon. B 36, 2015 (2005) [arXiv:hep-ph/0410407]; arXiv:hep-ph/0512059.

[30] S. Baek, P. Hamel, D. London, A. Datta and D. A. Suprun, Phys. Rev. D 71, 057502 (2005) [arXiv:hep-ph/0412086].

[31] Y. Grossman and M. P. Worah, Phys. Lett. B 395, 241 (1997) [arXiv:hep-ph/9612269]; Y. Grossman, G. Isidori and M. P. Worah, Phys. Rev. D 58, 057504 (1998) [arXiv:hep-ph/9708305].

[32] D. London and A. Soni, Phys. Lett. B 407, 61 (1997) [arXiv:hep-ph/9704277].

[33] For a recent review, see e.g. L. Silvestrini, arXiv:hep-ph/0510077.

[34] G. Buchalla, A. J. Buras and M. E. Lautenbacher, Rev.

Mod. Phys. 68, 1125 (1996) [arXiv:hep-ph/9512380]. [35] C. W. Bauer, D. Pirjol and I. W. Stewart, Phys. Rev.

D 67, 071502 (2003) [arXiv:hep-ph/0211069]. [36] A. Khodjamirian, T. Mannel and B. Melic, Phys. Lett.

B 571, 75 (2003) [Phys. Lett. B 572, 171 (2003)] [arXiv:hep-ph/0304179].

[37] M. Beneke and S. Jager, arXiv:hep-ph/0512351. [38] S. Khalil and E. Kou, Phys. Rev. D 67, 055009 (2003) [arXiv:hep-ph/0212023].

[39] M. Beneke, A. P. Chapovsky, M. Diehl and T. Feldmann, Nucl. Phys. B 643, 431 (2002) [arXiv:hep-ph/0206152].

[40] M. Beneke and T. Feldmann, Nucl. Phys. B 685, 249 (2004) [arXiv:hep-ph/0311335].

[41] M. Beneke and T. Feldmann, Nucl. Phys. B 592, 3 (2001) [arXiv:hep-ph/0008255].

[42] R. J. Hill, T. Becher, S. J. Lee and M. Neubert, JHEP 0407, 081 (2004) [arXiv:hep-ph/0404217]; T. Becher and R. J. Hill, JHEP 0410, 055 (2004) [arXiv:hep-ph/0408344]; R. J. Hill, arXiv:hep-ph/0505129.

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

[44] J. Chay and C. Kim, Phys. Rev. D 65, 114016 (2002) [arXiv:hep-ph/0201197].

[45] M. Beneke, Y. Kiyo and D. s. Yang, Nucl. Phys. B 692, 232 (2004) [arXiv:hep-ph/0402241].

[46] M. Beneke and D. Yang, Nucl. Phys. B 736, 34 (2006) [arXiv:hep-ph/0508250].

[47] D. Pirjol and I. W. Stewart, Phys. Rev. D 67,

094005 (2003) [Erratum-ibid. D 69, 019903 (2004)] [arXiv:hep-ph/0211251]; eConf C030603, MEC04 (2003) [arXiv:hep-ph/0309053].

[48] T. Becher, R. J. Hill and M. Neubert, Phys. Rev. D 72, 094017 (2005) [arXiv:hep-ph/0503263].

[49] G. P. Lepage and S. J. Brodsky, Phys. Rev. D 22, 2157 (1980); S. J. Brodsky, P. Damgaard, Y. Frishman and G. P. Lepage, Phys. Rev. D 33, 1881 (1986); V. L. Chernyak and A. R. Zhitnitsky, Phys. Rept. 112, 173 (1984).

[50] A. Hardmeier, E. Lunghi, D. Pirjol and D. Wyler, Nucl.

Phys. B 682, 150 (2004) [arXiv:hep-ph/0307171]. [51] P. Kroll and K. Passek-Kumericki, Phys. Rev. D 67, 054017 (2003) [arXiv:hep-ph/0210045].

[52] A. E. Blechman, S. Mantry and I. W. Stewart, Phys.

Lett. B 608, 77 (2005) [arXiv:hep-ph/0410312]. [53] A. G. Grozin and M. Neubert, Phys. Rev. D 55, 272 (1997) [arXiv:hep-ph/9607366].

[54] M. Beneke, J. Rohrer and D. Yang, arXiv:hep-ph/0512258.

[55] K. F. Chen et al. [BELLE Collaboration], Phys.

Rev. Lett. 94, 221804 (2005) [arXiv:hep-ex/0503013]; B. Aubert et al. [BABAR Collaboration], Phys. Rev. Lett. 93, 231804 (2004) [arXiv:hep-ex/0408017].

[56] For recent discussions see e.g. C. H. Chen, arXiv:hep-ph/0601019; C. S. Huang, P. Ko, X. H. Wu and Y. D. Yang, arXiv:hep-ph/0511129; S. Baek, A. Datta, P. Hamel, O. F. Hernandez and D. London, Phys. Rev. D 72, 094008 (2005) [arXiv:hep-ph/0508149]; W. j. Zou and Z. j. Xiao, Phys. Rev. D 72, 094026 (2005) [arXiv:hep-ph/0507122]; C. H. Chen and C. Q. Geng, Phys. Rev. D 71, 115004 (2005) [arXiv:hep-ph/0504145]; P. K. Das and K. C. Yang, Phys. Rev. D 71, 094002 (2005) [arXiv:hep-ph/0412313]; H. n. Li, Phys. Lett. B 622, 63 (2005) [arXiv:hep-ph/0411305]; H. n. Li and S. Mishima, Phys. Rev. D 71, 054025 (2005) [arXiv:hep-ph/0411146]; E. Alvarez, L. N. Epele, D. G. Dumm and A. Szynkman, Phys. Rev. D 70, 115014 (2004) [arXiv:hep-ph/0410096]; M. Ladisa, V. Laporta, G. Nardulli and P. Santorelli, Phys. Rev. D 70, 114025 (2004) [arXiv:hep-ph/0409286]; P. Colangelo, F. De Fazio and T. N. Pham, Phys. Lett. B 597, 291 (2004) [arXiv:hep-ph/0406162].

[57] T. Feldmann, P. Kroll and B. Stech, Phys. Rev. D 58, 114006 (1998) [arXiv:hep-ph/9802409];

T. Feldmann, P. Kroll and B. Stech, Phys. Lett. B 449, 339 (1999) [arXiv:hep-ph/9812269].

[58] P. Ball and R. Zwicky, Phys. Rev. D 71, 014029 (2005) [arXiv:hep-ph/0412079].

[59] Heavy Flavor Averaging Group (HFAG) data averages can be found at www.slac.stanford.edu/xorg/hfag/ [60] S. Eidelman et al. [Particle Data Group], Phys. Lett. B 592, 1 (2004).

[61] G. C. Branco, L. Lavoura and J. P. Silva, “CP violation,” Oxford University Press, Oxford, UK (1999).

[62] A. Lenz, arXiv:hep-ph/0412007.

[63] I. Dunietz, Phys. Rev. D 52, 3048 (1995) [arXiv:hep-ph/9501287].

[64] R. Aleksan, B. Kayser and D. London, Phys. Rev. Lett.

73, 18 (1994) [arXiv:hep-ph/9403341].

[65] P. Ball and R. Zwicky, Phys. Rev. D 71, 014015 (2005) [arXiv:hep-ph/0406232].

[66] J. W. Chen and I. W. Stewart, Phys. Rev. Lett. 92

(2004) 202001 [arXiv:hep-ph/0311285].

[67] A. P. Bakulev, S. V. Mikhailov and N. G. Stefanis, Phys. Lett. B 578, 91 (2004) [arXiv:hep-ph/0303039]; See also Table I in A. P. Bakulev, K. Passek-Kumericki, W. Schroers and N. G. Stefanis, Phys. Rev. D 70, 033014 (2004) [Erratum-ibid. D 70, 079906 (2004)] [arXiv:hep-ph/0405062].

[68] J. Charles et al. [CKMfitter Group], Eur. Phys.

J. C 41, 1 (2005) [arXiv:hep-ph/0406184]; Summer 2005 update can be found at CKMfitter home page, http://ckmfitter.in2p3.fr/ [69] M. Bona et al. [UTfit Collaboration], JHEP 0507, 028 (2005) [arXiv:hep-ph/0501199]; Summer 2005 update can be found at http://www.utfit.org/ [70] M. Gronau and D. London, Phys. Rev. Lett. 65, 3381 (1990); A. E. Snyder and H. R. Quinn, Phys. Rev. D 48, 2139 (1993); M. Gronau and J. Zupan, Phys. Rev. D 70, 074031 (2004) [arXiv:hep-ph/0407002];

[71] B. Aubert et al. [BaBar Collaboration], Phys. Rev.

Lett. 95, 151803 (2005) [arXiv:hep-ex/0501071]; K. Abe et al. [Belle Collaboration], Phys. Rev. Lett. 95, 101801 (2005) [arXiv:hep-ex/0502035]; B. Aubert et al. [BABAR Collaboration], arXiv:hep-ex/0408099; C. C. Wang et al. [Belle Collaboration], Phys. Rev. Lett. 94, 121801 (2005) [arXiv:hep-ex/0408003]; B. Aubert et al. [BABAR Collaboration], Phys. Rev. Lett. 95, 041805 (2005) [arXiv:hep-ex/0503049]; K. Abe et al., arXiv:hep-ex/0507039; A. Somov and A. J. Schwartz, arXiv:hep-ex/0601024; See also a recent review A. Bevan, arXiv:hep-ex/0512048.

[72] M. Gronau and J. Zupan, Phys. Rev. D 71, 074017 (2005) [arXiv:hep-ph/0502139]; S. Gardner, Phys. Rev. D 72, 034015 (2005) [arXiv:hep-ph/0505071]; S. Gardner, Phys. Rev. D 59, 077502 (1999) [arXiv:hep-ph/9806423].

[73] M. Gronau and D. Wyler, Phys. Lett. B 265, 172 (1991); M. Gronau and D. London., Phys. Lett. B 253, 483 (1991); D. Atwood, I. Dunietz and A. Soni, Phys. Rev. Lett. 78, 3257 (1997) [arXiv:hep-ph/9612433]; D. Atwood, I. Dunietz and A. Soni, Phys. Rev. D 63, 036005 (2001) [arXiv:hep-ph/0008090]; A. Giri, Y. Grossman, A. Soffer and J. Zupan, Phys. Rev. D 68, 054018 (2003) [arXiv:hep-ph/0303187]; M. Gronau, Y. Grossman, N. Shuhmaher, A. Soffer and J. Zupan, Phys. Rev. D 69, 113003 (2004) [arXiv:hep-ph/0402055]; Y. Grossman, A. Soffer and J. Zupan, Phys. Rev. D 72, 031501 (2005) [arXiv:hep-ph/0505270]; See also a recent review J. Zupan, arXiv:hep-ph/0410371.

[74] K. Abe et al. [Belle Collaboration], arXiv:hep-ex/0411049; K. Abe et al. [Belle Collaboration], arXiv:hep-ex/0504013; B. Aubert et al. [BABAR Collaboration], arXiv:hep-ex/0507101.

[75] C. W. Bauer, I. Z. Rothstein and I. W. Stewart, Phys.

Rev. Lett. 94, 231802 (2005) [arXiv:hep-ph/0412120]. [76] Unquenched HPQCD result presented by I. Stewart at LEPTON-PHOTON 2005, XXII International Symposium on Lepton-Photon Interactions at High Energy, June 30-July 5, Uppsala, Sweden [77] L. Wolfenstein, Phys. Rev. Lett. 51, 1945 (1983). [78] Y. Nir and H. R. Quinn, Phys. Rev. Lett. 67, 541 (1991). [79] H. J. Lipkin, Y. Nir, H. R. Quinn and A. Snyder, Phys.

Rev. D 44, 1454 (1991).

[80] M. Gronau, Phys. Lett. B 265, 389 (1991).

[81] M. Gronau, Y. Grossman, G. Raz and J. L. Rosner, arXiv:hep-ph/0601129.

[82] R. Fleischer, Phys. Lett. B 365, 399 (1996) [arXiv:hep-ph/9509204]; R. Fleischer, Eur. Phys. J. C 6, 451 (1999) [arXiv:hep-ph/9802433]; R. Fleischer, Phys. Lett. B 435, 221 (1998) [arXiv:hep-ph/9804319]; R. Fleischer and T. Mannel, Phys. Rev. D 57, 2752 (1998) [arXiv:hep-ph/9704423]; M. Gronau and J. L. Rosner, Phys. Rev. D 65, 013004 (2002) [Erratumibid. D 65, 079901 (2002)] [arXiv:hep-ph/0109238]; M. Neubert and J. L. Rosner, Phys. Lett. B 441, 403 (1998) [arXiv:hep-ph/9808493]; M. Neubert and J. L. Rosner, Phys. Rev. Lett. 81, 5076 (1998) [arXiv:hep-ph/9809311]; M. Neubert, JHEP 9902, 014 (1999) [arXiv:hep-ph/9812396].

[83] M. Imbeault, A. L. Lemerle, V. Page and D. London, Phys. Rev. Lett. 92, 081801 (2004) [arXiv:hep-ph/0309061].

[84] A. J. Buras and R. Fleischer, Eur. Phys. J. C 11, 93 (1999) [arXiv:hep-ph/9810260]; Eur. Phys. J. C 16, 97 (2000) [arXiv:hep-ph/0003323].

[85] R. Fleischer and J. Matias, Phys. Rev. D 66, 054009 (2002) [arXiv:hep-ph/0204101].

[86] Y. Grossman, M. Neubert and A. L. Kagan, JHEP 9910, 029 (1999) [arXiv:hep-ph/9909297] [87] D. Atwood and G. Hiller, arXiv:hep-ph/0307251;

V. Barger, C. W. Chiang, P. Langacker and H. S. Lee, Phys. Lett. B 598, 218 (2004) [arXiv:hep-ph/0406126]; S. Nandi and A. Kundu, arXiv:hep-ph/0407061; S. Khalil and E. Kou, Phys. Rev. D 71, 114016 (2005) [arXiv:hep-ph/0407284]; S. Khalil, Phys. Rev. D 72, 035007 (2005) [arXiv:hep-ph/0505151]; R. Arnowitt, B. Dutta, B. Hu and S. Oh, arXiv:hep-ph/0509233.

[88] K. Agashe, M. Papucci, G. Perez and D. Pirjol, arXiv:hep-ph/0509117.

[89] H. J. Lipkin, Phys. Lett. B 445, 403 (1999) [arXiv:hep-ph/9810351]; H. J. Lipkin, arXiv:hep-ph/9809347.

[90] M. Gronau and J. L. Rosner, Phys. Rev. D 59, 113002 (1999) [arXiv:hep-ph/9809384].

[91] D. Atwood and A. Soni, Phys. Rev. D 58, 036005 (1998) [arXiv:hep-ph/9712287].

[92] M. Gronau and J. L. Rosner, Phys. Rev. D 71, 074019 (2005) [arXiv:hep-ph/0503131].

[93] M. Gronau, Phys. Lett. B 627, 82 (2005) [arXiv:hep-ph/0508047].

[94] H. J. Lipkin, Phys. Lett. B 254, 247 (1991). [95] H. J. Lipkin, Phys. Lett. B 433, 117 (1998). [96] A. Ali, J. Chay, C. Greub and P. Ko, Phys. Lett. B 424, 161 (1998) [arXiv:hep-ph/9712372].

[97] H. Simma and D. Wyler, Nucl. Phys. B 344, 283 (1990). [98] I. E. Halperin and A. Zhitnitsky, Phys. Rev. D 56, 7247 (1997) [arXiv:hep-ph/9704412].

[99] F. Yuan and K. T. Chao, Phys. Rev. D 56, 2495 (1997) [arXiv:hep-ph/9706294].

[100] M. R. Ahmady, E. Kou and A. Sugamoto, Phys. Rev.

D 58, 014015 (1998) [arXiv:hep-ph/9710509]; D. s. Du,

C. S. Kim and Y. d. Yang, Phys. Lett. B 426, 133 (1998) [arXiv:hep-ph/9711428]; M. Z. Yang and Y. D. Yang, Nucl. Phys. B 609, 469 (2001) [arXiv:hep-ph/0012208].

[101] J. O. Eeg, K. Kumericki and I. Picek, arXiv:hep-ph/0506152.

[102] M. Gronau, Phys. Rev. Lett. 63, 1451 (1989). [103] M. Beneke, Phys. Lett. B 620, 143 (2005) [arXiv:hep-ph/0505075]; G. Buchalla, G. Hiller, Y. Nir and G. Raz, JHEP 0509, 074 (2005) [arXiv:hep-ph/0503151].

[104] H. Y. Cheng, C. K. Chua and A. Soni, Phys. Rev. D 72, 014006 (2005) [arXiv:hep-ph/0502235]; H. Y. Cheng, C. K. Chua and A. Soni, Phys. Rev. D 71, 014030 (2005) [arXiv:hep-ph/0409317]; S. Fajfer, T. N. Pham and A. Prapotnik Brdnik, Phys. Rev. D 72, 114001 (2005) [arXiv:hep-ph/0509085].

[105] See also SU(3) bounds in Y. Grossman, Z. Ligeti, Y. Nir and H. Quinn, Phys. Rev. D 68, 015004 (2003) [arXiv:hep-ph/0303171]; M. Gronau, Y. Grossman and J. L. Rosner, Phys. Lett. B 579, 331 (2004) [arXiv:hep-ph/0310020]; M. Gronau, J. L. Rosner and J. Zupan, Phys. Lett. B 596, 107 (2004) [arXiv:hep-ph/0403287]; G. Raz, arXiv:hep-ph/0509125.

[106] H. Boos, T. Mannel and J. Reuter, Phys. Rev. D 70, 036006 (2004) [arXiv:hep-ph/0403085]; M. Ciuchini, M. Pierini and L. Silvestrini, Phys. Rev. Lett. 95, 221804 (2005) [arXiv:hep-ph/0507290].

[107] D. Zeppenfeld, Zeit. Phys. 8, 77 (1981); L. L. Chau, H. Y. Cheng, W. K. Sze, H. Yao and B. Tseng, Phys. Rev. D 43, 2176 (1991) [Erratum-ibid. D 58, 019902 (1998)]; M. J. Savage and M. B. Wise, Phys. Rev. D 39, 3346 (1989) [Erratum-ibid. D 40, 3127 (1989)]; B. Grinstein and R. F. Lebed, Phys. Rev. D 53, 6344 (1996) [arXiv:hep-ph/9602218]; see also first reference in [105].

[108] M. Gronau, O. F. Hernandez, D. London and J. L. Rosner, Phys. Rev. D 50, 4529 (1994) [arXiv:hep-ph/9404283]; M. Gronau, O. F. Hernandez, D. London and J. L. Rosner, Phys. Rev. D 52, 6374 (1995) [arXiv:hep-ph/9504327]; A. S. Dighe, M. Gronau and J. L. Rosner, Phys. Lett. B 367, 357 (1996) [Erratum-ibid. B 377, 325 (1996)] [arXiv:hep-ph/9509428]; A. S. Dighe, M. Gronau and J. L. Rosner, Phys. Rev. Lett. 79, 4333 (1997) [arXiv:hep-ph/9707521].

[109] A. S. Dighe, Phys. Rev. D 54, 2067 (1996) [arXiv:hep-ph/9509287].

[110] C. W. Chiang, M. Gronau, Z. Luo, J. L. Rosner and D. A. Suprun, Phys. Rev. D 69, 034001 (2004) [arXiv:hep-ph/0307395]; C. W. Chiang, M. Gronau, J. L. Rosner and D. A. Suprun, Phys. Rev. D 70, 034020 (2004) [arXiv:hep-ph/0404073].

[111] A. Soni and D. A. Suprun, arXiv:hep-ph/0511012. [112] C. W. Bauer and D. Pirjol, Phys. Lett. B 604, 183 (2004) [arXiv:hep-ph/0408161].