arXiv:hep-ph/9911429 v3 23 Mar 2000

TECHNION-PH-99-39 November 1999 hep-ph/9911429

ELECTROWEAK PENGUIN AMPLITUDES AND CONSTRAINTS ON γ IN CHARMLESS B → V P DECAYS^1

Michael Gronau Physics Department Technion – Israel Institute of Technology, 32000 Haifa, Israel

ABSTRACT

Electroweak penguin (EWP) amplitudes are studied model-independently in B meson decays to charmless final states consisting of a vector meson (V ) and a pseudoscalar meson (P ). A set of SU(3) relations is derived between EWP contributions and tree amplitudes, in the approximation of retaining only the dominant EWP operators Q_9 and Q_{10} . Two applications are described for constraining the weak phase γ, in B^± → ρ^±K^0 and B^± → ρ^0K^± (or B^± → K^{∗±}π^0 and B^± → K^{∗0}π^±), and in B^0 → K^{∗±}π^∓ and B^± → ϕK^±. Theoretical uncertainties are discussed.

PACS numbers: 13.25.Hw, 14.40.Nd, 11.30.Er, 12.15.Ji

I. INTRODUCTION

B meson decays to charmless final states open a window into new phenomena of CP violation [1], providing useful information about the Kobayashi-Maskawa phase γ = ArgV^∗_{ub}. Decays to states consisting of two light pseudoscalars (B → P P ), such as B → ππ and B → Kπ, have been for some time the subject of extensive studies. The amplitudes of these processes involve hadronic matrix elements of a low energy effective weak Hamiltonian between an initial B meson and two final pseudoscalar mesons. The weak Hamiltonian consists of the sum of three types of four quark operators, namely two (V − A)(V − A) current-current operators (Q_{1,2}), four QCD penguin operators (Q_{3,4,5,6}), and four electroweak penguin (EWP) operators (Q_{7,8,9,10}) with different chiral structures. A major line of analysis [2] consists of model-independent studies of hadronic matrix elements of these operators, which do not rely on factorization-based models [3, 4]. Approximate flavor SU(3) symmetry of strong interactions was employed [5, 6, 7, 8] in order to describe these matrix elements in a graphical manner in terms of a relatively small number of amplitudes.

1to be published in Phys. Rev. D.

A useful simplification was achieved [9, 10] by noting that in certain cases, such as in B decay to an isospin 3/2 Kπ state, the dominant EWP amplitude is simply related by SU(3) to the corresponding current-current contribution, and does not introduce a new unknown quantity into the analysis. This simplification, obtained when retaining only the (V − A)(V − A) EWP operators (Q_9 and Q_{10}), led to a promising way of measuring the weak phase γ [11, 12].

A first SU(3) analysis of B mesons decays to a charmless vector meson (V ) and a pseudoscalar meson (P ), classifiying contributions in terms of graphical SU(3) amplitudes, was presented in [13]. Several factorization-based calculations of these processes can be found in [3]. Measurements of B → V P decays were reported by the CLEO collaboration working at the Cornell Electron Storage Ring (CESR) [14]. The experimental results were used recently [15] in order to identify dominant and subdominant interfering amplitudes in certain processes. Interference effects between these amplitudes seem to favor (but do not necessarily imply) a weak phase γ in the second quadrant of the unitarity triangle plot. A similar conclusion was drawn recently in factorization-based analyses [16]. Such values of γ are in sharp conflict with an overall CKM parameter analysis [17] based on very optimistic assumptions about theoretical uncertainties in hadronic parameters. A more conservative estimate of these errors [18] implies γ ≤ 90^∘, based primarily on a lower limit for B_s − B̄_s mixing, Δm_s > 14.3 ps^{−1} [19] . Using a somewhat wider range for the relevant SU(3) breaking parameter, f_{Bs} √ B_{Bs} /f_B √ B_B, we concluded recently [15] that values of γ slighly larger than 90^∘ cannot be definitely excluded.

Two major assumptions were made in [15] in order to arrive at the indication that γ > 90^∘ within the framework of flavor SU(3). 1. The relative strong phase between penguin and tree amplitudes in B^0 → K^{∗+}π^− was assumed to be smaller than 90^∘. 2. The magnitude of a color-favored EWP contribution in B^+ → ϕK^+ was taken from factorization-based calculations [20, 21], and color-suppressed EWP contributions were neglected. The first assumption is rather plausible, and can be justified on the basis of both perturbative [4, 22] and statistical [23] estimates of final state phases. The second assumption is manifestly model-dependent. One would hope to be able to replace it by a model-independent study.

In order to study B → V P decays in a model-independent manner, we propose in this article to derive SU(3) relations between color-favored and color-suppressed EWP amplitudes, on the one hand, and current-current contributions on the other hand. The relations, obtained in the approximation of retaining only the dominant (V −A)(V −A) EWP operators, eliminate eight of the hadronic parameters describing charmless B → V P decays in the SU(3) framework.

In Section II we recall the general SU(3) structure of the effective weak Hamiltonian, paying particular attention to its current-current part and its dominant electroweak term. We show that corresponding components of these operators, transforming as given SU(3) representations, are proportinal to each other. In Sec. III we use this feature to study the SU(3) structure of B → V P amplitudes, and in Sec. IV we express EWP contributions in B → V P decays in terms of corresponding tree amplitudes.

Two applications are demonstrated in Sec. V for constraining the weak phase γ by charge-averaged ratios of rates in B^± → ρ^±K^0 and B^± → ρ^0K^± (or B^± → K^{∗±}π^0 and B^± → K^{∗0}π^±), and in B^0 → K^{∗±}π^∓ and B^± → ϕK^±. In the first case, no data exist at this time. In the second case, existing data may imply a lower limit on γ, provided that a better understanding is achieved for SU(3) breaking in QCD penguin amplitudes and for the effects of color- and OZI-suppressed amplitudes. We conclude in Sec. VI.

II. SU(3) STRUCTURE OF WEAK HAMILTONIAN

The low energy effective weak Hamiltonian governing B meson decays is given by [24] H = G_F √ 2 ∑ q=d,s ∑ q0=u,c λ^{(q)}_q0 [c_1(b̄q^′)_{V −A}(q̄^′q)_{V −A} + c_2(b̄q)_{V −A}(q̄^′q^′)_{V −A}] − λ^{(q)}_t 10∑ i=3 c_iQ^{(q)}_i , (1) where λ^{(q)}_q0 = V^∗_q0_bV_q0_q, q = d, s, q^′ = u, c, t, λ^{(q)}_u + λ^{(q)}_c + λ^{(q)}_t = 0. The first terms, involving the coefficients c_1 and c_2 and describing both b̄ → q̄uū and b̄ → q̄cc̄, will be referred to as “current-current” operators, while the other terms, involving c_i i = 3 − 10, consist of four QCD penguin operators (i = 3 − 6) and four EWP operators (i = 7 − 10). The EWP operators with the dominant Wilson coefficients, Q_9 and Q_{10}, both have a (V − A)(V − A) structure similar to the current-current term. Their flavor structure is

Q^{(q)}_9 = 3 2 [ (b̄q)( 2 3 ūu − 1 3 d̄d − 1 3 s̄s + 2 3 c̄c) ] , Q^{(q)}_{10} = 3 2 [ 2 3 (b̄u)(ūq) − 1 3 (b̄d)(d̄q) − 1 3 (b̄s)(s̄q) + 2 3 (b̄c)(c̄q) ] . (2)

All four-quark operators appearing in (1) are of the form (b̄q_1)(q̄_2q_3) and can be written as a sum of 15, 6 and 3, into which the product 3 ⊗ 3 ⊗ 3 is decomposed [5, 7, 8]. The representation 3 appears both symmetric (3^{(s)}), and antisymmetric (3^{(a)}) under the interchange of q_1 and q_3. Four-quark operators, belonging to each of these SU(3) representations and carrying given values of isospin, are listed in the appendix of [10].

The “tree” part of the current-current Hamiltonian, corresponding to the term q^′ = u describing b̄ → q̄uū transitions, can be written as [10] √ 2H_T G_F = −λ^{(s)}_u [ c_1 − c_2 2 (3^{(a)}_{I=0} + 6_{I=1}) + c_1 + c_2 2 (15_{I=1} + 1 √ 2 15_{I=0} − 1 √ 2 3^{(s)}_{I=0})]

−λ^{(d)}_u [ c_1 − c_2 2 (3^{(a)}_{I=} 1_2 − 6_{I=} 1_2 ) + c_1 + c_2 2 ( 2 √ 3 15_{I=} 3_2 + 1 √ 6 15_{I=} 1_2 − 1 √ 2 3^{(s)}_{I=} 1_2 )] . (3)

The dominant EWP term, excluding b̄ → q̄cc̄, (to be referred to as the noncharming EWP operator), is √ 2H_{EW P} G_F = (4) − 3λ^{(s)}_t 2 [ c_9 − c_{10} 2 ( 1 3 3^{(a)}_{I=0} + 6_{I=1}) + c_9 + c_{10} 2 (−15_{I=1} − 1 √ 2 15_{I=0} − 1 3 √ 2 3^{(s)}_{I=0})] − 3λ^{(d)}_t 2 [ c_9 − c_{10} 2 ( 1 3 3^{(a)}_{I=} 1_2 − 6_{I=} 1_2 ) + c_9 + c_{10} 2 (− 2 √ 3 15_{I=} 3_2 − 1 √ 6 15_{I=} 1_2 − 1 3 √ 2 3^{(s)}_{I=} 1_2 )].

Eqs. (3) and (4) teach us something very important. For a given strangenesschange, the 15 and 6 components of the tree operator and the dominant EWP operator in the Hamiltonian are proportional to each other:

H^{(q)}_{EW P} (15) = − 3 2 c_9 + c_{10} c_1 + c_2 λ^{(q)}_t λ^{(q)}u H^{(q)}_T (15) , (5)

H^{(q)}_{EW P} (6) = 3 2 c_9 − c_{10} c_1 − c_2 λ^{(q)}_t λ^{(q)}u H^{(q)}_T (6) . (6)

Here the superscripts q = d, s denote strangeness-conserving and strangeness-changing transitions, respectively. The above two relations are unaffected by the inclusion of the current-current and EWP operators describing b̄ → q̄cc̄ transitions, each of which transforms as an antitriplet.

A similar relation between the 3 parts of H_{EW P} and H_T holds only when the two ratios of Wilson coefficients, (c_9 + c_{10})/(c_1 + c_2) and (c_9 − c_{10})/(c_1 − c_2), are equal. Indeed, these two ratios, which are approximately renormalization scale independent, are equal to a very good approximation [10]. At a scale μ = m_b, they differ by less than 3% [24, 25] c_9 + c_{10} c_1 + c_2 = −1.139α , c_9 − c_{10} c_1 − c_2

= −1.107α , (7)

where α = 1/129. We will take the average of the two ratios and denote it by κ κ ≡ c_9 + c_{10} c_1 + c_2 = c_9 − c_{10} c_1 − c_2

= −1.12α . (8)

In this approximation, we also have

H^{(q)}_{EW P} (3) = 1 2 κ λ^{(q)}_t λ^{(q)}u H^{(q)}_T (3) . (9)

We note that this relation excludes the current-current and EWP b̄ → q̄cc̄ operators which transform as an independent antitriplet. As mentioned, the two relations (5) and (6) are unaffected by the inclusion of these operators.

The operator relations (5), (6) and (9) lead to corresponding relations between tree and EWP amplitudes contributing to various processes. An interesting example [9, 10] is B → (Kπ)_{I=3/2}, in which one chooses the final Kπ state to be in I = 3/2. This S-wave state, which is symmetric under interchanging the two SU(3) octets, is pure 27. The only SU(3) operator in the Hamiltonian which contributes to this transition is 15 [5, 7, 8]. Consequently, the ratio of EWP and tree contributions in B → (Kπ)_{I=3/2} is given simply by −(3/2)κ(λ^{(s)}_t /λ^{(s)}_u ). This feature was shown to have a useful implication when studying the weak phase γ in B^+ → Kπ decays. In the next two sections we will study generalizations of this relation in B → V P decays.

III. SU(3) DECOMPOSITION OF B → V P AMPLITUDES

In Ref. [13, 15] B → V P amplitudes were expressed in terms of reduced SU(3) amplitudes depicted in graphical form. For the most part, we will consider in this paper decay amplitudes into states involving two octet mesons, which consist of T_M (tree), C_M (color-suppressed), P_M (QCD-penguin), E_M (exchange), A_M (annihilation) and P A_M (penguin annihilation). The suffix M = P, V on the three amplitudes T, C and P denotes whether the spectator quark is included in a pseudoscalar or vector meson, respectively. In E_M , A_M and P A_M the suffix denotes the type of meson into which the outgoing quark q_3 enters in b̄q_1 → q̄_2q_3. In the last six amplitudes the spectator quark enters into the decay Hamiltonian. These contributions, which were neglected in [13, 15], may be important in the presence of rescattering [26], and will not be neglected here.

We will use a somewhat different notation for the graphical amplitudes than in [13, 15] by factoring out Cabibbo-Kobayashi-Maskawa (CKM) elements. We will also separate the charming penguin contributions [27], related to b̄ → q̄cc̄, from the noncharming terms. Thus, for instance, a typical ΔS = 1 amplitude is given by

A(B^0 → ρ^−K^+) = λ^{(s)}_u [−P_{uc,V} − T_V ] + λ^{(s)}_t [−P_{tc,V} + EW (B^0 → ρ^−K^+) + EW_c(B^0 → ρ^−K^+)] ,(10)

where P_{uc,V} = P_{u,V} − P_{c,V} , P_{tc,V} = P_{t,V} − P_{c,V} . Both T_V and P_{u,V} are contributions from the tree Hamiltonian (3), and will be referred to as tree amplitudes, in spite of the fact that P_{u,V} may be depicted as a penguin diagram with an internal u quark. P_{c,V} and EW_c originate in b̄ → c̄qc̄ current-current and EWP operators, respectively, and will be referred to as charming penguin and charming EWP terms. Finally, P_{t,V} and EW are contributions from QCD penguin operators and from the dominant noncharming EWP Hamiltonian (4), and will be referred to as noncharming penguin amplitudes. (One expects |EW_c| ≪ |EW |.)

In previous analyses, EWP contributions [28] multiplying λ^{(q)}_t were taken to be independent of the other terms. They were introduced through the substitution [29]

T_M → t_M ≡ T_M + EW^C_M , C_M → c_M ≡ C_M + EW_M , P_M → p_M ≡ P_M − 1 3 EW^C_M . (11)

The color-favored (EW_M ) and color-suppressed (EW^C_M ) EWP amplitudes, in which the spectator enters the meson M, were considered to be independent of the other amplitudes. They are calculable in specific models based on factorization [3]. Four other EWP contributions [30], in which the spectator quark enters into the effective EWP Hamiltonian, were neglected. Such amplitudes can be enhanced by rescattering. Including these amplitudes introduces a total of eight additional unknown parameters into the SU(3) analysis.

Here we wish to use the approximate operator equalities (5)(6) and (9) in order to relate all eight EWP parameters to tree amplitudes. We will find relations between the dominant noncharming EWP contributions EW multiplying λ^{(q)}_t and the tree amplitudes multiplying λ^{(q)}_u . This program, analogous to the study of EWP amplitudes in B → P P decays [10], can be carried out by expressesing tree and EWP amplitudes in terms of reduced SU(3) matrix elements.

Counting the number of reduced matrix elements for B decays to two octet V P states, one finds [5] five amplitudes for SU(3) symmetric V P states ⟨1||3||3⟩ , ⟨8_s||3||3⟩ , ⟨8_s||6||3⟩ , ⟨8_s||15||3⟩ , ⟨27||15||3⟩ , (12) and five matrix elements for antisymmetric states ⟨8_a||3||3⟩ , ⟨8_a||6||3⟩ , ⟨10||6||3⟩ , ⟨8_a||15||3⟩ , ⟨10||15||3⟩ . (13) The decomposition of B → V P amplitudes in terms of these reduced matrix elements, occuring both in tree and EWP contributions, is given in Table I for ΔS = 1 decays. The coefficients of the reduced matrix elements are tabulated for all four B → ρK decay processes. The amplitudes for B → K^∗π processes are obtained by interchanging the SU(3) flavors of the vector and pseudoscalar mesons. Consequently, the coefficients of the five symmetric elements (12) are the same as in the corresponding B → ρK decays, whereas the coefficients of the five antisymmetric elements (13) change sign.

Expressions of the reduced elements (12) in terms of graphical tree amplitudes in B → P P were given in the appendix of [7]. They can be transcribed to the case of B → V P by defining combinations of amplitudes, X_s ≡ (X_V + X_P )/2, which are symmetric under interchanging the vector and pseudoscalar mesons [we define (X + Y )_s ≡ X_s + Y_s]: ⟨27||15||3⟩ = − 1 2 √ 3 (T + C)_s (14) ⟨8_s||15||3⟩ = − 1 8 √ 3 (T + C + 5A + 5E)_s , (15) ⟨8_s||6||3⟩ = − √ 5 4 (T − C − A + E)_s , (16) ⟨8_s||3||3⟩ = − 1 8 √ 5 3 (3T + 3A − C − E + 8P_u)_s , (17)

Table I: Decomposition of B → ρK amplitudes into SU(3) reduced matrix elements (12) and (13). The coefficients for corresponding B → K^∗π decays are the same for (12) and have opposite signs for (13).

Reduced amplitude B^+ → ρ^+K^0 B^+ → ρ^0K^+ B^0 → ρ^−K^+ B^0 → ρ^0K^0 ⟨1||3||3⟩ 0 0 0 0 ⟨8_s||3||3⟩ − √ 3/5 √ 3/10 √ 3/5 − √ 3/10 ⟨8_s||6||3⟩ 1/ √ 5 −1/ √ 10 1/ √ 5 −1/ √ 10 ⟨8_s||15||3⟩ −3 √ 3/5 3 √ 6/10 − √ 3/5 √ 6/10 ⟨27||15||3⟩ 2 √ 3/5 4 √ 6/5 4 √ 3/5 3 √ 6/5 ⟨8_a||3||3⟩ 1/ √ 3 −1/ √ 6 −1/ √ 3 1/ √ 6 ⟨8_a||6||3⟩ −1/3 √ 2/6 −1/3 √ 2/6 ⟨10||6||3⟩ √ 2/3 2/3 √ 2/3 2/3 ⟨8_a||15||3⟩ √ 3/5 − √ 3/10 1/ √ 15 −1/ √ 30 ⟨10||15||3⟩ 0 0 2/ √ 3 − √ 2/3

⟨1||3||3⟩ = 1 2 √ 3 (3T − C + 8E + 8P_u + 12P A_u)_s . (18)

The set of six graphical amplitudes on the right-hand-sides is over-complete. The physical processes involve only five linear combinations of these amplitudes. Similar relations are obtained for the amplitudes (13) in terms of antisymmetric combinations X_a ≡ (X_V − X_P )/2 [we define (X + Y )_a ≡ X_a + Y_a]: ⟨10||15||3⟩ = 1 2 √ 3 (T + C)_a , (19) ⟨8_a||15||3⟩ = − 1 8 √ 5 3 (T + C − 3A − 3E)_a , (20) ⟨10||6||3⟩ = − 1 √ 2 (T − C)_a , (21) ⟨8_a||6||3⟩ = − 1 4 (T − C + 3A − 3E)_a , (22) ⟨8_a||3||3⟩ = √ 3 8 (3T + 3A − C − E + 8P_u)_a . (23)

Here the number of graphical amplitudes is identical to that of the reduced SU(3) matrix elements. The amplitude P A_{u,a} vanishes, since the penguin annihilation graph leads to an SU(3) singlet state. By substituting the expressions of Eqs. (14)–(23) into Table I, it is straightforward to check that one obtains the appropriate graphical description of tree amplitudes for all B → P V decays, such as written directly for B^0 → ρ^−K^+ in Eq. (10).

Table II: Graphical EWP and tree amplitudes in ΔS = 1 B → V P decays. Amplitudes for B^+ → Kπ are given for comparison.

Decay mode Tree amplitude EWP amplitude B^+ → ρ^+K^0 A_V + P_{u,V}^κ_2 (C_V − 2E_V + P_{u,V} ) B^+ → ρ^0K^+ −^{1√}_2 (T_V + C_P + A_V + P_{u,V} )^κ_2^√_2 (3T_P + 2C_V + 2E_V − P_{u,V} ) B^0 → ρ^−K^+ −(T_V + P_{u,V} )^κ_2 (2C_V − E_V − P_{u,V} ) B^0 → ρ^0K^{0 1√}_2 (−C_P + P_{u,V} )^κ_2^√_2 (3T_P + C_V + E_V + P_{u,V} )

B^+ → K^{∗0}π^+ A_P + P_{u,P}^κ_2 (C_P − 2E_P + P_{u,P} ) B^+ → K^{∗+}π^0 −^{1√}_2 (T_P + C_V + A_P + P_{u,P} )^κ_2^√_2 (3T_V + 2C_P + 2E_P − P_{u,P} ) B^0 → K^{∗+}π^− −(T_P + P_{u,P} )^κ_2 (2C_P − E_P − P_{u,P} ) B^0 → K^{∗0}π^{0 1√}_2 (−C_V + P_{u,P} )^κ_2^√_2 (3T_V + C_P + E_P + P_{u,P} ) B^+ → K^0π^+ A + P_u^κ_2 (C − 2E + P_u) B^+ → K^+π^0 −^{1√}_2 (T + C + A + P_u)^κ_2^√_2 (3T + 2C + 2E − P_u)

IV. EWP IN TERMS OF TREE AMPLITUDES

The expressions (14)–(23), for tree amplitudes corresponding to given SU(3) representations, and the proportionality relations (5)(6) and (9), can be used with Table I in order to calculate EWP contributions to B → V P decays in terms of graphical tree amplitudes. The results for ΔS = 1 processes, multiplying λ^{(s)}_t , are summarized in Table II. Also included are expressions for the corresponding tree amplitudes multiplying λ^{(s)}_u . For comparison with B → P P decays, we give expressions for the amplitudes of B^+ → K^0π^+ and B^+ → K^+π^0. In Table III we list the graphical expansion of tree amplitudes in ΔS = 0 B → V P decays. For comparison with B → P P , we also include the tree amplitude of B^+ → π^+π^0. EWP contributions in this process [10], as well as in several V P amplitudes involving T_P and T_V , are negligible.

Before discussing a few interesting relations between EWP and tree amplitudes following from Tables II and III, let us recall the relation between our present results and the traditional approach to EWP contributions. The graphical EWP amplitudes, which in the conventional approach are independent parameters, are given here in terms of graphical tree amplitudes. In the notation of [29], expanded in the case of rescattering effects to a set of eight graphical EWP amplitudes [30], one finds for M = P, V EW_M = − 3κ 2 (T_M + P_{u,M} 0 ) , M^′ ≠ M , (24)

EW^C_M = 3κ 2 (P_{u,M} − C_M ) , (25)

Table III: Graphical tree amplitudes in ΔS = 0 B → V P decays. Tree amplitude for B^+ → π^+π^0 is given for comparison.

Decay mode Tree amplitude B^+ → ρ^+π^0 −^{1√}_2 (T_P + C_V + P_{u,P} − P_{u,V} + A_P − A_V ) B^+ → ρ^0π^+ −^{1√}_2 (T_V + C_P − P_{u,P} + P_{u,V} − A_P + A_V ) B^+ → K^{∗+}K̄^0 A_V + P_{u,V} B^+ → K̄^{∗0}K^+ A_P + P_{u,P}

B^0 → ρ^−π^+ −(T_V + P_{u,V} + E_P +^1_2 P A_{u,P} +^1_2 P A_{u,V} ) B^0 → ρ^+π^− −(T_P + P_{u,P} + E_V +^1_2 P A_{u,P} +^1_2 P A_{u,V} ) B^0 → ρ^0π^{0 1}_2 (P_{u,P} + P_{u,V} − C_P − C_V + E_P + E_V + P A_{u,P} + P A_{u,V} ) B^0 → K^{∗+}K^− −(E_V +^1_2 P A_{u,P} +^1_2 P A_{u,V} ) B^0 → K^{∗−}K^+ −(E_P +^1_2 P A_{u,P} +^1_2 P A_{u,V} ) B^0 → K^{∗0}K̄^0 P_{u,V} +^1_2 P A_{u,P} +^1_2 P A_{u,V} B^0 → K̄^{∗0}K^0 P_{u,P} +^1_2 P A_{u,P} +^1_2 P A_{u,V} B^+ → π^+π^0 −^{1√}_2 (T + C)

EW E_M = 3κ 2 (P_{u,M} − E_M ) , (26) EW A_M = 3κ 2 (P A_{u,M} − A_M ) . (27)

The amplitudes EW A_M do not occur in the processes of Table II. They do accur in B_s decays.

Tables II and III imply a few SU(3) relations between EWP and tree amplitudes of corresponding B → V P decay processes, which are similar to the relation noted recently to hold in B^+ → Kπ decays [9, 10]. Starting with the latter case, and denoting EWP and tree contributions by EW and T R, respectively, we have

EW (K^0π^+) + √ 2EW (K^+π^0) = − 3κ 2 [T R(K^0π^+) + √ 2T R(K^+π^0)] = − 3κ √ 2λ^{(d)}u

A(π^+π^0) = 3κ 2 (T + C) . (28)

This relation follows directly from Eq. (5). The two states, |K^0π^+⟩ + √ 2|K^+π^0⟩ = |I = 3/2⟩ and √ 2|π^+π^0⟩_{S−wave} = |I = 2⟩, are members of a 27 representation to which only the 15 operator contributes. The corresponding relation in B → V P is

EW (ρ^+K^0) + √ 2EW (ρ^0K^+) + EW (K^{∗0}π^+) + √ 2EW (K^{∗+}π^0) = − 3κ √ 2λ^{(d)}u

[A(ρ^+π^0) + A(ρ^0π^+)] = 3κ 2 (T_P + T_V + C_P + C_P ) . (29)

In this case the two SU(3)-symmetrized V P states, |ρ^+K^0⟩+ √ 2|ρ^0K^+⟩ + |K^{∗0}π^+⟩ + √ 2|K^{∗+}π^0⟩ (isospin 3/2) and √ 2(|ρ^+π^0⟩ + |ρ^0π^+⟩) (isospin 2), belong to a 27 representation.

Two other relations can be obtained from Table II

EW (ρ^+K^0) + √ 2EW (ρ^0K^+) = − 3κ 2 [T R(K^{∗0}π^+) + √ 2T R(K^{∗+}π^0)] = 3κ 2 (T_P + C_V ) , (30)

EW (K^{∗0}π^+) + √ 2EW (K^{∗+}π^0) = − 3κ 2 [T R(ρ^+K^0) + √ 2T R(ρ^0K^+)] = 3κ 2 (T_V + C_P ) . (31)

These relations can be understood in the following way. The two I = 3/2 states, |ρ^+K^0⟩ + √ 2|ρ^0K^+⟩ and |K^{∗0}π^+⟩ + √ 2|K^{∗+}π^0⟩, form the sum and difference, respectively, of a 27 and a 10 representation. This can be easily verified in Table I. The 27 and 10 states obtain contributions only from 15 and 6 operators, respectively. Eqs. (5) and (6), in which the proportionality constants have equal magnitudes and opposite signs, lead immediately to Eqs. (30) and (31). It is clear from these considerations that these relations hold also in the presence of current-current and EWP b̄ → q̄cc̄ operators transforming as a antitriplet.

A useful approximation is obtained by neglecting in B^+ → ρπ the rescattering amplitudes, P_{u,M} + A_M [26]. The smallness of these terms can be tested in B^+ → K^{∗+}K̄^0 and B^+ → K̄^{∗0}K^+. In this approximation, one can also express the sums of EWP contributions in (30) and (31) in terms of B^+ → ρπ amplitudes, similar to (28)

EW (ρ^+K^0) + √ 2EW (ρ^0K^+) = − 3κ √ 2λ^{(d)}u

A(ρ^+π^0) , (32)

EW (K^{∗0}π^+) + √ 2EW (K^{∗+}π^0) = − 3κ √ 2λ^{(d)}u

A(ρ^0π^+) . (33)

These approximate relations are useful when studying charge-averaged ratios of rates for the processes on the left hand sides.

Relations of the form (30) and (31) are obeyed also by EWP and tree decay amplitudes of B^0 to ρ^−K^+, ρ^0K^0, K^{∗+}π^− and K^{∗0}π^0. This is easy to understand. These contributions, as well as the entire decay amplitudes, which also contain dominant gluonic penguin terms, satisfy an isospin relation with corresponding B^+ decay amplitudes [31]

A(B^+ → ρ^+K^0)+ √ 2A(B^+ → ρ^0K^+) = A(B^0 → ρ^−K^+)+ √ 2A(B^0 → ρ^0K^0) . (34)

An analogous isospin equality holds for B → K^∗π decay amplitudes. Finally, a relation similar to Eq. (29), between ΔS = 1 decays to I = 3/2 on the one hand and

ΔS = 0 decays to I = 2 on the other hand, can be written by combining all seven neutral B decay amplitudes to ρK, K^∗π and ρπ states.

EW (ρ^−K^+) + √ 2EW (ρ^0K^0) + EW (K^{∗+}π^−) + √ 2EW (K^{∗0}π^0) = − 3κ 2λ^{(d)}u

[A(ρ^−π^+) + A(ρ^+π^−) + 2A(ρ^0π^0)] = 3κ 2 (T_P + T_V + C_P + C_P ) . (35)

V. APPLICATIONS

1. Resolving EWP in B^+ → Kπ Let us first reiterate the manner in which Eq. (28) has been applied in order to obtain a model-independent constraint on γ from the charge-averaged ratio [9] R^{−1}_∗ (Kπ) ≡ 2[B(B^+ → K^+π^0) + B(B^− → K^−π^0)] B(B^+ → K^0π^+) + B(B^− → K̄^0π^−)

. (36)

Using our graphical notation for amplitudes, one has √ 2A(B^+ → K^+π^0) = −λ^{(s)}_u [T + C + P_{uc} + A] − λ^{(s)}_t [P_{tc} − √ 2EW (K^+π^0)] , A(B^+ → K^0π^+) = λ^{(s)}_u [P_{uc} + A] + λ^{(s)}_t [P_{tc} + EW (K^0π^+)] . (37)

The two electroweak penguin terms, containing also contributions from b̄ → q̄cc̄ operators, satisfy Eq. (28). Substituting these expressions into (36), applying unitarity of the CKM matrix, and expanding in small quantities, one finds

R^{−1}_∗ (Kπ) = 1 − 2ϵ cos ϕ(cos γ − δ_{EW} ) + O(ϵ^2) + O(ϵϵ_A) + O(ϵ^2_A) , (38)

where ϕ = Arg ([T + C]/[P_{tc} + EW (B^+ → K^0π^+)]).

The real and positive parameter δ_{EW} [9] stands for the ratio of EWP and tree contributions in the sum A(B^+ → K^0π^+)+ √ 2A(B^+ → K^+π^0), and is determined purely by Wilson coefficients and by a presently poorly known CKM factor [see Eq. (28)] δ_{EW} = − 3κ 2 | V^∗_{cb}V_{cs} V^∗_{ub}V_{us} | = 0.65 ± 0.15 . (39)

The quantity ϵ = [|V^∗_{ub}V_{us}|/|V^∗_{cb}V_{cs}|][|T + C|/|P_{tc} + EW (B^+ → K^0π^+)|] is measurable from [32, 33] ϵ = √ 2 V_{us} V_{ud} f_K f_π |A(B^+ → π^0π^+)| |A(B^+ → K^0π^+)|

= 0.21 ± 0.05 . (40)

ϵ_A denotes a small rescattering amplitude [26], which introduces a term P_{uc} + A with weak phase γ into the B^+ → K^0π^+ decay amplitude. Keeping the dominant term in (38) and neglecting smaller terms, one obtains the bound | cos γ − δ_{EW} | ≥ |1 − R^{−1}_∗ (Kπ)| 2ϵ . (41)

This bound can provide useful information about γ in case that a value different from one is measured for R^{−1}_∗ . Further information about the weak phase can be obtained by measuring separately B^+ and B^− decay rates [11]. Eq. (28) plays a crucial role in these applications.

2. Generalization to B^+ → ρK and B^+ → K^∗π Whereas Eq. (28) relates EWP and tree contributions in the same sum of two B^+ → Kπ amplitudes, the analogous Eqs. (30) and (31) relate EWP contributions in a sum of B^+ → ρK amplitudes to tree contributions in another sum of B → K^∗π amplitudes, and vice versa. This introduces some hadronic dependence in possible constraints on γ from these processes.

Consider, for instance, the charge-averaged ratio of rates for the processes B^± → ρ^±K^0 and B^± → ρ^0K^± R^{−1}_∗ (ρK) ≡ 2[B(B^+ → ρ^0K^+) + B(B^− → ρ^0K^−)] B(B^+ → ρ^+K^0) + B(B^− → ρ^−K̄^0)

. (42)

Using Table II for graphical expressions of amplitudes, applying Eq. (30), and neglecting rescattering contributions P_{uc,V} + A_V , which affect the above ratio only by second order terms, as in (38), one has √ 2A(B^+ → ρ^0K^+) = −|λ^{(s)}_u |[(T_V + C_P )e^{iγ} − (T_P + C_V )δ_{EW} ] − λ^{(s)}_t [P_{tc,V} + EW ] , A(B^+ → ρ^+K^0) = λ^{(s)}_t [P_{tc,V} + EW ] , EW ≡ EW (B^+ → ρ^+K^0) . (43)

We define two ratios of amplitudes ϵ_V e^{iϕV} = |V^∗_{ub}V_{us}| |V^∗_{cb}V_{cs}| T_V + C_P P_{tc,V} + EW , ϵ_P e^{iϕP} = |V^∗_{ub}V_{us}| |V^∗_{cb}V_{cs}| T_P + C_V P_{tc,V} + EW , (44)

the magnitudes of which are measured in B^+ → ρ^0π^+ and B^+ → ρ^+π^0, respectively (see Table III, where we neglect rescattering terms P_{uc,M} + A_M )

ϵ_V = √ 2 V_{us} V_{ud} f_K f_π |A(B^+ → ρ^0π^+)| |A(B^+ → ρ^+K^0)|

, ϵ_P = √ 2 V_{us} V_{ud} f_K� f_ρ |A(B^+ → ρ^+π^0)| |A(B^+ → ρ^+K^0)|

. (45)

We find R^{−1}_∗ (ρK) = 1 − 2ϵ_V cos ϕ_V cos γ + 2ϵ_P δ_{EW} cos ϕ_P . (46) This expression, which neglects higher order corrections, simplifies into the form (38) in the case T_V +C_P = T_P +C_V , or A(B^+ → ρ^0π^+) = A(B^+ → ρ^+π^0). In general, this is not the case. Without making any assumption about the magnitudes of these amplitudes and their strong phases, one obtains the rather weak constraint | cos γ| ≥ |1 − R^{−1}_∗ (ρK)| 2ϵ_V − δ_{EW} ( ϵ_P ϵ_V ) . (47)

This bound is manifestly weaker than the constraint (41) obtained [9] for B → Kπ. In order to exclude values of γ around 90^∘ the right hand side must be positive. This does not only require that a value different from one is measured for R^{−1}_∗ (ρK), but also that |A(B^+ → ρ^+π^0)| is considerably smaller than |A(B^+ → ρ^0π^+)|. A similar argument applies to the ratio R^{−1}_∗ (K^∗π) in B^± → K^∗π decays. Since these two ratios have not yet been measured, no constraint on γ can be obtained at this time.

3. A lower bound on γ from B^0 → K^{∗+}π^− and B^+ → ϕK^+

A plausible argument which favors cos γ < 0 was presented recently in ref. [15], based primarily on recent CLEO data on B^0 → K^{∗+}π^− and B^+ → ϕK^+. In this argument, only the dominant amplitudes contributing to these processes, P_{tc,P} , EW_P and T_P , were taken into account, while smaller terms were neglected. The argument was based on certain model calculations of EWP amplitudes [20, 21], which imply EW_P ≈ P_P /2. This relation, obtained for certain values of a set of parameters, including the effective number of colors in a 1/N_c expansion, also assumes that the two amplitudes have equal strong phases. Here we would like to replace these modeldependent assumptions by our general SU(3) results, which relate electroweak penguin contributions to tree amplitudes rather than to gluonic penguin amplitudes. As in [15], we will keep only the dominant and subdominant terms.

The amplitude of B^0 → K^{∗+}π^− is

A(B^0 → K^{∗+}π^−) = −λ^{(s)}_u [T_P + P_{uc,P} ] − λ^{(s)}_t [P_{tc,P} − EW (K^{∗+}π^−) − EW_c(K^{∗+}π^−)] , (48) where EW (K^{∗+}π^−) is given in Table II

EW (K^{∗+}π^−) = κ 2 (2C_P − E_P − P_{u,P} ) . (49)

The amplitude of B^+ → ϕK^+ involves also the SU(3) singlet component of the ϕ. In a general SU(3) analysis, this component introduces three new reduced SU(3) amplitudes, of the 3, 6 and 15 operators, for the final octet state. These three amplitudes are described by three new graphs: A disconnected penguin diagram, S_P [15], in which a singlet qq̄ pair is connected to the rest of the diagram by at least three gluons, and two “hairpin” diagrams, of annihilation (AS_P ) and exchange (ES_P ) types, in which the extra qq̄ forms the singlet vector meson. Thus, one has

A(B^+ → ϕK^+) = λ^{(s)}_u [A_P +P_{uc,P} +AS_P ]+λ^{(s)}_t [P_{tc,P} +S_P +EW (ϕK^+)+EW_c(ϕK^+)] , (50) where, applying (24)–(26),

EW (ϕK^+) = − 1 3 (EW_P +EW^C_P −2EW E_P ) = κ 2 (T_P +C_P −2E_P +P_{u,P} +P_{u,V} ) . (51)

We will assume, as usual [4, 7, 29], that T_P is larger than all other tree amplitudes and larger than the current-current amplitude associated with b̄ → q̄cc̄. (Recall that the CKM coefficients are factored out). Similarly, we will assume that |EW | ≫ |EW_c|. The amplitude S_P will be neglected by virtue of the Okubo-Zweig-Iizuka (OZI) rule. We note that in the factorization approach [21], S_P is very sensitive to the number of colors N_c, and vanishes at N_c = 3. The EWP contribution in B^+ → ϕK^+ is dominated by a term proportional to T_P , which is measured in B^+ → ρ^+π^0 and B^0 → ρ^+π^− as discussed below.

Keeping only dominant and subdominant terms in each amplitude, one has

A(B^0 → K^{∗+}π^−) = −λ^{(s)}_t P_{tc,P} − λ^{(s)}_u T_P , (52) A(B^+ → ϕK^+) = λ^{(s)}_t [P_{tc,P} + κ 2 T_P ] . (53)

In this approximation, the two amplitudes, P_{tc,P} and T_P , contribute with the same weak phase in B^+ → ϕK^+, and interfere with a relative weak phase π − γ in B^0 → K^{∗+}π^−. Defining r e^{iδ} = |λ^{(s)}_u | |λ^{(s)}_t | T_P P_{tc,P} , (r > 0) , (54)

we have

A(B^0 → K^{∗+}π^−) = −λ^{(s)}_t P_{tc,P} [1 − r e^{i(δ+γ)}] , (55)

A(B^+ → ϕK^+) = λ^{(s)}_t P_{tc,P} [1 − 1 3 δ_{EW} r e^{iδ}] , (56)

where δ_{EW} is defined in (39).

In the limit of neglecting the tree amplitude, r = 0, the rates of the two processes are seen to be equal. Experiments obtain 90% confidence level limits on the chargeaveraged rates [14], B(B^0 → K^{∗±}π^∓) > 12 × 10^{−6} and B(B^± → ϕK^±) < 5.9 × 10^{−6}. This is evidence for a nonzero contribution of T_P , namely r ≠ 0. The ratio of chargeaveraged rates satisfies, at 90% c.l. (we neglect the B^+ − B^0 lifetime difference)

|A(B^0 → K^{∗±}π^∓)|^2 |A(B^± → ϕK^±)|^2 = 1 + r^2 − 2r cos δ cos γ 1 + (δ_{EW} /3)^2 r^2 − (2/3) δ_{EW} r cos δ

> 2.0 . (57)

In order to use this inequality for information about γ, one must include some input about r and δ, the relative magnitude and strong phase of tree and penguin amplitudes in B^0 → K^{∗+}π^−. A reasonable assumption, supported both by perturbative [4, 22] and statistical [23] calculations, is that δ does not exeed 90^∘, i.e. cos δ ≥ 0. A conservative assumption about r is r ≤ 1. Making these two assumptions, one finds

cos γ − 2 3 δ_{EW} < −1 + r^2[1 − 2(δ_{EW} /3)^2] 2r . (58)

This implies γ > 62^∘ for r = 1, and γ > 105^∘ for r = 0.5, when δ_{EW} is taken in the range (39). Some very indirect evidence for r < 0.55 was presented in [15], relying on a nonzero value of T_P obtained from B^0 → ρ^±π^∓ and B^+ → ρ^0π^+/ωπ^+. More direct information about r is required, and can be inferred from future rate measurements of B^+ → ρ^+π^0 or B^0 → ρ^+π^− and B^+ → K^{∗0}π^+. These processes are dominated by T_P and P_{tc,P} , respectively (see Table III and [15]).

The bound on γ (58), which is based on the experimental limit (57), neglects smaller terms in the amplitudes (48) and (50), primarily the color-suppressed terms C_P in (49) and (51) and the OZI-suppressed penguin amplitude S_P in (50). For |C_P /T_P | = 0.1 (0.2) [4], our limits move up or down by about 5^∘ (10^∘), depending on whether the interference between C_P and T_P is destructive or constructive, respectively.

The above limits also assume [by SU(3)] equal gluonic penguin contributions in the two processes. An important question relevant to these bounds is the magnitude and sign of SU(3) breaking in penguin amplitudes. For instance, if the penguin amplitude in B^+ → ϕK^+ is smaller by 30% than in B^0 → K^{∗+}π^−, then the above bounds are completely invalidated. On the other hand, the constraint becomes stronger if the penguin amplitude in B^+ → ϕK^+ is larger than in B^0 → K^{∗+}π^−. This is the case in explicitly SU(3) breaking factorization-based calculations, in which the two amplitudes involve the products of corresponding vector meson decay constants and B-to-pseudoscalar form factors.

In the factorization approximation, SU(3) breaking factors in penguin and tree amplitudes occuring in Eqs. (52) and (53) are given by [21]

R_{SU (3)} =

P_{tc,P} (B^+ → ϕK^+) P_{tc,P} (B^0 → K^{∗+}π^−) = T_P (B^+ → ϕK^+) T_P (B^0 → K^{∗+}π^−) ≃ f_ϕ f_K�

F_{BK}(m^2_ϕ) F_{Bπ}(m^2_K� )

≃ 1.25 . (59)

Since this factor enhances the amplitude of B^+ → ϕK^+ relative to that of B^0 → K^+π^−, the bound on γ (57) becomes stronger by a factor R^2_{SU (3)}. This would imply, for instance, γ > 80^∘ if a value r = 1 is measured in B^+ → ρ^+π^0 and B^+ → K^{∗0}π^+, and a stronger bound if a smaller value of r is measured. This, and the above comment on the possibility that R_{SU (3)} < 1, illustrate the sensitivity of these bounds to SU(3) breaking effects.

Although the present experimental inequality (57) (which may change with time) is already interesting, our above discussion shows that it would be premature at this point to translate this inequality into a realistic lower bound on γ. Further study is required of the following effects:

• SU(3) breaking in penguin amplitudes: are these amplitudes approximately factorizable?

• Magnitudes and strong phases of smaller terms, including color-suppressed tree and OZI-suppressed penguin amplitudes.

• An actual measurement of r, the ratio of tree-to-penguin amplitudes in B^0 → K^{∗+}π^−.

VI. CONCLUSION

We have studied EWP amplitudes in B → V P decays within the model independent framework of flavor SU(3). While retaining only contributions from the dominant (V − A)(V − A) operators, Q_9 and Q_{10}, we were able to express these contributions in terms of tree amplitudes. This reduces considerably the number of hadronic parameters describing a large number of processes.

Two applications were demontrated in attempting to constrain the weak phase γ. In B^+ → ρ^+K^0 and B^+ → ρ^0K^+ (or in B^+ → K^{∗0}π^+ and B^+ → K^{∗+}π^0) we studied a generalization of the method suggested in [9] for B^+ → Kπ. We find that the constraint becomes weaker due to some dependence on hadronic matrix elements.

In a second application we reexamined the decays B^0 → K^{∗+}π^− and B^+ → ϕK^+, studied recently in [15], where EWP contributions were taken from modelcalculations. We kept only the dominant and subdominant terms and assumed that the relevant strong phase does not exceed 90^∘. The present lower limit on the chargeaveraged ratio of rates for these two processes leads to an interesting lower bound on γ, Eq. (58). The bound depends on r, the ratio of tree to penguin amplitudes in B^0 → K^{∗+}π^−, which can be measured in B^{+,0} → ρ^+π^{0,−} and B^+ → K^{∗0}π^+. Corrections from color-suppressed and OZI-suppressed terms are estimated to move the bound by about 10 degrees. A larger correction may be due to SU(3) breaking in penguin amplitudes. In case that SU(3) breaking decreases the penguin amplitude in B^+ → ϕK^+ relative to the one in B^0 → K^{∗+}π^−, contrary to the prediction of factorization, the bound on γ may become considerably weaker. A proof of approximate factorization for penguin amplitudes in B → V P decays, which would strengthen the bound, is therefore of great importance.

[Note added: Three months after the submission for publication of this paper a work appeared [34], in which flavor SU(3) symmetry (or, actually an extended nonet symmetry) was applied to charmless B → V P decays, in order to prove several relations between CP violating rate differences. This work did not make use of the symmetry relations between EWP and tree amplitudes studied in the present paper.]

ACKNOWLEDGMENTS

I thank Dan Pirjol and Jon Rosner for useful discussions. This work was supported in part by the Israel Science Foundation founded by the Israel Academy of Sciences and Humanities, by the United States – Israel Binational Science Foundation under Research Grant Agreement 98-00237, and by the fund for the promotion of research at the Technion.

References

[1] For a recent review, see M. Gronau, hep-ph/9908343, to appear in the Proceedings of the 1999 Chicago Conference on Kaon Physics, Chicago, IL, June 1999 (University of Chicago Press, 2000).

[2] For a partial list of references, see Ref. [1].

[3] M Bauer, B. Stech and W. Wirbel, Zeit. Phys. C 34, 103 (1987); M. Tanimoto, Phys. Lett. B 218, 481 (1989); N. G. Deshpande and J. Trampetić, Phys. Rev. D 41, 895 (1990); L. L. Chau et al., Phys. Rev. D 43, 2176 (1991). A. DeAndrea, N. Di Bartolomeo, R. Gatto, F. Feruglio, and G. Nardulli, Phys. Lett. B 320, 170 (1994); G. Kramer, W. F. Palmer and H. Simma, Zeit. Phys. C 66, 429 (1995); D. Du and L. Guo, Zeit. Phys. C 75, 9 (1997); A. Ali, G. Kramer, and C.-D. Lu, Phys. Rev. D 58, 094009 (1998); 59, 014005 (1999); Y. H. Chen, H. Y. Cheng, B. Tseng and K. C. Yang, Phys. Rev. D 60, 094014 (1999).

[4] Recently some of these hadronic matrix elements were claimed (without proof) to be calculable within perturbative QCD in a heavy quark expansion. See, M. Beneke, G. Buchalla, M. Neubert, and C. Sachrajda, Phys. Rev. Lett. 83, 1914 (1999). Earlier QCD calculations of factorizable and nonfactorizable contributions in two body hadronic decays are described in H.-N. Li, hep-ph/9903323, talk presented at DPF99, UCLA, 1999 (unpublished), and references therein. See also H.-Y. Cheng and K.-C. Yang, hep-ph/9910291 (unpublished).

[5] D. Zeppenfeld, Zeit. Phys. C 8, 77 (1981).

[6] L. L. Chau et al., Phys. Rev. D 43, 2176 (1991).

[7] M. Gronau, O. Hernández, D. London, and J. L. Rosner, Phys. Rev. D 50, 4529 (1994).

[8] B. Grinstein and R.F. Lebed, Phys. Rev. D 53, 6344 (1996).

[9] M. Neubert and J. L. Rosner, Phys. Lett. B 441, 403 (1998).

[10] M. Gronau, D. Pirjol, and T.-M. Yan, Phys. Rev. D 60, 034021 (1999).

[11] M. Neubert and J. L. Rosner, Phys. Rev. Lett. 81, 5076 (1998); M. Neubert, JHEP 9902, 014 (1999); M. Gronau and D. Pirjol, Phys. Rev. D 61, 013005 (2000).

[12] See also M. Gronau, J. L. Rosner, and D. London, Phys. Rev. Lett. 73, 21 (1994); R. Fleischer and T. Mannel, Phys. Rev. D 57, 2752 (1998); M. Gronau and J. L. Rosner, Phys. Rev. D 57, 6843 (1998); R. Fleischer, Phys. Lett. B 435, 221 (1998); Euro. Phys. J. C 6, 451 (1999); A. J. Buras and R. Fleischer, Euro. Phys. J. C 11, 93 (1999).

[13] A. S. Dighe, M. Gronau, and J. L. Rosner, Phys. Rev. D 57, 1783 (1998).

[14] CLEO Collaboration, M. Bishai et al., CLEO Report No. CLEO CONF 99-13, presented at XIX International Symposium on Lepton and Photon Interactions at High Energies, Stanford University, August 9–14, 1999; CLEO Collaboration, S. J. Richichi et al., CLEO Report No. CLEO CONF 99-12, presented at 1999 Lepton-Photon Symposium.

[15] M. Gronau and J. L. Rosner, Phys. Rev. D 61, 073008 (2000).

[16] X.-G. He, W.-S. Hou, and K.-C. Yang, Phys. Rev. Lett. 83, 1100 (1999); W.-S.

Hou and K.-C. Yang, hep-ph/9908202; W.-S.Hou, J. G. Smith and F. Würthwein, hep-ex/9910014; H. -Y. Cheng and K. -C. Yang, hep-ph/9910291; B. Dutta and S. Oh, hep-ph/9911263.

[17] F. Parodi, P. Roudeau, and A. Stocchi, hep-ex/9903063.

[18] S. Plaszczynski and M.-H. Schune, hep-ph/9911280, talk given at Heavy Flavors 8, Southampton, UK, 1999.

[19] G. Blailock, presented at 1999 Lepton-Photon Symposium [14].

[20] R. Fleischer, Zeit. Phys. C 62, 81 (1994); N. G. Deshpande and X.-G. He, Phys.

Lett. B 336, 471 (1994).

[21] A. Ali, G. Kramer, and C.-D. Lu, Phys. Rev. D 58, 094009 (1998).

[22] M. Bander, D. Silverman, and A. Soni, Phys. Rev. Lett. 43, 242 (1979).

[23] M. Suzuki and L. Wolfenstein, Phys. Rev. D 60, 074019 (1999).

[24] G. Buchalla, A.J. Buras and M.E. Lautenbacher, Rev. Mod. Phys. 68, 1125 (1996).

[25] M. Neubert, JHEP 9902, 014 (1999). This paper contains an approximate expression of the common ratio of Wilson coefficients at μ = m_W in terms of the top-quark mass. Note that c_1 and c_2 (and Q_1 and Q_2) are interchanged in this paper relative to our notations.

[26] B. Blok, M. Gronau, and J. L. Rosner, Phys. Rev. Lett. 78, 3999 (1997); A.

Falk, A. L. Kagan, Y. Nir, and A. A. Petrov, Phys. Rev. D 57, 6843 (1998); A. J. Buras, R. Fleischer and T. Mannel, Nucl. Phys. B533, 3 (1998); M. Neubert, Phys. Lett. B 424, 152 (1998); D. Atwood and A. Soni, Phys. Rev. D 58, 036005 (1998); M. Gronau and J. L. Rosner, Phys. Rev. D 58, 113005 (1998); J. M. Gérard and J. Weyers, Euro. Phys. J. C 7, 1 (1999).

[27] M. Ciuchini, E. Franco, G. Martinelli and L. Silvestrini, Nucl. Phys. B501, 271 (1997).

[28] R. Fleischer, Zeit. Phys. C 62, 81 (1994); Phys. Lett. B 321, 259 (1994); 332, 419 (1994); N. G. Deshpande and X.-G. He, Phys. Lett. B 336, 471 (1994); Phys. Rev. Lett. 74, 26 (1995); N. G. Deshpande, X.-G. He, and J. Trampetić, Phys. Lett. B 345, 547 (1995); A. J. Buras and R. Fleischer, in Heavy Flavours II, edited by A. J. Buras and M. Lindner (World Scientific, Singapore, 1998), p. 65, and references therein.

[29] M. Gronau, O. Hernández, D. London, and J. L. Rosner, Phys. Rev. D 52, 6374 (1995); A. S. Dighe, M. Gronau, and J. L. Rosner, Phys. Lett. B 367, 357 (1996); 377, 325(E) (1996). In the present paper we use a short-hand notation EW ≡ P_{EW} , EW^C ≡ P^C_{EW} . [30] The other four graphical amplitudes will be denoted by EW E_M and EW A_M (M = V, P ). In EW E_M the spectator q^′ participates in the transition b̄ → q̄q^′q̄^′ while the other q^′ enters the meson M. In EW A_M the spectator q participates in the transition and q^′ (rather than q̄^′) enters M.

[31] Y. Nir and H. R. Quinn, Phys. Rev. Lett. 67, 541 (1991); M. Gronau, Phys.

Lett. B 265, 389 (1991).

[32] Gronau, Rosner and London, Ref. [12].

[33] CLEO Collaboration, Y. Kwon et al., CLEO Report No. CLEO 99-14, presented at 1999 Lepton-Photon Symposium [14].

[34] N. G. Deshpande, X.-G. He and J.-Q. Shi, hep-ph/0002260.