Published by Institute of Physics Publishing for SISSA/ISAS Received: April 8, 2002 Revised: July 23, 2002 Accepted: July 29, 2002

Constraining R-parity violating couplings from B → P P decays using QCD improved factorization method

Dilip Kumar Ghosh,^a Xiao-Gang He,^a Bruce H. J. McKellar^b and Jian-Qing Shi^a aDepartment of Physics, National Taiwan University Taipei, Taiwan 10617, Republic of China bSchool of Physics, University of Melbourne Parkville, Vic 3052, Australia E-mail: dghosh@phys.ntu.edu.tw, hexg@phys.ntu.edu.tw,

b.mckellar@physics.unimelb.edu.au, hexg1@phys.ntu.edu.tw

Abstract: We investigate the role of R-parity violating interaction in the non-leptonic decays of B mesons into two light mesons B → P P . The decay amplitudes are calculated using the QCD improved factorization method. Using the combined data on B decays from BaBar, Belle and CLEO, we obtain strong constraints on the various products of R-parity violating couplings. Many of these new constraints are stronger than the existing bounds.

Keywords: Supersymmetry Phenomenology, B-Physics, Rare Decays.

© SISSA/ISAS 2002 http://jhep.sissa.it/archive/papers/jhep072002067 /jhep072002067 .pdf

Contents

1. Introduction 1

2. New operators for B → P P with R-parity violation 2

3. B → P P decay amplitude with R-parity violation 4

4. Results and discussion 8

1. Introduction

The Standard Model (SM) of particle physics is very successful in explaining most of the elementary particle physics phenomena at the electroweak scale. Unfortunately, despite of its eminent success, the SM suffers from certain drawbacks, the hierarchy problem being a major one. Supersymmetry (SUSY) [1] provides an elegant solution and, consequently has been extensively studied as a model beyond the SM. If such a new physics exists at the electroweak scale, then it may provide some experimental signature in the future, or even in present data. Looking for such new physics effects constitutes a major area of research in high energy physics today. There are two major ways one can see such effects. One is to observe their direct effects in the high energy collider experiments when a new particle is produced and observed through its decays. The other way, is to look for indirect evidence in the deviation from the SM prediction of low energy experimental data.

Recent results from the ongoing experiments in B-physics at CLEO, BaBar, and Belle have attracted lot of attention. Much of this attention has been devoted to the results on nonleptonic decays of B mesons, which can be used to extract information on the CKM matrix elements and CP violation. The theoretical understanding of the nonleptonic decays of B mesons is an extremely demanding challenge due to difficulties in calculating the relevant hadronic matrix elements. To have some idea of the magnitude of the matrix elements, one usually uses factorization method, factorizing the four quark operators relevant to non-leptonic B decays into the products of two currents and evaluating separately the matrix elements of the two currents. Recently the QCD improved factorization method for the hadronic B decays has been developed. This method incorporates elements of the naive factorization approach (as its leading term) and perturbative QCD corrections (as subleading contributions) allowing one to compute systematic radiative corrections to the naive factorization for the hadronic B decays [2, 3]. In our analysis we will use the formalism developed in ref. [2]. This QCD-improved factorization method improves the analysis on several aspects, including among others the number of colors, the gluon virtuality, the renormalization scale, and the scheme dependence. The method is expected to give a good estimate of the magnitudes of the hadronic matrix elements in non-leptonic B decays, and has been used to calculate B decays in the SM [2, 4, 5, 6] and models beyond [7].

– 1 –

The construction of most general supersymmetric extension of the standard model leads to baryon (B) and lepton (L) number violating operators in the superpotential. The simultaneous presence of both (L) and (B) number violating operators induce rapid proton decay which may contradict the strict experimental bound [8]. In order to keep the proton lifetime within the experimental limit, one needs to impose additional symmetry beyond the SM gauge symmetry to force the unwanted baryon and lepton number violating interactions to vanish. In most cases, this has been done by imposing a discrete symmetry called R-parity [9], defined as R = (−1)^{3B+L+2S}, where, S is the spin of the particle. This symmetry not only forbids rapid proton decay [10], it also render stable the lightest supersymmetric particle (LSP). However, this symmetry is ad hoc in nature. There are no strong theoretical arguments in support of this discrete symmetry. Hence, it is interesting to see the phenomenological consequences of the breaking of R-parity in such a way that either B or L number is violated both are not simultaneously violated, thus avoiding rapid proton decays. Extensive studies have been done to look for the direct as well as indirect evidence of R-parity violation from different processes and to put constraints on various R-parity violating couplings [11], [12]– [20].

The main purpose of this paper is to constrain various R-parity violating couplings using the data on B → P P decay channels and a calculation based on QCD-improved factorization. Here P is one of the S(3) flavor octet pseudoscalars. We find that using the experimental data on the branching ratios of B → P P mode, stringent upper bounds on the products of several L and B violating couplings can be obtained. Many of the bounds obtained are stronger than the existing ones.

The organization of the paper is the following. In section 2 we study possible four quark operators which can induce B → P P decays with R-parity violating interactions. In section 3 we calculate B → ππ, Kπ, KK̄ decay amplitudes using the QCD-improved factorization method. At last in section 4, we carry out numerical analysis, present and discuss our results and finally draw our conclusions.

2. New operators for B → P P with R-parity violation

The most general superpotential of the Minimal Supersymmetric Standard Model (MSSM) [1], which describes SU(3) × SU(2) × U(1) gauge invariant, renormalizable and supersymmetric theory, with minimal particle content, has R-parity violating interaction terms [9]: W_{R/} = 1 2 λ_{[ij]k}L̂_iL̂_jÊ^c_k + λ^′_{ijk}L̂_iQ̂_jD̂^c_k + 1 2 λ^{′′}_{i[jk]}Û^c_i D̂^c_jD̂^c_k (2.1)

where, L̂ and Q̂ are the SU(2)-doublet lepton and quark superfields and Ê^c, Û^c and D̂^c are the singlet superfields, while i, j, k are flavor indices. In writing the above we have omitted gauge indices, which ensures that the λ_{ijk} are antisymmetric in i and j, and the λ^{′′} are antisymmetric in j and k. It is very clear that the first two terms in Equation (2.1) violate lepton number, while the last term violates baryon number.

– 2 –

The above R-parity violating interaction, in general can have 27 λ^′-type and 9 each of λ and λ^{′′}-type of new couplings. Not all of them will induce B → P P decays to the lowest order. At the dimension six four-fermion interaction level only operators corresponding to the couplings λ^′_{ijk} and λ^{′′}_{ijk} will lead to hadronic B → P P decays. They are given by

L_{eff} = λ^{′′}_{112}λ^{′′∗}_{132} 2m^2_{~s} (ū_αγ_μRu_αd̄_β γ_μRb_β − ū_αγ_μRu_βd̄_βγ_μRb_α) − − λ^′_{i11}λ^{′∗}_{i13} 2m^2_{~ei} ū_αγ_μLu_βd̄_β γ_μRb_α − − λ^′_{i11}λ^{′∗}_{i13} 2m^2_{~νi} d̄_αγ_μLd_βd̄_βγ_μRb_α − λ ′ i31λ^{′∗}_{i11} 2m^2_{~νi} d̄_αγ_μRd_βd̄_β γ_μLb_α +

+ λ^{′′}_{121}λ^{′′∗}_{131} 2m^2_{~d} (ū_αγ_μRu_αs̄_βγ_μRb_β − ū_αγ_μRu_βs̄_βγ_μRb_α) +

+ λ^{′′}_{i12}λ^{′′∗}_{i13} 4m^2_{~ui} (d̄_αγ_μRd_αs̄_βγ_μRb_β − d̄_αγ_μRd_βs̄_βγ_μRb_α) − − λ^′_{i12}λ^{′∗}_{i13} 2m^2_{~ei} ū_αγ_μLu_βs̄_βγ_μRb_α − − λ^′_{i11}λ^{′∗}_{i23} 2m^2_{~νi} s̄_αγ_μLd_βd̄_β γ_μRb_α − λ^′_{i32}λ^{′∗}_{i11} 2m^2_{~νi} s̄_αγ_μRd_βd̄_β γ_μLb_α − − λ^′_{i12}λ^{′∗}_{i13} 2m^2_{~νi} d̄_αγ_μLd_βs̄_βγ_μRb_α − λ ′ i31λ^{′∗}_{i21} 2m^2_{~νi} d̄_αγ_μRd_βs̄_βγ_μLb_α +

+ λ^{′′}_{i12}λ^{′′∗}_{i23} 4m^2_{~ui} (d̄_αγ_μRs_αs̄_βγ_μRb_β − d̄_αγ_μRs_βs̄_βγ_μRb_α) − − λ^′_{i22}λ^{′∗}_{i13} 2m^2_{~νi} d̄_αγ_μLs_βs̄_βγ_μRb_α − λ ′ i31λ^{′∗}_{i22} 2m^2_{~νi} d̄_αγ_μRs_βs̄_βγ_μLb_α −

− λ^′_{i21}λ^{′∗}_{i23} 2m^2_{~νi} s̄_αγ_μLs_βd̄_β γ_μRb_α − λ^′_{i32}λ^{′∗}_{i12} 2m^2_{~νi} s̄_αγ_μRs_βd̄_βγ_μLb_α , (2.2)

where m_{f̃} is the sfermion mass, L(R) = (1 ∓ γ_5)/2, and α, β are the color indices.

There are three types of four-quark operator in the above four quark interactions,

O_A = (p̄_αq_β)_{V ±A}(r̄_β b_α)_{V ∓A} . O_B = (p̄_αq_α)_{V +A}(r̄_βb_β)_{V +A} , O_C = (p̄_αq_β)_{V +A}(r̄_αb_β)_{V +A} , (2.3)

where (p̄q)_{V ±A} = p̄γ_μ(1 ± γ_5)q.

The first operator above occurs in λ^′ interactions and the last two are in λ^{′′} interactions. The above operators are evaluated at the common sfermion mass scale (m_{f̃} ) of 100 GeV. At a scale around μ = m_b, these operators will induce nonzero matrix elements causing B → P P decays. We denote c(μ)_{A,B,C} the Wilson coefficients of the operators O_{A,B,C} at

– 3 –

Figure 1: Order of α_s corrections to the hard-scattering kernels T^I and T^{II} . The quark lines directed upwards represent the ejected quark pairs from weak decays of b-quark.

the scale μ. Renormalization group running of these coefficients from m_{f̃} to μ will modify them. For c(μ)_A, we have c(μ)_A = η^{−8/β0} c(m_{f̃} )_A , (2.4)

where η = α_s(m_{f̃} )/α_s(μ), and β_0 = 11 − 2f/3 with f the number of quarks with mass below μ. The other two coefficients c(m_{f̃} )_B and c(m_{f̃} )_C when evolved down to the scale μ from the high scale m_{f̃} will mix and are given by

c(μ)_B = 1 2 [ η^{2/β0} (c(m_{f̃} )_B + c(m_{f̃} )_C ) + η^{−4/β0} (c(m_{f̃} )_B − c(m_{f̃} )_C ) ] , c(μ)_C = 1 2 [ η^{2/β0} (c(m_{f̃} )_B + c(m_{f̃} )_C ) − η^{−4/β0} (c(m_{f̃} )_B − c(m_{f̃} )_C ) ] . (2.5)

To obtain the B → P P decay amplitudes induced by these operators, one needs to evaluate the related hadronic matrix elements. In the next section, we will use the QCDimproved factorization method to carry out the analysis.

3. B → P P decay amplitude with R-parity violation

The factorization approximation has been used to provide estimates for the decay amplitudes in B decays. Recently it has been shown that factorization approximation in fact is supported by perturbative QCD calculations in the heavy quark limit, and the QCDimproved factorization method has been developed [2, 4]. This new factorization formula incorporates elements of the naive factorization approach and introduces corrections in the amplitudes.

In the heavy quark limit, the decay amplitude B → P_1P_2 due to some particular operator O_i can be represented in the form [2]

⟨P_1P_2 | O_i | B⟩ = ⟨P_2 | J_2 | 0 >< P_1 | J_1 | B⟩ [ 1 + ∑ n r_nα^n_s + O ( Λ_{QCD} m_b )] (3.1)

– 4 –

The above result reduces to the naive factorization if we neglect the power corrections in Λ_{QCD}/m_b and the radiative corrections in α_s. The radiative corrections, which are dominated by the hard gluon exchange can be computed with perturbation theory in the heavy quark limit, in terms of the convolution of the hard scattering kernel and the light cone distribution amplitudes of the mesons. Then a factorization formula for B → P_1P_2 decay can be written as [2]:

⟨P_1P_2 | O_i | B⟩ = F^{B→P1} (0)

∫_1 0 dxT^I_i (x)Φ_{P2} (x) + (3.2) + ∫_1 0 dxdydξT^{II}_i (ξ, x, y)Φ_B (ξ)Φ_{P2} (x)Φ_{P1} (y)

In the above formula, Φ_B(ξ) and Φ_{Pi} (x) (i = 1, 2) are the leading twist light cone distribution amplitudes of the B-meson and the light pseudoscalar mesons [21, 22] respectively, and the T^{I,II}_i describes the hard scattering kernel which can be calculated in perturbative QCD [2, 4, 5]. The diagrams generating the hard scattering kernels T^{I,II} in the SM are shown in figure 1. figures 1(a)-(d) depicts vertex corrections, figures 1(e) and 1(f) penguin corrections, and figures 1(g) and 1(h) hard spectator scattering.

Applying the QCD-improved factorization method to the operators in the previous section, we obtain the contributions from R-parity violating interactions. Since we are considering the leading effects, we need only evaluate figures 1(a)–(d) for the vertex corrections and figures 1(g) and 1(h) for the hard-spectator scatterings. The penguin types are higher order corrections. The results are listed below:

A_R(B̄^0 → π^0π^0) =

if_π(m^2_B − m^2_π)F^{B→π}_0 (0) [ −a^{′′}_1 λ^{′′}_{112}λ^{′′∗}_{132} 8m^2_{~s} − a^′ λ^′_{i11}λ^{′∗}_{i13} 8m^2_{~ei} +

+ (−R_πc_A + a^′) ( λ^′_{i11}λ^{′∗}_{i13} 8m^2_{~νi} − λ^′_{i31}λ^{′∗}_{i11} 8m^2_{~νi} )] , (3.3)

A_R(B̄^0 → π^+π^−) =

if_π(m^2_B − m^2_π)F^{B→π}_0 (0) [ a^{′′}_2 λ^{′′}_{112}λ^{′′∗}_{132} 8m^2_{~s} − R_πc_A λ^′_{i11}λ^{′∗}_{i13} 8m^2_{~ei} ] , (3.4)

A_R(B^− → π^−π^0) =

if_π(m^2_B − m^2_π)F^{B→π}_0 (0) [ 1 √ 2 (−R_πc_A + a^′) λ^′_{i11}λ^{′∗}_{i13} 8m^2_{~ei} +

+ −1 √ 2 (−R_πc_A + a^′) ( λ^′_{i11}λ^{′∗}_{i13} 8m^2_{~νi} − λ^′_{i31}λ^{′∗}_{i11} 8m^2_{~νi} )] , (3.5)

A_R(B̄^0 → K^−π^+) =

if_K (m^2_B − m^2_π)F^{B→π}_0 (0) [ a^{′′}_2 λ^{′′}_{121}λ^{′′∗}_{131} 8m^2_{~d} − R_K c_A λ^′_{i12}λ^{′∗}_{i13} 8m^2_{~ei} ] , (3.6)

– 5 –

A_R(B^− → K^−π^0) = G_F √ 2 if_π(m^2_B − m^2_K )F^{B→K}_0 (0) [ − 1 √ 2 a^{′′}_1 λ^{′′}_{i12}λ^{′′∗}_{i13} 16m^2_{~ui} + + 1 √ 2 (−r_{Kπ}R_K c_A + a^′) λ^′_{i12}λ^{′∗}_{i13} 8m^2_{~ei} +

+ 1 √ 2 R_πc_A ( λ^′_{i11}λ^{′∗}_{i23} 8m^2_{~νi} − λ^′_{i32}λ^{′∗}_{i11} 8m^2_{~νi} ) +

+ −1 √ 2 a^′ ( λ^′_{i12}λ^{′∗}_{i13} 8m^2_{~νi} − λ^′_{i31}λ^{′∗}_{i21} 8m^2_{~νi} )] , (3.7)

A_R(B^− → K̄^0π^−) =

if_K (m^2_B − m^2_π)F^{B→π}_0 (0) [ a^{′′}_2 λ^{′′}_{i12}λ^{′′∗}_{i13} 16m^2_{~ui} + a^′ ( λ^′_{i11}λ^{′∗}_{i23} 8m^2_{~νi} − λ^′_{i32}λ^{′∗}_{i11} 8m^2_{~νi} ) −

− R_K c_A ( λ^′_{i12}λ^{′∗}_{i13} 8m^2_{~νi} − λ^′_{i31}λ^{′∗}_{i21} 8m^2_{~νi} )] (3.8)

A_R(B^0 → K^0π^0) =

if_π(m^2_B − m^2_K )F^{B→K}_0 (0) [ 1 √ 2 a^{′′}_1 λ^{′′}_{121}λ^{′′∗}_{131} 8m^2_{~d} + 1 √ 2 a^′ λ^′_{i12}λ^{′∗}_{i13} 8m^2_{~ei} +

+ −1 √ 2 (−R_πc_A + r_{Kπ}a^′) ( λ^′_{i11}λ^{′∗}_{i23} 8m^2_{~νi} − λ^′_{i32}λ^{′∗}_{i11} 8m^2_{~νi} ) +

+ −1 √ 2 (−r_{Kπ}R_K c_A + a^′) ( λ^′_{i12}λ^{′∗}_{i13} 8m^2_{~νi} − λ^′_{i31}λ^{′∗}_{i21} 8m^2_{~νi} )] (3.9)

A_R(B^− → K^−K^0) = A_R(B̄^0 → K^0K̄^0)

= if_K (m^2_B − m^2_K )F^{B→K}_0 (0) [ a^{′′}_1 λ^{′′}_{i12}λ^{′′∗}_{i23} 16m^2_{~ui} + a^′ ( λ^′_{i22}λ^{′∗}_{i13} 8m^2_{~νi} − λ^′_{i31}λ^{′∗}_{i22} 8m^2_{~νi} ) −

− R_K c_A ( λ^′_{i21}λ^{′∗}_{i23} 8m^2_{~νi} − λ^′_{i32}λ^{′∗}_{i12} 8m^2_{~νi} )] , A_R(B̄^0 → K^−K^+) = 0 , (3.10)

where f_i, F^i_0 are decay constant and form factors, respectively. The parameters R_i and r_i are given by,

R_π =

2m^2_π m̄_b(μ)(m̄_u(μ) + m̄_d(μ))

, (3.11)

R_K =

2m^2_K m̄_b(μ)(m̄_q(μ) + m̄_s(μ))

, (3.12) r_{Kπ} = f_K F^{B→π}_0 (0)(m^2_B − m^2_π) f_πF^{B→K} 0 (0)(m^2_B − m^2_K )

(3.13)

with q = u for charged kaon and q = d for neutral kaon. The parameters a^{′′}_i and a^′ are

– 6 –

Figure 2: Annihilation diagrams

defined as

a^{′′}_1 = c(μ)_B + c(μ)_C N_c [ 1 + C_F α_s 4π V_{P2} ] + c(μ)_C N_c C_F πα_s N_c H_{P2P1} , (3.14)

a^{′′}_2 = c(μ)_C + c(μ)_B N_c [ 1 + C_F α_s 4π V_{P2} ] + c(μ)_B N_c C_F πα_s N_c H_{P2P1} , (3.15)

a^′ = c(μ)_A N_c [ 1 − C_F α_s 4π V^′_{P2} ] − c(μ)_A N_c C_F πα_s N_c H^′_{P2P1} , (3.16)

c_A = c(μ)_A (3.17)

Here N_c = 3 is the number of colors, C_F = (N^2_c − 1)/2N_c, P_1 is the final state meson absorbing the light spectator quark from B-meson, while P_2 is another final state light meson which is composed of the quarks produced from the weak decay of b quark.

V^{(′)}_P comes from vertex corrections (P = π, K)(first four diagrams of figure 1) is give by

V_P = 12 ln m_b μ − 18 +

∫_1 0 dxg(x)ϕ_P (x) , (3.18)

V^′_P = 12 ln m_b μ − 6 +

∫_1 0 dxg(1 − x)ϕ_P (x) , (3.19)

g(x) = 3 ( 1 − 2x 1 − x ln x − iπ ) + [ 2Li_2(x) − ln^2 x +

2 ln x 1 − x − (3 + 2iπ) − (x ↔ 1 − x) ] . (3.20)

The contributions from the hard spectator scattering as shown in the last two diagrams in figure 2 give leading twist and chirally-enhanced twist-3 contributions to T^{II}_i parametrized by H^{(′)}_{P2P1} . The detailed expressions can be found in [4].

From the above, the amplitude A_R(B̄^0 → K^−K^+) is zero without annihilation contributions (shown in figure 2). When annihilation contributions are included, this amplitude becomes nonzero and additional contributions to other decay amplitudes are generated. We list these contributions in the following:

A^{ann}_R (B̄^0 → π^0π^0) = A^{ann}_R (B̄^0 → π^+π^−)

= if_Bf^2_π [ b^{′′}_2 λ^{′′}_{112}λ^{′′∗}_{132} 8m^2_{~s} − b^′_4 λ^′_{i11}λ^{′∗}_{i13} 8m^2_{~e} − (b^′_3 + b^′_4) ( λ^′_{i11}λ^{′∗}_{i13} 8m^2_{~νi} − λ^′_{i31}λ^{′∗}_{i11} 8m^2_{~νi} )] , (3.21)

A^{ann}_R (B^− → π^−π^0) = 0 , (3.22) A^{ann}_R (B̄^0 → K^−π^+) = − √ 2A^{ann}_R (B̄^0 → K̄^0π^0) (3.23) = if_Bf_πf_K [ b^{′′}_1 λ^{′′}_{i12}λ^{′′∗}_{i13} 16m^2_{~ui} − b^′_4 ( λ^′_{i11}λ^{′∗}_{i23} 8m^2_{~νi} − λ^′_{i32}λ^{′∗}_{i11} 8m^2_{~νi} ) − b^′_3 ( λ^′_{i12}λ^{′∗}_{i13} 8m^2_{~νi} − λ^′_{i31}λ^{′∗}_{i21} 8m^2_{~νi} )] ,

– 7 –

A^{ann}_R (B^− → K^0π^−) = √ 2A^{ann}_R (B^− → K^−π^0) = if_Bf_πf_K [ b^{′′}_1 λ^{′′}_{121}λ^{′′∗}_{131} 8m^2_{~d} − b^′_3 λ^′_{i12}λ^{′∗}_{i13} 8m^2_{~ei} ] , (3.24)

A^{ann}_R (B̄^0 → K̄^0K^0) = if_Bf^2_K [ −(b^′_3 + b^′_4) ( λ^′_{i11}λ^{′∗}_{i13} 8m^2_{~νi} − λ^′_{i31}λ^{′∗}_{i11} 8m^2_{~νi} ) + b^{′′}_1 λ^{′′}_{i12}λ^{′′∗}_{i13} 16m^2_{~ui} −

− b^′_3 ( λ^′_{i22}λ^{′∗}_{i13} 8m^2_{~νi} − λ^′_{i31}λ^{′∗}_{i22} 8m^2_{~νi} ) − b^′_4 ( λ^′_{i21}λ^{′∗}_{i23} 8m^2_{~νi} − λ^′_{i32}λ^{′∗}_{i12} 8m^2_{~νi} )] , (3.25)

A^{ann}_R (B̄^0 → K^+K^−) = if_Bf^2_K [ b^{′′}_2 λ^{′′}_{112}λ^{′′∗}_{132} 8m^2_{~s} − b^′_4 λ^′_{i11}λ^{′∗}_{i13} 8m^2_{~e} + b^{′′}_2 λ^{′′}_{i12}λ^{′′∗}_{i13} 16m^2_{~ui} −

− b^′_3 ( λ^′_{i22}λ^{′∗}_{i13} 8m^2_{~νi} − λ^′_{i31}λ^{′∗}_{i22} 8m^2_{~νi} ) − b^′_4 ( λ^′_{i21}λ^{′∗}_{i23} 8m^2_{~νi} − λ^′_{i32}λ^{′∗}_{i12} 8m^2_{~νi} )] , (3.26)

A^{ann}_R (B^− → K^−K^0) = if_Bf^2_K [ b^{′′}_1 λ^{′′}_{112}λ^{′′∗}_{132} 8m^2_{~s} − b^′_3 λ^′_{i11}λ^{′∗}_{i13} 8m^2_{~e} ] . (3.27)

where

b^{′′}_1 = C_F N^2_c c(μ)_AA^i_1 , b^{′′}_2 = C_F N^2_c c(μ)_B A^i_1 ,

b^′_3 = C_F N_c c(μ)_C A^f_3 , b^′_4 = C_F N^2_c c(μ)_C A^i_2 . (3.28)

The parameters A_i are given by

A^i_1 = A^i_2 = πα_s [ 18 ( X_A − 4 + π^2 3 ) + 2r^2_χX^2_A ] , A^f_3 = 12πα_sr^2_χ(2X^2_A − X_A) , (3.29)

where r_χ ≈ R_π, X_A =

∫_1 0 dy/y parameterizes the divergent endpoint integrals, we take the value X_A = ln(m_B/Λ_h) with Λ_h = 0.5 GeV being the typical hadronic scale.

The evaluation of annihilation contributions may have large uncertainties due to the fact that they are power suppressed and exhibit endpoint singularities. For processes which have contributions from current-current interactions, the error caused by the uncertainties in annihilation contributions are small, but for some processes, such as B^0 → K^+K^−, the leading contributions are from annihilation and the uncertainties will be large. For such processes the bounds obtained in this paper can only be regarded as order of magnitude estimates of the parameters.

4. Results and discussion

In this section we discuss the constraints on the product of a pair of R-parity violating couplings. With R-parity violating interactions, the total B → P P decay amplitudes contain the SM part of the decay amplitudes A_{SM} which have been obtained in ref. [4]

– 8 –

Decay Mode CLEO Belle BaBar Average B^0 → π^+π^− 4.3^{+1.6}_{−1.4} ± 0.5 5.1 ± 1.1 ± 0.4 5.4 ± 0.7 ± 0.4 5.6 ± 0.6 B^− → π^−π^0 5.6^{+2.6}_{−2.3} ± 1.7 7.0 ± 2.2 ± 0.8 4.1^{+1.1+0.8}_{−1.0−0.7} 4.9 ± 1.1 B^0 → π^0π^0 < 5.7 (90% C.L.) < 5.6 (90% C.L.) < 3.4 (90% C.L.) < 3.4 (90% C.L.) B^0 → K^+π^− 17.2^{+2.5}_{−2.4} ± 1.2 21.8 ± 1.8 ± 1.5 17.8 ± 1.1 ± 1.8 18.6 ± 1.1 B^− → K^−π^0 11.6^{+3.0+1.4}_{−2.7−1.3} 12.5 ± 2.4 ± 1.2 11.1^{+1.3}_{−1.2} ± 1.0 11.5 ± 1.3 B^− → K^0π^− 18.2^{+4.6}_{−4.0} ± 1.6 18.8 ± 3.0 ± 1.5 17.5^{+1.8}_{−1.7} ± 1.3 17.9 ± 1.7 B^0 → K^0π^0 14.6^{+5.9+2.4}_{−5.1−3.3} 7.7 ± 3.2 ± 1.6 8.2^{+3.1}_{−2.7} ± 1.2 8.8 ± 2.3 B^0 → K^+K^− < 1.9 (90% C.L.) < 0.5 (90% C.L.) < 1.1 (90% C.L.) < 0.5 (90% C.L.) B^− → K^−K^0 < 5.1 (90% C.L.) < 3.8 (90% C.L.) < 1.3 (90% C.L.) < 1.3 (90% C.L.) B^0 → K^0K̄^0 < 17.0 (90% C.L.) < 13.0 (90% C.L.) < 7.3 (90% C.L.) < 7.3 (90% C.L.)

Table 1: Experimental results for B → ππ, B → πK and B → KK̄ branching ratios in units of 10^{−6}[25].

plus the R-parity violating amplitudes obtained in the previous section. Comparing the branching ratios obtained theoretically with known experimental data, constraints on the R-parity violating interactions can be obtained.

As we have shown in the previous section that several combinations of R-parity violating couplings can contribute to a particular charmless hadronic B → P P decay. In our numerical analysis, we assume that only one pair of R-parity violating couplings are nonzero at a time. This restriction may seem to be unnatural, however, it is an useful approach that allows one a quantitative feeling of the various experimental constraints.

For the numerical computations we use the averaged value of the experimental input as shown in table 1. We average the data from BaBar, Belle, CLEO B factories as their results are uncorrelated. If the experimental branching ratio has only upper limits, we select the most stringent one. It is clear from the table 1 that for B → π^−π^0, B → π^0π^0 and B → KK modes have only the 90% C.L. upper limit while others have results at 95% C.L.

In our numerical calculation we use m_b(m_b) = 4.2 GeV for the b quark mass. For the other lighter quark masses we take their central values m_c(m_b) = 1.3 ± 0.2 GeV, m_s(2 GeV) = 110.0 ± 0.25 MeV, (m_u + m_d)(2 GeV) = 9.1 ± 2.1 MeV. For the decay constants [8] and form factors [23], we use f_π = 0.131 GeV, f_K = 0.160 GeV, f_B = 0.180 GeV, F^{B→π} = 0.28, r_{πK} ≃^{F B→K fπ}_{F B→π fK} = 0.9. For the KM matrix elements, we fix λ = 0.2196, and take the central values of | V_{cb} |= 0.0402 ± 0.0019 | V_{ub}/V_{cb} |= 0.090 ± 0.025 [8], but allow the CP violating phase γ to vary from 0 to 2π. In the SM, the CP violating phase γ is well constrained [24]. However, with R-parity violation this constraint may be relaxed. To accommodate this we vary γ from 0 to 2π to obtain conservative limits on R-parity violating couplings. In principle, when R-parity violating interactions are included, the magnitudes of the KM matrix elements will also be affected. However, the combinations of the couplings constrained from this study are different than the ones which may have a large effect on the determinations of the KM matrix elements. One can always set those parameters to zero without affecting the results obtained here. This is consistent with our technique of obtaining bounds by keeping only the parameter of interest non-zero.

– 9 –

We also need to know various light cone distribution amplitudes. The leading-twist light cone distribution amplitudes of the light pseudoscalar mesons [22] can be expanded in Gegenbauer polynomials. We truncate this expansion at n = 2.

ϕ_P (x, μ) = 6x(1 − x) [ 1 + α^P_1 (μ)C^{(3/2)}_1 (2x − 1) + α^P_2 (μ)C^{(3/2)}_2 (2x − 1) ] , (4.1)

where C^{(3/2)}_1 (u) = 3u and C^{(3/2)}_2 (u) =^3_2 (5u^2 − 1). The distribution amplitude parameters α^P_{1,2} for P = K, π are: α^K_1 = 0.3, α^K_2 = 0.1, α^π_1 = 0 and α^π_2 = 0.1 [4].

The hard spectator contributions to the coefficients a^{′′}_{1,2}, and a^′ are parametrized in terms of a single (complex) quantity H^{(′)}_{P2P1} , which suffers from large theoretical uncertainties related to the regularization of the divergent endpoint integral. Following [4] we use H_{πK} = H_{KK} = 0.99 at the scale μ = m_b and

H^′_{P2P1} = H_{P2P1} , H_{ππ} = H_{Kπ} = r_{πK} H_{πK} . (4.2)

Here we should like to discuss the numerical changes of the coefficients a^{′′}_{1,2}, and a^′ due to our use of QCD improved factorization calculations instead of the naive factorization approximation. For example, in the B → ππ decay mode using the naive factorization scheme the coefficients a^{′′}_1, and a^′ have values 0.939455 and 0.661932 respectively. Using the QCD improved factorization method we get 1.0164 + 0.105414 i and 0.581234 + 0.148545i for a^{′′}_1 and a^′ respectively. For the coefficient a^{′′}_1 we get an enhancement of the order 10% in the real part and a new imaginary contribution, while for the coefficient a^′ we have a negative contribution of the order 12% in the real part but a new imaginary contribution as before. The QCD improved factorization gets contributions from vertex corrections, hard scattering and from weak annihilation. The contribution from annihilation diagrams is small compared with the current-current contributions. It is less than 5% in decays involving a^{′′}_{1,2} while for decays only involving a^′ the annihilation contributions can be as large as 20%.

The results are shown in tables 3 and 4. In the table 3 we display limits on different pair of λ^{′′}-type couplings at 95% C.L. For the published experimental data with 90%C.L. it is hard to get the upper limit corresponding to 95%C.L., so we denote those bounds by (∗) in the table 3. In table 4 we show the bounds for the product of λ^′-type of couplings. The bounds are obtained assuming 100 GeV common sfermion masses, so for other values of the sfermion mass, the bounds on the couplings can be easily obtained by scaling them by m^2_{f̃} /(100 GeV)^2. Hence, for heavier sfermion masses the bounds on these couplings become weaker.

We note that for several decays R-parity violation contributes only through the annihilation contribution. There are possible large uncertainties in the evaluation of the weak annihilation contribution to charmless B decays due to the fact that they are power suppressed in the heavy quark limit and the weak annihilation effects exhibit endpoint singularities mentioned earlier. We therefore denote the modes which only receive annihilation contributions with (†) to remind that there may be large uncertainties there.

From the table 3 and table 4 we choose the pairs of R-parity violating couplings with most stringent bounds and we display them in table 5 with the existing limits on such product of couplings. Among the existing limits, there are several cases, where there is no

– 10 –

B → ππ B → Kπ B → πK B → KK̄ c(m_b)_A 1.986 c(m_b)_B 1.409 c(m_b)_C −1.409 a^{′′}_1 1.016 + 0.105i 1.002 + 0.105i 0.998 + 0.137i 1.020 + 0.074i a^{′′}_2 −1.016 − 0.105i −1.002 − 0.105i −0.998 − 0.137i −1.020 − 0.074i a^′ 0.581 + 0.149i 0.561 + 0.149i 0.607 + 0.104i 0.535 + 0.193i r_Ab^{′′}_1 0.016 r_Ab^{′′}_2 −0.016 r_Ab^′_3 0.141 r_Ab^′_4 0.022

Table 2: Wilson coefficients, and related parameters due to R-parity violating interactions in different decays, μ = m_b, assuming 100 GeV sfermion mass. The first final state meson is made of spectator quark, while the second final state meson is formed of quark pairs originating from b quark weak decay vertex. In the above r_A = f_B f_π/(m^2_B F^{B→π}_0 (0)).

Couplings Bound Process 3.07 × 10^{−3∗} B̄^0 → π^0π^0 4.69 × 10^{−3} B̄^0 → π^+π^− | λ^{′′}_{112}λ^{′′}_{132} | 2.84 × 10^{−3∗} B̄^0 → K^−K^0 4.46 × 10^{−3∗} B̄^0 → K^0K̄^0 1.90 × 10^{−2∗†} B̄^0 → K^+K^− 5.06 × 10^{−1} B̄^0 → K^−π^+ | λ^{′′}_{121}λ^{′′}_{131} | 1.54 × 10^{−2} B^− → K^−π^0 1.01 × 10^{−2} B^− → K̄^0π^− 6.46 × 10^{−2} B̄^0 → K̄^0π^0 7.50 × 10^{−1†} B̄^0 → K^−π^+ | λ^{′′}_{i12}λ^{′′}_{i13} | 1.54 × 10^{−2} B^− → K^−π^0 (i ≠ 1) 1.01 × 10^{−2} B^− → K̄^0π^− 7.17 × 10^{−1†} B̄^0 → K̄^0π^0 2.75 × 10^{−3∗} B^− → K^−K^0 | λ^{′′}_{i12}λ^{′′}_{i23} | 4.46 × 10^{−3∗} B̄^0 → K^0K̄^0 (i ≠ 1) 5.71 × 10^{−2∗†} B̄^0 → K^+K^−

Table 3: 95% C.L. limits on the values of products of λ^{′′}-type R-parity couplings for sfermion masses m_{f̃} set to 100 GeV. The limits correspond to the label (∗) are at 90% C.L.. Limits denoted with (†) are for decay modes with only annihilation contributions. The bounds for other sfermion masses can be obtained by scaling them by (m_{q̃} /100 GeV)^2.

direct limit on the products of the couplings, in that case we take the products of their individual bounds from ref. [11]. As it can be seen in [11] that the bounds on the first two generation individual couplings are much stronger than the third generation. For this

– 11 –

Couplings Bound Process 1.25 × 10^{−3∗} B̄^0 → π^0π^0 | λ^′_{i11}λ^′_{i13} | 1.90 × 10^{−3} B̄^0 → π^+π^− 9.65 × 10^{−3∗†} B̄^0 → K^−K^0 2.02 × 10^{−2∗†} B̄^− → K^−K^+ 1.39 × 10^{−2∗†} B̄^0 → K^0K̄^0 1.62 × 10^{−3∗} B̄^0 → π^0π^0 | λ^′_{i31}λ^′_{i11} | 2.97 × 10^{−2†} B̄^0 → π^+π^− 3.22 × 10^{−3∗} B^− → π^−π^0 3.18 × 10^{−2} B^− → K^−π^+ | λ^′_{i12}λ^′_{i13} | 2.71 × 10^{−3} B^− → K^−π^0 2.22 × 10^{−3} B^− → K̄^0π^− 1.63 × 10^{−3} B̄^0 → K̄^0π^0 4.21 × 10^{−2†} B̄^0 → K^−π^+ | λ^′_{i31}λ^′_{i21} | 1.29 × 10^{−3} B^− → K^−π^0 2.09 × 10^{−3} B^− → K̄^0π^− 1.89 × 10^{−3} B̄^0 → K̄^0π^0 2.66 × 10^{−1†} B̄^0 → K^−π^+ | λ^′_{i11}λ^′_{i23} |, | λ^′_{i32}λ^′_{i11} | 3.20 × 10^{−2} B^− → K^−π^0 8.15 × 10^{−3} B^− → K̄^0π^− 2.07 × 10^{−3} B̄^0 → K̄^0π^0 2.48 × 10^{−3∗} B^− → K^−K^0 | λ^′_{i22}λ^′_{i13} |, | λ^′_{i31}λ^′_{i22} | 5.26 × 10^{−3∗} B̄^0 → K^0K̄^0 3.21 × 10^{−3∗†} B̄^0 → K^−K^+ | λ^′_{i21}λ^′_{i23} |, | λ^′_{i32}λ^′_{i12} | 5.75 × 10^{−4∗} B^− → K^−K^0 9.49 × 10^{−4∗} B̄^0 → K^0K̄^0 2.02 × 10^{−2∗†} B̄^0 → K^−K̄^+

Table 4: 95% C.L. limits on the values of products of λ^′ R-parity violating couplings for sfermion masses m_{f̃} = 100 GeV. The limits correspond to the label (∗) are at 90% C.L.. Limits denoted with (†) are for decay modes with only annihilation contributions. The bounds for other sfermion masses can be obtained by scaling them by (m_{q̃} /100 GeV)^2.

reason, in most of the cases, the product of either or both first two generation individual couplings are much stronger than our prediction. Furthermore, we find that bounds on the pair of couplings λ^{′′}_{112}λ^{′′}_{113}, and λ^{′′}_{112}λ^{′′}_{123} obtained from n − n̄ oscillation and double nucleon decays, λ^′_{i31}λ^′_{i22}, λ^′_{232}λ^′_{211} and λ^′_{332}λ^′_{311}, obtained from Δm_K are stronger than ours. It is, however, interesting to note that, more than half of the bounds obtained in this paper are better than the existing ones. In addition to that, the bounds on λ^{′′}_{212}λ^{′′}_{213}, λ^{′′}_{312}λ^{′′}_{313}, λ^{′′}_{212}λ^{′′}_{223}, and λ^{′′}_{312}λ^{′′}_{323} couplings are completely new, in a sense that there were no previous bounds on these pairs of couplings from any experimental data, they were from perturbative unitarity. In two of these cases (λ^{′′}_{212}λ^{′′}_{213} and λ^{′′}_{312}λ^{′′}_{313}) we have improved the existing bound by over two orders of magnitude.

– 12 –

Here we would like to point out that there are certain combinations of R-parity violating couplings which did not appear in B → P P decays like λ^′_{i21}λ^′_{i12} and λ^′_{i31}λ^′_{i13} contribute to Δm_K and Δm_{Bd} , respectively at tree level, are severely constrained from experimentally observed Δm_K and Δm_{Bd} . It has been shown in ref. [20] that for 100 GeV sfermion mass λ^′_{i21}λ^′_{i12} ≤ 1 × 10^{−9} and λ^′_{i31}λ^′_{i13} ≤ 8 × 10^{−8}. However, there are many other such product of couplings as shown in the table 4 and 5 that contribute to the Δm_K or Δm_{Bd} processes via one-loop box diagrams. These product of couplings are less stringently constrained and are comparable with those obtained from B → P P . In obtaining the relevant constraints, ref. [20] neglected the SM contributions [26]. Therefore when compare the results in ref. [20] with the ones obtained in this paper, one should allow some uncertainty. It is, however, clear from table 5 that the constraints obtained here are near the same ballpark with the bounds obtained from Δm_{Bd} and Δm_K in ref. [20].

Before we conclude we would like mention the possible theoretical uncertainties in the bounds arising from several input parameters. As described before, we have obtained all of our bounds by using the central values for the relevant parameters, the CKM matrix elements, the quark masses, the form factors. We have also parametrized the hard spectator contribution by some default number. Some of these parameters may change up to 20%, and the uncertainty in the hard spectator contribution may be even larger. Even allowing for this, we do not expect our result to change more than factor of two. We would like to remind the readers again that the bounds obtained only apply to the case where just one pair of R-parity violating couplings are nonzero at a time. If one allows simultaneously all possible contributions listed in eq. (2.2), some of the bounds could be quite different because cancellations among different contributions may occur. To allow all possible contributions may become a useful procedure as more data becomes available, but at present we suggest it obscures rather than clarifies the basic physics of R-parity violating couplings.

In this paper we have studied B → ππ, B → πK and B → KK̄ decays based on the QCD improved factorization approach in the presence of R-parity violating couplings. Comparing our calculated branching ratios B → P P with the experimental data, we have obtained bounds on the products of two R-parity violating couplings. We found that most of the bounds we obtained on combinations of the λ^′ and λ^{′′} type of couplings are stronger than the existing limits. Rare hadronic B decays can provide important information about R-parity violating interactions.

Acknowledgments

This work was partially supported by the Australian Research Council, the National Science Council of R.O.C. under grant numbers NSC90-2112-M002-031 and NSC90-2811-M002-054, and by the Ministry of Education Academic Excellence Project 89-N-FA01-1-4-3.

– 13 –

Product of couplings our limits previous limits process of others constraints λ^{′′}_{112}λ^{′′}_{113} [1.01 × 10^{−2}] 2 × 10^{−8} n − n̄ and double neucleon decay [19] λ^{′′}_{212}λ^{′′}_{213} 1.01 × 10^{−2} 1.5 perturbativity bound [19] λ^{′′}_{312}λ^{′′}_{313} 1.01 × 10^{−2} 1.5 perturbativity bound [19] λ^{′′}_{112}λ^{′′}_{123} [2.84 × 10^{−3∗}] 2 × 10^{−8} double nucleon decay [19] λ^{′′}_{212}λ^{′′}_{223} 2.75 × 10^{−3∗} 1.5 perturbativity bound [19] λ^{′′}_{312}λ^{′′}_{323} 2.75 × 10^{−3∗} 1.5 perturbativity bound [19] λ^′_{111}λ^′_{113} [1.25 × 10^{−3∗}] 1.1 × 10^{−5} λ^′_{211}λ^′_{213} 1.25 × 10^{−3∗} 3.5 × 10^{−3} λ^′_{311}λ^′_{313} 1.25 × 10^{−3∗} 3.6 × 10^{−3} Δm_{Bd} [20] λ^′_{111}λ^′_{123} [2.07 × 10^{−3}] 2.2 × 10^{−5} λ^′_{211}λ^′_{223} 2.07 × 10^{−3} 1.2 × 10^{−2} λ^′_{311}λ^′_{323} 2.07 × 10^{−3} 1.6 × 10^{−2} Δm_{Bd} [20] λ^′_{111}λ^′_{131} [1.62 × 10^{−3}] 1.0 × 10^{−5} λ^′_{211}λ^′_{231} 1.62 × 10^{−3} 1.1 × 10^{−2} λ^′_{311}λ^′_{331} 1.62 × 10^{−3} 5.0 × 10^{−2} λ^′_{111}λ^′_{132} [2.07 × 10^{−3}] 1.4 × 10^{−4} λ^′_{211}λ^′_{232} [2.07 × 10^{−3}] 4.7 × 10^{−4} Δm_K [20] λ^′_{311}λ^′_{332} [2.07 × 10^{−3}] 4.7 × 10^{−4} Δm_K [20] λ^′_{112}λ^′_{113} [1.63 × 10^{−3}] 4.4 × 10^{−4} λ^′_{212}λ^′_{213} 1.63 × 10^{−3} 3.5 × 10^{−3} λ^′_{312}λ^′_{313} 1.63 × 10^{−3} 1.2 × 10^{−2} λ^′_{112}λ^′_{132} 5.75 × 10^{−4∗} 5.9 × 10^{−3} λ^′_{212}λ^′_{232} 5.75 × 10^{−4∗} 3.3 × 10^{−2} λ^′_{312}λ^′_{332} 5.75 × 10^{−4∗} 5.0 × 10^{−2} λ^′_{113}λ^′_{122} [2.48 × 10^{−3∗}] 9.0 × 10^{−4} λ^′_{213}λ^′_{222} 2.48 × 10^{−3∗} 1.2 × 10^{−2} λ^′_{313}λ^′_{322} 2.48 × 10^{−3∗} 5.7 × 10^{−2} λ^′_{121}λ^′_{123} 5.75 × 10^{−4∗} 1.4 × 10^{−3} Δm_{Bd} [20] λ^′_{221}λ^′_{223} 5.75 × 10^{−4∗} 1.4 × 10^{−3} Δm_{Bd} [20] λ^′_{321}λ^′_{323} 5.75 × 10^{−4∗} 1.4 × 10^{−3} Δm_{Bd} [20] λ^′_{121}λ^′_{131} [1.29 × 10^{−3}] 8.2 × 10^{−4} λ^′_{221}λ^′_{231} 1.29 × 10^{−3} 3.2 × 10^{−2} λ^′_{321}λ^′_{331} 1.29 × 10^{−3} 2.3 × 10^{−1} λ^′_{122}λ^′_{131} [2.48 × 10^{−3∗}] 1.0 × 10^{−4} Δm_K [20] λ^′_{222}λ^′_{231} [2.48 × 10^{−3∗}] 1.0 × 10^{−4} Δm_K [20] λ^′_{322}λ^′_{331} [2.48 × 10^{−3∗}] 1.0 × 10^{−4} Δm_K [20]

Table 5: Comparison of constraints on the products of different R-parity violating couplings (at 95% C.L.) obtained here with existing constraints for m_{f̃} = 100 GeV. The limits correspond to the label (∗) are at 90% C.L.. The limits shown in the square bracket are weaker than the existing bounds. The bounds corresponding to the processes not shown in the table are coming from the product of individual couplings [19]. The bounds for other sfermion masses can be obtained by scaling them by (m_{q̃}/100 GeV)^2.

– 14 –

References

[1] H.P. Nilles, Supersymmetry, supergravity and particle physics, Phys. Rept. 110 (1984) 1;

H.E. Haber and G.L. Kane, The search for supersymmetry: probing physics beyond the standard model, Phys. Rept. 117 (1985) 75.

[2] M. Beneke, G. Buchalla, M. Neubert and C.T. Sachrajda, QCD factorization for B → ππ decays: strong phases and CP-violation in the heavy quark limit, Phys. Rev. Lett. 83 (1999) 1914 [hep-ph/9905312].

[3] Y.-Y. Keum, H.-n. Li and A.I. Sanda, Fat penguins and imaginary penguins in perturbative QCD, Phys. Lett. B 504 (2001) 6 [hep-ph/0004004]; Penguin enhancement and B → kπ decays in perturbative QCD, Phys. Rev. D 63 (2001) 054008 [hep-ph/0004173].

[4] M. Beneke, G. Buchalla, M. Neubert and C.T. Sachrajda, QCD factorization for exclusive, non-leptonic b meson decays: general arguments and the case of heavy-light final states, Nucl. Phys. B 591 (2000) 313 [hep-ph/0006124].

[5] D.-S. Du, H.-u. Gong, J.-f. Sun, D.-S. Yang and G.-h. Zhu, Phenomenological analysis of B → P P decays with QCD factorization, Phys. Rev. D 65 (2002) 074001 [hep-ph/0108141]; D.-S. Du, D.-S. Yang and G.-h. Zhu, QCD factorization for B → P P , Phys. Rev. D 64 (2001) 014036 [hep-ph/0103211]; Infrared divergence and twist-3 distribution amplitudes in QCD factorization for B → P P , Phys. Lett. B 509 (2001) 263 [hep-ph/0102077].

[6] J. Chay, B̄ → D^{(∗)}π^− beyond naive factorization in the heavy quark limit, Phys. Lett. B 476 (2000) 339 [hep-ph/0001266];

T. Muta, A. Sugamoto, M.-Z. Yang and Y.-D. Yang, B → ππ, Kπ decays in QCD improved factorization approach, Phys. Rev. D 62 (2000) 094020 [hep-ph/0006022]; D.-S. Du, D.-S. Yang and G.-h. Zhu, Analysis of the decays B → ππ and πK in QCD factorization in the heavy quark limit, Phys. Lett. B 488 (2000) 46 [hep-ph/0005006]; M.-Z. Yang and Y.-D. Yang, B → P V decays in QCD improved factorization approach, Phys. Rev. D 62 (2000) 114019 [hep-ph/0007038];

J. Chay and C. Kim, Analysis of the QCD-improved factorization in B → J^ψ K,

hep-ph/0009244;

X.-G. He, J.P. Ma and C.-Y. Wu, B → phi k and B → ϕX_s in the heavy quark limit, Phys. Rev. D 63 (2001) 094004 [hep-ph/0008159];

H.-Y. Cheng and K.-C. Yang, Charmless B → V V decays in QCD factorization: implications of recent B → ϕK^∗ measurement, Phys. Lett. B 511 (2001) 40 [hep-ph/0104090]; B → J^ψK decays in QCD factorization, Phys. Rev. D 63 (2001) 074011 [hep-ph/0011179]; M. Ciuchini, E. Franco, G. Martinelli, M. Pierini and L. Silvestrini, Two body B decays, factorization and Λ_{QCD}/m_b corrections, AIP Conf. Proc. 602 (2001) 180 [hep-ph/0110022].

[7] X.-G. He, J.-Y. Leou and J.-Q. Shi, Constraints on SUSY gluonic dipole interaction from B → Kπ decays, Phys. Rev. D 64 (2001) 094018 [hep-ph/0106223].

[8] Particle Data Group, D. E. Groom et al., Review of particle physics. Particle data group Eur.

Phys. J. C 15 (2000) 1.

[9] P. Fayet, Spontaneously broken supersymmetric theories of weak, electromagnetic and strong interactions, Phys. Lett. B 69 (1977) 489;

G.R. Farrar and P. Fayet, Phenomenology of the production, decay and detection of new hadronic states associated with supersymmetry, Phys. Lett. B 76 (1978) 575;

– 15 –

N. Sakai and T. Yanagida, Proton decay in a class of supersymmetric grand unified models, Nucl. Phys. B 197 (1982) 533;

C.S. Aulakh and R.N. Mohapatra, Neutrino as the supersymmetric partner of the majoron, Phys. Lett. B 119 (1982) 136.

[10] S. Weinberg, Supersymmetry at ordinary energies 1. Masses and conservation laws, Phys.

Rev. D 26 (1982) 287.

[11] For recent reviews on R-parity violation see G. Bhattacharyya, A brief review of R-parity-violating couplings, hep-ph/9709395 and references therein;

H. Dreiner, An introduction to explicit R-parity violation in Perspectives on supersymmetry, p. 462–479, G.L. Kane ed., World Scientific, and references therein; R. Barbier et al., Report of the group on the R-parity violation, hep-ph/9810232; B.C. Allanach, A. Dedes and H.K. Dreiner, Bounds on R-parity violating couplings at the weak scale and at the SUSY scale, Phys. Rev. D 60 (1999) 075014 [hep-ph/9906209], and references therein.

[12] L. Hall and M. Suzuki, Explicit R parity breaking in supersymmetric models, Nucl. Phys. B 231 (1984) 419;

R. Barbirei and A. Masiero, Supersymmetric models with low-energy baryon number violation, Nucl. Phys. B 267 (1986) 679;

R.N. Mohapatra, New contributions to neutrinoless double-beta decay in supersymmetric theories, Phys. Rev. D 34 (1986) 3457;

K.S. Babu and R.N. Mohapatra, New vector-scalar contributions to neutrinoless double beta decay and constraints on R-parity violation, Phys. Rev. Lett. 75 (1995) 2276 [hep-ph/9506354];

M. Hirsch, H.V. Klapdor-Kleingrothaus and S.G. Kovalenko, New constraints on R-parity broken supersymmetry from neutrinoless double beta decay, Phys. Rev. Lett. 75 (1995) 17; Supersymmetry and neutrinoless double beta decay, Phys. Rev. D 53 (1996) 1329 [hep-ph/9502385];

A. Wodecki, W.A. Kaminski and S. Pagerka, Constraints on R-parity breaking in SUSY constrained MSSM from the neutrinoless double beta decay, Phys. Lett. B 413 (1997) 342.

[13] V.D. Barger, G.F. Giudice and T. Han, Some new aspects of supersymmetry R parity violating interactions, Phys. Rev. D 40 (1989) 2987;

O. Lebedev, W. Loinaz and T. Takeuchi, Constraints on R-parity violating couplings from lepton universality, Phys. Rev. D 61 (2000) 115005 [hep-ph/9910435];

[14] F. Zwirner, Observable ΔB = 2 transitions without nucleon decay in a minimal supersymmetric extension of the standard model, Phys. Lett. B 132 (1983) 103; J.L. Goity and M. Sher, Bounds on ΔB = 1 couplings in the supersymmetric standard model, Phys. Lett. B 346 (1995) 69 [hep-ph/9412208];

C.E. Carlson, P. Roy and M. Sher, New bounds on R-parity violating couplings, Phys. Lett. B 357 (1995) 99 [hep-ph/9506328];

I. Hinchliffe and T. Kaeding, B+l violating couplings in the minimal supersymmetric standard model, Phys. Rev. D 47 (1993) 279;

A.Y. Smirnov and F. Vissani, Upper bound on all products of R-parity violating couplings λ^′ and λ^{′′} from proton decay, Phys. Lett. B 380 (1996) 317 [hep-ph/9601387]; G. Bhattachayya and P. B. Pal, New constraints on R-parity violation from proton stability, Phys. Lett. B 439 (1998) 81.

– 16 –

[15] R.M. Godbole, P. Roy and X. Tata, Tau signals of R-parity breaking at lep-200, Nucl. Phys.

B 401 (1993) 67 [hep-ph/9209251];

G. Bhattacharyya, D. Choudhury and K. Sridhar, New lep bounds on B violating scalar couplings: R-parity violating supersymmetry or diquarks, Phys. Lett. B 355 (1995) 193 [hep-ph/9504314];

K. Agashe and M. Graesser, R-parity violation in flavor changing neutral current processes and top quark decays, Phys. Rev. D 54 (1996) 4445 [hep-ph/9510439]; R. Barbieri, A. Strumia and Z. Berezhiani, The high-Q^2 HERA anomaly and supersymmetric unification, Phys. Lett. B 407 (1997) 250 [hep-ph/9704275];

D. Choudhury and S. Raychaudhuri, R-parity violation at HERA?, Phys. Lett. B 401 (1997) 54 [hep-ph/9702392].

[16] D. Chakraverty and D. Choudhury, B physics constraints on baryon number violating couplings: grand unification or R-parity violation, Phys. Rev. D 63 (2001) 112002 [hep-ph/0012309];

D. Chakraverty and D. Choudhury, B → sγ confronts B-violating scalar couplings: R-parity violating supersymmetry or diquarks, Phys. Rev. D 63 (2001) 075009 [hep-ph/0008165]; G. Bhattacharyya, A. Datta and A. Kundu, Can R-parity violation lower sin(2β)?, Phys. Lett. B 514 (2001) 47 [hep-ph/0105057];

D.E. Kaplan, Violating R-parity at the B-factory, hep-ph/9703347;

S.A. Abel, CP in R-parity violating models, Phys. Lett. B 410 (1997) 173 [hep-ph/9612272]; B. de Carlos and P.L. White, R-parity violation and quark flavour violation, Phys. Rev. D 55 (1997) 4222 [hep-ph/9609443];

G. Bhattacharyya and D. Choudhury, D and tau decays: placing new bounds on R-parity violating supersymmetric coupling, Mod. Phys. Lett. A 10 (1995) 1699.

[17] K. Enqvist, A. Masiero and A. Riotto, New constraints on R-parity breaking from neutrino physics, Nucl. Phys. B 373 (1992) 95;

D. Choudhury and P. Roy, New constraints on lepton nonconserving R-parity violating couplings, Phys. Lett. B 378 (1996) 153 [hep-ph/9603363];

M. Chaichian and K. Huitu, Constraints on R-parity violating interactions from μ → eγ, Phys. Lett. B 384 (1996) 157 [hep-ph/9603412];

K. Huitu, J. Maalampi, M. Raidal and A. Santamaria, New constraints on R-parity violation from μ − e conversion in nuclei, Phys. Lett. B 430 (1998) 355 [hep-ph/9712249]; K.-m. Cheung and R.-J. Zhang, V-a constraint on a product of R-parity violating couplings, Phys. Lett. B 427 (1998) 73 [hep-ph/9712321];

M. Frank, New constraints on R-parity violating parameters from μ → eγ and the anomalous magnetic moment of the muon, Phys. Lett. B 463 (1999) 234.

[18] D. Guetta and E. Nardi, Searching for new physics in rare B → τ decays, Phys. Rev. D 58 (1998) 012001 [hep-ph/9707371];

Y. Grossman, Z. Ligeti and E. Nardi, B → τ^+τ^−(X) decays: first constraints and phenomenological implications, Phys. Rev. D 55 (1997) 2768 [hep-ph/9607473]; J.-H. Jang, J.K. Kim and J.S. Lee, Constraints on the R-parity and lepton flavor violating couplings from B^0 decays to two charged leptons, Phys. Rev. D 55 (1997) 7296 [hep-ph/9701283]; R-parity violation and semileptonic decays of B meson, Phys. Lett. B 408 (1997) 367 [hep-ph/9704213];

S.-w. Baek and Y.G. Kim, Constraints on the R-parity violating couplings from B^± → l^±ν decays, Phys. Rev. D 60 (1999) 077701 [hep-ph/9906385];

– 17 –

J.-H. Jang, Y.G. Kim and J.S. Lee, B → X_sl^+_i l^−_j decays with R-parity violation, Phys. Rev. D 58 (1998) 035006 [hep-ph/9711504].

[19] For updates limits, see B.C. Allanach et al. in [11].

[20] G. Bhattacharyya and A. Raychaudhuri, New constraints on R-parity violation from K and B systems, Phys. Rev. D 57 (1998) 3837 [hep-ph/9712245].

[21] V.M. Braun and I.E. Halperin, Conformal invariance and pion wave functions of nonleading twist, Z. Physik C 48 (1990) 239.

[22] P. Ball, Theoretical update of pseudoscalar meson distribution amplitudes of higher twist: the nonsinglet case, J. High Energy Phys. 01 (1999) 010.

[23] A. Abada et al., Decays of heavy mesons, Nucl. Phys. 83 (Proc. Suppl.) (2000) 268 [hep-lat/9910021].

[24] X.-G. He, Y.-K. Hsiao, J.-Q. Shi, Y.-L. Wu and Y.-F. Zhou The CP violating phase gamma from global fit of rare charmless hadronic B decays, Phys. Rev. D 64 (2001) 034002.

[25] CLEO collaboration, D. Cronin-Hennessy et al., Observation of B → K^±π^0 and B → K^0π^0 and evidence for B → π^+π^−, Phys. Rev. Lett. 85 (2000) 515;

Belle collaboration, M.Z. Wang, talk at Lake Louise Winter Institute 2002 on Fundamental interactions, Lake Louise, Alberta, Canada, February 17–23 (2002); B. Aubert, et al. (BABAR COllaboration), Phys. Rev. Lett. 87 (2001) 151802; BaBar collaboration J. Olsen and M. Bona, talk presented at American physical society’s 2002 meeting of the division of particles and field, Williamsburg, Virginia, US, May 2002.

[26] G. Bhattacharyya, private communication.

– 18 –