arXiv:hep-ph/0409228 v3 14 May 2005

IU-MSTP/62 KEK-TH-985 September, 2004

Tauonic B decays in the Minimal Supersymmetric Standard Model

Hideo Itoh^1, Shinji Komine^2and Yasuhiro Okada^{2,3}

1Graduate School of Science and Engineering, Ibaraki University, Mito 310-8512, Japan 2Theory Group, High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki 305-0801, Japan 3Department of Particle and Nuclear Physics, the Graduate University for Advanced Studies (SOKENDAI), Tsukuba, Ibaraki 305-0801, Japan

Abstract

We study new physics effects on B decay processes including a final τ particle, namely B → Dτ ν and B → τ ν. An important feature of these processes is that a charged Higgs boson can contribute to the decay amplitude at the tree level in models such as Two Higgs Doublet Model and the Minimal Supersymmetric Standard Model (MSSM). We derive a resummed effective Lagrangian for charged-Higgs mediated interactions in the MSSM with the Minimal Flavor Violation. Including supersymmetric (SUSY) loop corrections for down-type-quark and charged-lepton Yukawa couplings, we calculate the branching ratios of the B → Dτ ν and B → τ ν processes. We find that SUSY correction due to gluino-sbottom diagrams can change the Higgs exchange contribution by ±50%, whereas stau-neutralino diagrams can make corrections up to 20%. We also discuss relationship between SUSY corrections in the tauonic decays and flavor changing neutral current processes such as B_s → μ^+μ^− and b → sγ.

§1. Introduction

Recent success of B factory experiments at KEK and SLAC has proved that B physics provide a very promising way to explore physics in and beyond the Standard Model (SM). The Kobayashi-Maskawa mechanism^{1)} of the CP violation in the quark sector has been established from the precise determination of the CP asymmetry in B → J/ψK_S and related modes.^{2), 3)} B factory experiments have made many new observations such as the branching ratio of the b → sll^{4)} and CP violation in the B → ϕK_S mode,^{5), 6)} which are known to be sensitive to new physics effects.

In future, more information on B decays will be obtained at current B factories as well as hadron B experiments at Tevatron and LHC. Furthermore, the future upgrade of the e^+e^− asymmetric B factory, Super B Factory, is discussed, where the goal of the luminosity is 50-100 times more than the current achieved luminosity.^{7)}

We study here new physics effects on B decay processes including a final τ particle, namely B → Dτ ν and B → τ ν. An important feature of these processes is that a charged Higgs boson can contribute to the decay amplitude at the tree level in models such as Two Higgs Doublet Model (2HDM) and the Minimal Supersymmetric Standard Model (MSSM). From the experimental side, since at least two neutrinos are present in the final state in the signal side, full-reconstruction is required for the B decay in the opposite side. For the B → Dτ ν process, the branching ratio is not yet measured even though the SM prediction is 8 × 10^{−3}. (The inclusive b → cτ ν branching ratio was determined at LEP experiments.^{8)}) The B → τ ν process has a smaller branching ratio (∼ 9 × 10^{−5}) in the SM, because of the helicity suppression, and the upper bound of 2.9 × 10^{−4} is reported from the BELLE experiment^{9)} and 3.3 × 10^{−4} from the BaBar.^{10)} These processes will be important targets of coming B factory experiments.

In this paper, we calculate the branching ratio of B → Dτ ν and B → τ ν processes in the MSSM, taking account of supersymmetric (SUSY) corrections to the charged Higgs Yukawa couplings. At the tree level, the Higgs sector of the MSSM is of the same form as the type II 2HDM, where one Higgs doublet provides mass terms for up-type quarks, and the other does for down-type quarks and charged leptons. SUSY loop corrections, however, can induce Yukawa couplings of the opposite type.^{11)–13)} In particular, it is known that new contributions to the bottom and tau Yukawa coupling constants induce flavor changing processes such as B_s → μ^+μ^−,^{14), 15)} b → sll,^{16)} τ → 3μ,^{17), 18)} τ → μη^{19)} and the μ-e conversion at muonic atoms,^{20)} especially for a large ratio of two vacuum expectation values (tan β). For the b → c(u) transition, SUSY corrections were investigated in the inclusive b → cτ ν^{21)} and the B → τ ν processes.^{22)} In this paper, in addition to the correction to the charged Higgs boson(H^± )-b-c(u) vertex, we include the correction to the H^±-τ -ν vertex, and study importance of these corrections to these two processes. As for the flavor mixing in the squark and slepton sectors, we take the assumption of the Minimal Flavor Violation (MFV), where a unique origin of the flavor mixings is given by the Cabibbo-Kobayashi- Maskawa (CKM) matrix^{∗)} . We show that the corrections to the B → Dτ ν and B → τ ν branching ratios are large for tan β ≳ 30. The tau vertex correction can give sizable effects for reasonable parameter sets of squark and sleptons. We also consider correlation of these processes to b → sγ and B_s → μ^+μ^−.

This paper is organized as follows. In section 2, we derive effective Yukawa interactions of the charged Higgs boson and quarks/leptons taking account of SUSY loop corrections in the MSSM. We apply this formulation to calculate the B → Dτ ν and B → τ ν branching ratios. In section 3, results of numerical calculations are presented including the b → sγ and B_s → μ^+μ^−. Conclusions are given in section 4. Derivation of the charged Higgs coupling in the MFV case is given in Appendix A.

§2. Formalism

2.1. SUSY loop corrections to Yukawa interactions

In this section, we derive the general form of the effective Lagrangian for the charged Higgs Yukawa coupling in the MSSM taking account of SUSY loop diagrams. For the flavor mixing in the squark sector, we take a model based on the assumption of MFV, where the CKM matrix is the only source of flavor and CP violations. As we see below, there is a new contribution to the Yukawa coupling constant in a large tan β regime. We resum the tan βenhanced contributions consistently for the down-type and charged-lepton Yukawa coupling constants following the method developed in the reference by A.Dedes and A.Pilaftsis.^{15)} The superpotential of the model is given by

W = −H_1D^cy_dQ + H_2U^cy_uQ − H_1E^cy_eL + μH_1H_2, (2.1)

where the components of weak doublet fields are denoted as

H_1 = ( H^0_1 H^−_1 ) , H_2 = ( H^+_2 H^0_2 ) , Q = ( U D ) , L = ( N E ) . (2.2)

The quantum numbers of SU(3)×SU(2)×U(1) gauge groups for H_1, H_2, Q, L, D^c, U^c, E^c are (1, 2, −1), (1, 2, 1), (3, 2,^1_3 ), (1, 2, −1), (3, 1,^2_3 ), (3, 1, −^4_3 ), (1, 1, 2). The soft SUSY

∗) For general SUSY models, the tauonic B decay is considered in G.H.Wu et al.^{23)}

breaking masses and trilinear SUSY breaking terms(A-term) are given by L_{soft} = − ~Q^†_LM^2_{~QL} ~Q_L − ~U^†_RM^2_{~UR} ~U_R − ~D^†_RM^2_{~DR} ~D_R − ~L^†_LM^2_{~LL} ~L_L − ~E^†_RM^2_{~ER} ~E_R +H_1 ~D^†_RA_d ~Q_L − H_2 ~U^†_RA_u ~Q_L + H_1 ~E^†_RA_e ~L_L + h.c., (2.3) where the fields with tilde (~) denote squarks and sleptons.

In this section, we first discuss the simplest case where soft breaking masses are proportional to a unit matrix in the flavor space, and A_u, A_d and A_e are proportional to Yukawa couplings. Their explicit forms are given below,

M^2_{~QLij} = a_1 ~M^2 1 1 1 ≡ M^2_{~QL1} M^2_{~QL2} M^2_{~QL3} , (2 .4)

M^2_{~URij} = a_2 ~M^2 1 1 1 ≡ M^2_{~UR1} M^2_{~UR2} M^2_{~UR3} , (2 .5)

M^2_{~DRij} = a_3 ~M^2 1 1 1 ≡ M^2_{~DR1} M^2_{~DR2} M^2_{~DR3} , (2 .6)

M^2_{~LLij} = a_4 ~M^2 1 1 1 ≡ M^2_{~LL1} M^2_{~LL2} M^2_{~LL3} , (2 .7)

M^2_{~ERij} = a_5 ~M^2 1 1 1 ≡ M^2_{~ER1} M^2_{~ER2} M^2_{~ER3} , (2 .8)

A_{uij} = A_uy_{uij} , (2.9) A_{dij} = A_dy_{dij} , (2.10) A_{eij} = A_ey_{eij} , (2.11) where a_i(i = 1 − 5) are real parameters.

At the tree level, the Yukawa couplings have the same structure as the above superpotential, namely, H_1 couples to D^c and E^c, and H_2 to U^c. On the other hand, different types of couplings are induced when we take into account SUSY breaking effects through one-loop diagrams. Lagrangian of the Yukawa sector can be written as L_{Yukawa} = −H_1D_Ry_dQ_L + H_2U_Ry_uQ_L − H_1E_Ry_eL_L − ~H_2D_RΔy_dQ_L + ~H_1U_RΔy_uQ_L − ~H_2E_RΔy_eL_L + h.c.. (2.12) where ~H_{1,2} ≡ iσ_2H^∗_{1,2}, and Δy_d, Δy_u, and Δy_e are one-loop induced coupling constants. (Here and in the followings, quark and lepton fields in capital letters represent three vectors in the flavor space.)

From the above Yukawa couplings, we can derive the quark and lepton mass matrices and their charged Higgs couplings. For the quark sector, we get

L_{quark} = − v √ 2 cos βD_Ry_d[1 + tan βΔ_{md} ]D_L + sin βH^−D_Ry_d[1 − cot βΔ_{md} ]U_L − v √ 2 sin βU_Ry_u[1 − cot βΔ_{mu} ]U_L + cos βH^+U_Ry_u[1 + tan βΔ_{mu} ]D_L + h.c., (2.13)

where we define Δ_{md} (Δ_{mu} ) as Δ_{md} ≡ y^{−1}_d Δy_d (Δ_{mu} ≡ y^{−1}_u Δy_u), and v ≃ 246GeV. Notice that Δy_d is proportional to y_d or y_dy^†_uy_u in this case. We then rotate the quark bases as follows:

U_L = V_L(Q)U_L^′, D_L = V_L(Q)V_{CKM}D_L^′, (2.14) U_R = V_R(U)U^′_R, D_R = V_R(D)D^′_R, (2.15)

where the fields with a prime (^′ ) are mass eigenstates. In this basis, the down-type quark Lagrangian is given by

L_{D−quark} = − v √ 2 cos βD_R^′V^†_R(D)y_dV_L(Q)R̂_dV_{CKM} D_L^′

+ sin βH^−D_R^′V^†_R(D)y_dV_L(Q)U_L^′ + h.c., (2.16)

where R̂_d ≡ 1 + tan βΔ̂_{md} and Δ̂_{md} ≡ V^†_L (Q)Δ_{md} V_L(Q). Hereafter, a matrix with a hat (^) represents a diagonal matrix. Since the down-type diagonal mass term is given by M̂_d ≡ v√ 2 cos βV^†_R(D)y_dV_L(Q)R̂_dV_{CKM}, (2.17)

we obtain the following Lagrangian for down-type quarks.

L_{D−quark} = −D_R^′M̂_dD_L^′ + √ 2 v tan βH^−D_R^′M̂_dV^†_{CKM}R̂^{−1}_d U_L^′ + h.c.. (2.18)

The corresponding corrections to the up-type couplings can be calculated from Eq.(2.13). Since we are interested in the large tan β case, these corrections are very small. In the following, we neglect such corrections, and the Lagrangian for the up-type-quarks is given as follows:

L_{U−quark} = −U_R^′M̂_uU_L^′ + √ 2 v cot βH^+U_R^′M̂_uV_{CKM}D_L^′ + h.c.. (2.19)

For the case of the charged-lepton, we can derive relevant parts of the Lagrangian in a similar way to the case of the down-type quark. Using the following definitions,

E_L = V_L(L)E^′_L, E_R = V_R(E)E^′_R, (2.20) Δ_{me} ≡ y^{−1}_e Δy_e, Δ̂_{me} ≡ V^†_L (L)Δ_{me} V_L(L), (2.21)

we obtain the Lagrangian for the charged lepton as follows:

L_{lepton} = −E^′_RM̂_eE^′_L + √ 2 v tan βH^−E^′_RM̂_eR̂^{−1}_e N_L + h.c.. (2.22)

Here, the prime represents the mass eigenstate, and we neglect the neutrino masses, and R̂_e ≡ 1 + tan βΔ̂_{me} .

In the present case with Eq.(2.4) - Eq.(2.10), Δ̂_{md} receives contributions from gluino and down-type squark, and higgsino and up-type squark diagrams. The explicit form is given as follows:

Δ̂_{md} = Ê_{~g} + Ê_{~h}, (2.23)

where

Ê_{~g} ≡ 2α^s 3π 1μ^∗M_{g̃} I[M_{g̃}, M~_{DL} , M~_{DR} ], (2.24) Ê_{~h} ≡ − μ 16π^2

A_u|ŷ_u|^2I[M_{~h}, M_{~UL} , M_{~UR} ], (2.25) I[a, b, c] = a^2b^2 ln^{a2}_{b2} + b^2c^2 ln^{b2}_{c2} + c^2a^2 ln^{c2}_{a2} (a^2 − b^2)(b^2 − c^2)(a^2 − c^2)

. (2.26)

Ê_{~g} and Ê_{~h} are gluino and charged higgsino contributions shown in Fig.1(a) and (b), respectively. Note that these corrections for Yukawa couplings are calculated in the unbroken phase of SU(2) × U(1) symmetry. For the charged lepton case, Δ̂_{me} is given by

Δ̂_{me} = Ê_{~B} = (M^{2Z} − M^{2W} ) 4v^2π^2

1μM_{~B} I[M_{~B}, M_{~LL} , M_{~LR} ], (2.27)

from the bino-slepton diagram shown in Fig.2.

Up to now, we have assumed all squark mass matrices are proportional to a unit matrix at the electro-weak scale, as shown in Eq.(2.4) - Eq.(2.8). However models with the MFV correspond to more general cases. For instance, the assumption of Eq.(2.4) - Eq.(2.8) is not satisfied in the minimal supergravity where all squarks have a universal mass at the Planck

Fig. 1. Non-holomorphic radiative corrections to the down-type quark Yukawa couplings induced by (a) gluino ~g_{L,R} and (b) charged higgsino ~h^−_{1,2}.

Fig. 2. Non-holomorphic radiative corrections to the charged lepton Yukawa couplings induced by bino ~B_{L,R}.

scale, not at the electro-weak scale. In appendix we derive the charged Higgs coupling in more general case of MFV. Namely the squark mass matrix is taken to be

M^2_{~QL} = [a_11 + b_1y^†_uy_u + b_2y^†_dy_d]~M^2, (2.28) M^2_{~UR} = [a_21 + b_5y_uy^†_u]~M^2, (2.29) M^2_{~DR} = [a_31 + b_6y_dy^†_d]~M^2. (2.30)

The final results of the charged Higgs coupling is given by L_H ± ≈ √ 2 v tan βH^−D_R^′_i M̂_{di} 1 + [E_{~g}^{(i)}] tan β

V^†_{CKM ij} U_L^′_j + h.c. for (i, j) = (1, 1), (1, 2), (2, 1), (2, 2), (2.31) L_H ± ≈ √ 2 v tan βH^−D_R^′_i M̂_{di} 1 + [E_{~g}^{(i)} − E^′_{~g}^{(ij)}] tan β

V^†_{CKM ij} U_L^′_j + h.c. for (i, j) = (3, 1), (3, 2), (2.32) L_H ± ≈ √ 2 v tan βH^−D_R^′_i M̂_{di} 1 + E_{~g}^{(i)} tan β

1 + [E_{~g}^{(3)} + E_{~h}^{(33)}] tan β 1 + [E_{~g}^{(i)} + E_{~h}^{(33)} + E^′_{~g}^{(ij)} + E_{~h}^{(i3)} + E^′_{~h}^{(i33)}] tan β

V^†_{CKM ij} U_L^′_j

+h.c. for (i, j) = (1, 3), (2, 3), (2.33) L_H ± ≈ √ 2 v tan βH^−D_R^′_i M̂_{di} 1 + [E_{~g}^{(i)} + E_{~h}^{(i3)}] tan β

V^†_{CKM ij} U_L^′_j + h.c. for (i, j) = (3, 3). (2.34) where the function E_{~g}^{(i)}, etc are listed in Appendix A. In deriving these results we only keep y_t in the up-type Yukawa coupling in loop diagrams and use the hierarchy of the CKM matrix elements. See Appendix A for details. Notice that the above results do not depend on the relation between the A-terms and the Yukawa couplings, since we only keep y_t in loop diagrams, even though Eqs.(2.9) and (2.10) are assumed in Appendix A.

2.2. Effective Lagrangian for 4-Fermi interactions

Once we obtain the charged Higgs and fermion couplings, it is straightforward to write down the amplitudes for B → Dτ ν (B^− → D^0τ^−ν or B^0 → D^+ τ^−ν) and B → τ ν processes. First, the effective Lagrangian for b → cτ ν operators is given by

L_{eff} = −

G_F √ 2 V_{cb}cγ_μ(1 − γ_5)bτγ^μ(1 − γ_5)ν_τ +G_Scbτ (1 − γ_5)ν_τ + G_Pcγ_5bτ (1 − γ_5)ν_τ + h.c., (2.35)

where G_S and G_P are scalar and pseudo-scalar effective couplings. These couplings are given from Eqs.(2.18), (2.19) and (2.22),

G_S ≡ tan^2 βM_τ 2v^2M^2_{H ±}

[R̂^{−1}_e ]_{33}(M_b[R̂^{−1}_d ]_{22}V_{cb} + M_cV_{cb} cot^2 β), (2.36)

G_P ≡ tan^2 βM_τ 2v^2M^2_{H ±}

[R̂^{−1}_e ]_{33}(M_b[R̂^{−1}_d ]_{22}V_{cb} − M_cV_{cb} cot^2 β). (2.37)

We omit a prime (^′ ) from the fields in mass eigenstates. The higgsino diagram contributions to the [R̂^{−1}_d ]_{22} is proportional to square of the charm Yukawa couplings. Since the branching ratio can change only by at most a few %, we neglect such contributions in the followings. For the case of large tan β, we can also neglect the last terms in G_S and G_P.

In order to calculate the B → Dτ ν branching ratio, we need vector and scalar form factors of the B → D transition. In the heavy quark limit, these form factors can be parameterized by a unique function called the Isgur-Wise function. The form of the Isgur-Wise function was investigated by using the dispersion relation.^{24)} From the semi-leptonic decays B → Dlν and B → D^∗lν (l = e, μ), the Isgur-Wise function is obtained in a one-parameter form, including the short distance and 1/M_Q (Q = b, c) corrections. The short distance corrections for B → Dτ ν was also calculated.^{25)} Here we adopt the Isgur-Wise function obtained in these literatures, but we do not include the short distance and the 1/M_Q corrections for simplicity. The short distance effects were shown to change the branching ratio within 6% in the reference of T.Miki et al.^{25)}

Using the definitions, x ≡ 2p_B · p_D p^2_B , y ≡ 2p_B · p_τ p^2_B

, r_D ≡

M^2_D M^2_B , r_τ ≡ M^2_τ M^2_B

, (2.38) the differential decay width is given by d^2Γ [B → Dτ ν] dxdy = G^2_F|V_{cb}|^2 128π^3

M^5_Bρ_D(x, y), (2.39)

where

ρ_D(x, y) ≡ [|f_+|^2g_1(x, y) + 2Re(f_+f^{′∗}_− )g_2(x, y) + |f^′_−|^2g_3(x)], (2.40) g_1(x, y) ≡ (3 − x − 2y − r_D + r_τ )(x + 2y − 1 − r_D − r_τ )

−(1 + x + r_D)(1 + r_D − r_τ − x), (2.41) g_2(x, y) ≡ r_τ (3 − x − 2y − r_D + r_τ ), (2.42) g_3(x) ≡ r_τ (1 + r_D − r_τ − x), (2.43) f^′_− ≡ [f_− − Δ_S[f_+(1 − r_D) + f_−(1 + r_D − x)]], (2.44)

f_± = ± 1 ± √ r_D 2^4 √ r_D ξ(w), (w = x 2 √ r_D

). (2.45)

Here Δ_S ≡ √ 2G_SM^2_B G_FV_{cb}M_τ (M_b−M_c ) . We use the following form of the Isgur-Wise function.

ξ(w) = 1 − 8ρ^2_1z + (51ρ^2_1 − 10)z^2 − (252ρ^2_1 − 84)z^3, (2.46) z = √ w + 1 − √ 2 √ w + 1 + √ 2 . (2.47)

For the slope parameter, we use ρ^2_1 = 1.33 ± 0.22.^{24), 25)} For the B → τ ν process, the relevant four fermion interactions are those of the b → uτ ν type,

L^′_{eff} = −

G_F √ 2 V_{ub}uγ_μ(1 − γ_5)bτ γ^μ(1 − γ_5)ν_τ

+G^′_Subτ(1 − γ_5)ν_τ + G^′_Puγ_5bτ(1 − γ_5)ν_τ + h.c., (2.48)

G^′_S ≡ tan^2 βM_τ 2v^2M^2_{H ±}

[R̂^{−1}_e ]_{33}(M_b[R̂^{−1}_d ]_{11}V_{ub} + M_uV_{ub} cot^2 β), (2.49)

G^′_P ≡ tan^2 βM_τ 2v^2M^2_{H ±}

[R̂^{−1}_e ]_{33}(M_b[R̂^{−1}_d ]_{11}V_{ub} − M_uV_{ub} cot^2 β). (2.50)

Using the matrix elements

⟨0|uγ^μγ_5b|B^−⟩ = if_Bp^μ, (2.51) ⟨0|uγ_5b|B^−⟩ = −if_B M^2_B M_b , (2.52) the decay width is given by Γ [B → τ ν] = G^2_F 8π |V_{ub}|^2f^2_BM^2_BM^2_τ [ 1 − 2v^2 M_bM_τ V_{ub} G^′_P

]_2 (1 − r_τ )^2, (2.53)

where f_B is the B_u decay constant.

In the generalized case of the MFV with Eqs(2.28) - (2.30), the scalar and pseudo-scalar couplings, Eqs.(2.36), (2.37), (2.49), and (2.50) can be obtained by the following replacement.

[R̂^{−1}_d ]_{22} → 1 1 + [E_{~g}^{(3)} − E^′_{~g}^{(32)}] tan β

, (2.54)

[R̂^{−1}_d ]_{11} → 1 1 + [E_{~g}^{(3)} − E^′_{~g}^{(31)}] tan β

. (2.55)

Notice that the right-handed sides of the above equations are approximately same because E^′_{~g}^{(31)} ≈ E^′_{~g}^{(32)}. This is the generalization of [R̂^{−1}_d ]_{11} ≈ [R̂^{−1}_d ]_{22}, which follows from fact that the higgsino diagram contribution can be neglected in the evaluation with the [R̂^{−1}_d ]_{11} and [R̂^{−1}_d ]_{22}.

§3. Numerical results

In this section, we shall present results of the numerical calculations on branching ratios of the B → Dτ ν and B → τ ν processes in the MSSM. We see that charged Higgs effects to these processes become important for the parameter region of a large tan β and a small charged Higgs mass. We also discuss B_s → μ^+μ^− and b → sγ, because SUSY corrections to these processes are important for this parameter region. The relevant SUSY parameters are tan β, M_H ± , the higgsino mass parameter μ, the bino mass parameter M_{~B}, the gluino mass M_{~g} , the sbottom mass M_{~b}, and the stau mass M_{~τ} . For the sbottom and the stau, we take the left and right handed masses to be the same, and neglect the left-right mixing terms.

We first show [R̂^{−1}_d ]_{22} in Eq.(2.18) and [R̂^{−1}_e ]_{33} in Eq.(2.22). As we discussed in the previous section, [R̂^{−1}_d ]_{11} and [R̂^{−1}_d ]_{22} are approximately same, because the higgsino loop contributions, Eq.(2.25), are suppressed. Therefore the A-term dependence of [R̂^{−1}_d ]_{11,22} is negligible. In Fig 3, contour plots of [R̂^{−1}_d ]_{22} are presented in the gluino mass and light sbottom mass eigenvalue M_{~b1} space in the case of the μ = ±400GeV and tan β = 50. For a positive value of μ, the correction become −10 to −40 % in this parameter region. On the other hand, corrections become positive and huge for a negative μ. The value of the [R̂^{−1}_e ]_{33} is shown in the light stau mass eigenvalue M_{~τ1} and bino mass space for μ = ±400GeV and tan β = 50 in Fig.4. In general, the correction is smaller compared with the case of [R̂^{−1}_d ]_{22}. For a larger value of μ, however the correction can be 10 %. One such example is shown in Fig.5.

Fig. 3. Contour plots of the correction factor [R̂^{−1}_d ]_{ii}(i = 1, 2) in the M_{~g} and M_{~b1} space for tan β = 50 and μ = ±400GeV. The numbers in figure are the values of [R̂^{−1}_d ]_{ii}(i = 1, 2). The values of [R̂^{−1}_d ]_{ii}(i = 1, 2) is unity without SUSY corrections.

The dependence on tan β in [R̂^{−1}_d ]_{22} and [R̂^{−1}_e ]_{33} are shown Fig.6. Here we take μ = ±400GeV and μ = ±200GeV. The gluino and bino masses satisfy the GUT relation (M_{~g} = 6.72M_{~B} ). The correction to [R̂^{−1}_d ]_{22} becomes large for tan β ≳ 30.

Next, we show the branching ratio of B → Dτ ν and B → τ ν. For B → Dτ ν, we consider the following ratio of the two branching ratios, where ~B(B → Dμν) is defined as

Fig. 4. Contour plots of the correction factor [R̂^{−1}_e ]_{33} in the M_{~B} and M_{~τ1} for tan β = 50 and μ = ±400GeV. The numbers in figure are the values of [R̂^{−1}_e ]_{33}. The value of [R̂^{−1}_e ]_{33} is unity without SUSY corrections.

the branching fraction for the B → Dμν mode integrated over the same phase space of the B → Dτ ν kinematics.

B(B → Dτ ν) ~B(B → Dμν) = ∫_{1+rD −rτ} 2 √ r_D dx ∫_{y2} y_1 dy G^2_F|V_{cb}|^2 128π^3 M 5 Bρ_D(x, y) ∫_{1+rD −rτ} 2 √ r_D dx ∫_y′_2 y^′_1 dy G^2_F|V_{cb}|^2 128π^3 M 5 Bρ^′_D(x, y) , (3.1)

Fig. 5. Contour plots as Fig.4 for tan β = 50 and μ = ±2000GeV. We also change the range of the bino and light stau mass eigenvalue.

y_{1,2} ≡ ( 1 −^x_2 ± √_{x2} 4 − r_D )_2 + r_τ 1 −^x_2 ± √_{x2} 4 − r_D , (3.2)

Fig. 6. The correction factors as a function of tan β. The upper figure is [R̂^{−1}_d ]_{ii}(i = 1, 2) for M_{~g} = 672GeV and M_{~b} = 400GeV, and the lower figure is [R̂^{−1}_e ]_{33} for M_{~B} = 100GeV and M_{~τ} = 300GeV. The value of the μ parameter is shown in the figures.

y^′_{1,2} ≡ ( 1 −^x_2 ± √_{x2} 4 − r_D )_2 + r_μ 1 −^x_2 ± √_{x2} 4 − r_D . (3.3)

For the B → Dμν mode, we use

ρ^′_D(x, y) ≡ [|f_+|^2g^′_1(x, y) + 2Re(f_+f^{′∗}_− )g^′_2(x, y) + |f^′_−|^2g^′_3(x)], (3.4) g^′_1(x, y) ≡ (3 − x − 2y − r_D + r_μ)(x + 2y − 1 − r_D − r_μ)

−(1 + x + r_D)(1 + r_D − r_μ − x), (3.5) g^′_2(x, y) ≡ r_μ(3 − x − 2y − r_D + r_μ), (3.6) g^′_3(x) ≡ r_μ(1 + r_D − r_μ − x), (3.7) r_μ ≡ M^2_μ M^2_B

. (3.8)

It was pointed out that we can reduce theoretical uncertainty associated with form factors by taking this ratio.^{26)} In Fig.7, we show the above quantity as a function of the charged Higgs mass for the parameter set of M_{~b} = 400GeV, M_{~B} = 100GeV, M_{~τ} = 300GeV and tan β = 30 and 50. In this figure, we also draw a line without the SUSY corrections. We can see a large deviation due to the SUSY loop corrections. A similar figure for B → τ ν are shown in Fig.8. We can see that B(B → τ ν) vanishes in a particular point of M_H ± depending on SUSY parameters, and below that point the branching ratio is significantly enhanced.

We consider the correlation between the branching ratio of the B → Dτ ν and that of the B → τ ν. Under the assumption of MFV, the charged Higgs effect appears through the following combination of the parameters in the branching ratio formulas, ~R ≡ M^W tan β M_H ± √ [R̂^{−1}_e ]_{33}[R̂^{−1}_d ]_{22}. (3.9)

(or the replacement of [R̂^{−1}_d ]_{22} by the right hand side of Eq.(2.54) in the generalized MFV case.) This is compared with the type II 2HDM, where ~R is replaced by R, R ≡ M_W tan β M_H ± . (3.10)

In other words, the SUSY corrections effectively change the value of the tan β in the formula of the 2HDM. Therefore the correlation between two branching ratios is the same for MSSM and 2HDM. Note that this correlation arises due to our assumption of the MFV, namely from the fact that the higgsino contribution does not induce sizable effects in these branching ratios. In Fig.9, we show the correlation of the two quantities. We also show estimated theoretical uncertainties for several values of ~R along the line. The error corresponds to uncertainty from ρ^2_1 = 1.33 ± 0.22 for B → Dτ ν, and from f_B = 200 ± 30MeV and |V_{ub}| = (3.67 ± 0.47) × 10^{−3,27)} for B → τ ν. We see that uncertainty of B(B → τ ν) from the present input parameters is still large. These errors, however, can be reduced significantly in future from more precise determination of semi-leptonic B decay form factors and |V_{ub}|, and improvement of f_B determination from the lattice gauge theory. For instance, if the uncertainty of the slope parameter ρ^2_1 is improved to ±0.10, the theoretical uncertainty from

Fig. 7. Value of^{B(B→Dτ ν)}

~B(B→Dμν) as a function of the charged Higgs mass for tan β = 30, 50, M ~B =

100GeV, M_{~g} = 6.72M_{~B}, M_{~b} = 400GeV and M_{~τ} = 300GeV. The horizontal solid line is the predicted value in the SM.

this source to B(B → Dτ ν) is reduced from ±5% to ±2% for the SM case. If the uncertainty of |V_{ub}| is improved to ±5.8%, the error of B(B → τ ν) is reduced from ±39% to ±32%, and further improvement of |V_{ub}| and f_B to ±4.4% and ±16MeV respectively leads to ±18%.^{7)} At the SuperKEKB, it is expected that the sensitivity to ~R reaches to 11 (90% confidence level) for an integrated luminosity of 5ab^{−1} from the B → Dτ ν process.^{7)} Observation of the B → τ ν mode is possible at 30ab^{−1} for the SM case.^{28)}

Fig. 8. Value of the B(B → τν) as a function of the charged Higgs mass for tan β = 30, 50, M_{~B} = 100GeV, M_{~g} = 6.72M_{~B}, M_{~b} = 400GeV, M_{~τ} = 300GeV and f_B = 200MeV. The horizontal solid line is the predicted value in the SM.

Let us comment on scaling behaviors of the SUSY loop corrections. Ê_{~g}, Ê_{~h}, and Ê_{~B} in Eqs.(2.24), (2.25), and (2.27) remain constants when all SUSY mass parameters are multiplied by a same factor. Therefore the SUSY loop effects to the charged Higgs contribution in B → Dτ ν and B → τ ν do not decouple by taking large SUSY mass spectrum as long as the charged Higgs mass is the same. This situation is similar to the SUSY loop contributions to the neutral Higgs exchange in the flavor changing neutral current and lepton flavor violation

Fig. 9. Correlation between^{B(B→Dτ ν)}_{~B(B→Dμν)} and B(B → τν) for the MSSM with MFV. The values on the line represent ~R defined in Eq.(3.9). The theoretical uncertainties associated with ρ^2_1 for B → Dτν/B → Dμν and f_B and |V_{ub}| for B → τν are also shown for each point.

processes.^{14)–20)}

Finally, we discuss correlation of the tauonic B decays with b → sγ and B_s → μ^+μ^−. It is known that these processes receive significant SUSY contributions for the large tan β case. In the MFV, the b → sγ amplitude consists of the SM contribution, the charged Higgs contribution, and the chargino-stop contribution. The gluino-sbottom contribution is not significant for MFV. The effect of SUSY loop correction to the charged Higgs vertex was also studied.^{29), 30)} We calculate the b → sγ branching ratios following the formula presented in G.Degrassi et al.^{29)} Since the b → sγ process depends on the chargino-stop diagram, there is no strict correlation between b → sγ and tauonic B decays. However, the contribution from the charged Higgs diagrams is enhanced for μ < 0 from the correction by R̂^{−1}_d in Eq.(2.18). As an example, we show B(b → sγ) for the following parameter sets, M_{~B} = 100GeV, the wino mass M_{~W} = 1.99M_{~B} , M_{~g} = 6.72M_{~B} , M_{~t} = M_{~b} = 400GeV, |A_u| = 100GeV, |μ| = 400GeV, and tan β = 50 in Fig.10. In order to satisfy the experimental constraint, a fine tuning between the charged Higgs and chargino contributions is necessary for μ < 0. For μ > 0, the constraint is generally weak.

We also calculate the branching ratio of the B_s → μ^+μ^− in this model. In this case, the branching ratio depends on the higgsino-stop diagram and the gluino-sbottom diagram. In particular, inclusion of the higgsino loop contribution is necessary to generate this fla-

Fig. 10. b → sγ branching ratio as a function of the charged Higgs mass for M_{~B} = 100GeV, M_{~W} = 1.99M_{~B}, M_{~g} = 6.72M_{~B}, M_{~t} = M_{~b} = 400GeV, |A_u| = 100GeV, |μ| = 400GeV, and tan β = 50. The shaded region is the experimental allowed region at 2σ level.^{31)}

vor changing process. We present the branching ratio of B(B_s → μ^+μ^−) in Fig.11 for the parameter sets, tan β = 50, |A_u| = |A_d| = 100GeV, |μ| = 400GeV, M_{~t} = M_{~b} = 400GeV, M_{~B} = 100GeV, M_{~g} = 6.72M_{~B} , M_{~μ} = 300GeV, and f_{Bs} = 230MeV. The present experimental upper bound, 7.5 × 10^{−7,},^{32)} is also shown. We can see that the large branching ratio is expected for the parameter space where the tauonic B decays receive significant contribution from the charged Higgs diagram. The enhancement is particularly large for μ < 0.

Fig. 11. Branching ratio of the B_s → μ^+μ^− as a function of the charged Higgs mass for tan β = 50, |A_u| = |A_d| = 100GeV, |μ| = 400GeV, M_{~t} = M_{~b} = 400GeV, M_{~B} = 100GeV, M_{~g} = 6.72M_{~B}, M_{~μ} = 300GeV, and f_{Bs} = 230MeV. The horizontal solid line is the current experimental upper bound.^{32)}

The SUSY loop corrections can be also important in the anomalous magnetic moment of muons. In this case the relevant SUSY parameters are the slepton masses, gaugino masses, μ, and tan β. For example, the parameter set taken in Fig.10 and 11, the SUSY contributions to (g − 2)_μ/2 is about 7 × 10^{−9}, which is larger than the current discrepancy between the experimental result and SM prediction.^{33)} If the slepton mass is taken to be larger than 400GeV, the SUSY contributions to (g−2)_μ/2 can be compatible with the current discrepancy. Notice that slepton contribution to the B_s → μ^+μ^− and tauonic B decays are sub-dominant and that for b → sγ is negligible. Therefore the SUSY contributions to B_s → μ^+μ^− and tauonic B decays can be important while both (g − 2)_μ/2 and b → sγ constraints are satisfied.

§4. Conclusions

In this paper we study SUSY effects on the tauonic B decays, B → Dτ ν and B → τ ν under the assumption of the MFV. These processes receive large corrections for large tan β regime through SUSY loop diagrams related to the bottom and tau Yukawa couplings. For the bottom Yukawa coupling, we find that only the gluino-sbottom loop can contribute significantly and the chargino loop contribution is at a few % level. This is in contrast to the case of the correction to the b-t-H vertex, where the stop-chargino loop correction is also important.^{13)} The effect of the stau-neutralino loop to the tau vertex is generally not as significant as the sbottom-gluino loop, but in some parameter space these contributions can change the charged Higgs exchange effect by more than 10 %. We also study the correlation between B(B → Dτ ν) and B(B → τ ν) within the assumption of the MFV. The SUSY effect on these processes can be absorbed as an effective change of the tan β value, so that the correlation itself is the same as the 2HDM without SUSY loops. It would be therefore interesting to compare this value with tan β measured from other processes in MSSM such as the heavy Higgs direct production,^{34)} the chargino/neutralino mixing,^{35)} and the stau decay.^{36)} SUSY corrections to the Higgs couplings can also change the light-Higgs branching ratios^{12)} and the search limit of the SUSY Higgs bosons at LHC. From combined analysis of Super B Factory and collider experiments, we may be able to obtain important insight on flavor mixing for squarks and sleptons. For example in the present case of MFV, SUSY corrections to b-c-H and b-u-H verteces are the same while that to the b-t-H vertex can be different because of the higgsino loop contribution.

We also compare the tauonic B decay fractions with b → sγ and B_s → μ^+μ^− branching ratios. In general, these processes receive large corrections when we expect large effects in tauonic B decays, i.e. a large tan β and small M_H ± region. Since stop and chargino diagrams are essential in these flavor changing neutral current processes, we do not have a strict correlation among these processes. However the parameter space with μ < 0 is strongly constrained by b → sγ and B_s → μ^+μ^−.

The tauonic B decay processes considered here provide important information on the Yukawa interaction associated with the charged Higgs boson. A large deviation from the SM prediction is expected for large tan β cases from both tree level and SUSY loop effects. The tauonic B decays at future B factory experiments therefore can play a unique role in exploring SUSY models.

Acknowledgements

We wish to thank M.E.Peskin and M.Tanaka for useful comments. The work of S.K. was supported by the JSPS Research Fellowships for Young Scientists. The work of Y.O. was supported by a Grant-in-Aid of the Ministry of Education, Culture, Sports, Science and Technology, Government of Japan, Nos. 13640309, 13135225, and 16081211.

Appendix A Charged Higgs coupling for the general MFV case

In section 2, we have derived the resummed effective Lagrangian for the charged Higgs couplings under the assumption that soft SUSY breaking mass matrices for the squarks are proportional to a unit matrix in the flavor space. In this appendix, we relax this assumption and obtain the charged Higgs couplings in a more general case of the MFV. General consideration on the MFV case is given in the literature.^{37), 38)}

We consider the following squark mass matrices and A-terms. This form is motivated from the renormalization group effects on the squark mass matrices in the SUSY breaking scenarios such as minimal supergravity, gauge mediation, and anomaly mediation.

M^2_{~QL} = [a_11 + b_1y^†_uy_u + b_2y^†_dy_d]~M^2, (A.1) M^2_{~UR} = [a_21 + b_3y_uy^†_u]~M^2, (A.2) M^2_{~DR} = [a_31 + b_4y_dy^†_d]~M^2, (A.3) A_{uij} = A_uy_{uij} , (A.4) A_{dij} = A_dy_{dij} , (A.5)

where a_{1,2,3} and b_{1,2,3,4} are real parameters. In the following we take the basis where the down-type Yukawa coupling is diagonal.

y_u = ŷ_uV^0_{CKM} , (A.6) y_d = ŷ_d, (A.7)

where V^0_{CKM} is the flavor mixing matrix in the original Yukawa coupling. Furthermore when we calculate the loop diagrams, we use approximation that only the top Yukawa coupling is

Fig. 12. Subleading corrections to the down-type quark Yukawa couplings induced by (a) gluino ~g_{L,R} and (b) charged higgsino ~h^−_{1,2}.

kept in the up-type Yukawa coupling.

ŷ_u ≈ 0 0 y_t . (A.8)

Explicit form of the mass matrix is given by

M^2_{~QLij} ≈ [a_1 + b_2y^2_d]~M^2 [a_1 + b_2y^2_s ]~M^2 [a_1 + b_1y^2_t + b_2y^2_b ]~M^2

(A.9)

+ b_1y^2_t V^{0†}_{CKM 13}V^0_{CKM 32} ~M^2 b_1y^2_t V^{0†}_{CKM 13}V^0_{CKM 33} ~M^2 b_1y^2_t V^{0†}_{CKM 23}V^0_{CKM 31} ~M^2 b_1y^2_t V^{0†}_{CKM 23}V^0_{CKM 33} ~M^2 b_1y^2_t V^{0†}_{CKM 33}V^0_{CKM 31} ~M^2 b_1y^2_t V^{0†}_{CKM 33}V^0_{CKM 32} ~M^2 ≡ M̂^2_{~QLij} + ΔM^2_{~QLij} , (A.10)

M^2_{~URij} ≈ a_2 ~M^2

a_2 ~M^2 [a_2 + b_3y^2_t ]~M^2

≡ M̂^2_{~URi}, (A.11)

M^2_{~DRij} ≈ [a_3 + b_4y^2_d]~M^2 [a_3 + b_4y^2_s ]~M^2 [a_3 + b_4y^2_b ]~M^2

≡ M̂^2_{~DRi}, (A.12)

We calculate the correction to the down-type Yukawa coupling in Eq.(2.12). In addition to the Fig.1, there are extra contributions shown in Fig.12, where the off-diagonal terms in Eq.(A.10) are treated as mass insertion. The explicit form of Δy_d is given by

Δy_{dij} ≈ Δy_{d11} Δy_{d12} Δy_{d13} Δy_{d21} Δy_{d22} Δy_{d23} Δy_{d31} Δy_{d32} Δy_{d33}

, (A.13)

Δy_{d11} ≡ y_dE_{~g}^{(1)} (A.14) Δy_{d12} ≡ y_d[E^′_{~g}^{(12)} + E_{~h}^{(13)} + E^′_{~h}^{(133)}]V^{0†}_{CKM13}V^0_{CKM 32}, (A.15) Δy_{d13} ≡ y_d[E^′_{~g}^{(13)} + E_{~h}^{(13)} + E^′_{~h}^{(133)}]V^{0†}_{CKM13}V^0_{CKM 33}, (A.16) Δy_{d21} ≡ y_s[E^′_{~g}^{(21)} + E_{~h}^{(23)} + E^′_{~h}^{(233)}]V^{0†}_{CKM23}V^0_{CKM 31}, (A.17) Δy_{d22} ≡ y_sE_{~g}^{(2)}, (A.18) Δy_{d23} ≡ y_s[E^′_{~g}^{(23)} + E_{~h}^{(23)} + E^′_{~h}^{(233)}]V^{0†}_{CKM23}V^0_{CKM 33}, (A.19) Δy_{d31} ≡ y_b[E^′_{~g}^{(31)} + E_{~h}^{(33)}]V^{0†}_{CKM33}V^0_{CKM 31}, (A.20) Δy_{d32} ≡ y_b[E^′_{~g}^{(32)} + E_{~h}^{(33)}]V^{0†}_{CKM33}V^0_{CKM 32}, (A.21) Δy_{d33} ≡ y_b[E_{~g}^{(3)} + E_{~h}^{(33)}]V^{0†}_{CKM33}V^0_{CKM33}, (A.22) where, E_{~g}^{(i)} ≡ 2α_s 3π μ^∗ M_{~g} I^{(3)} [ M̂_{~QLi} M_{~g} , M̂_{~DR i} M_{~g} ] , (A.23)

E_{~h}^{(i3)} ≡ − μ 16π^2 A_u M_{~h} y^2_t I^{(3)} [ M̂_{~QLi} M_{~h} , M̂_{~UR3} M_{~h} ] , (A.24)

E^′_{~g}^{(ij)} ≡ − 2α_s 3π μ^∗ M^3_{~g} b_1y^2_t ~M^2I^{(4)} [ M̂_{~QLi} M_{~g} , M̂_{~QLj} M_{~g} , M̂_{~DRi} M_{~g} ] , (A.25)

E^′_{~h}^{(il3)} ≡ μ 16π^2 A_u M^3_{~h} b_1y^4_t ~M^2I^{(4)} [ M̂_{~QLi} M_{~h} , M̂_{~QLl} M_{~h} , M̂_{~UR3} M_{~h} ] , (A.26)

I^{(3)}[x, y] = x^2 ln x^2 (x^2 − 1)(x^2 − y^2) + y^2 ln y^2 (y^2 − 1)(y^2 − x^2)

(A.27)

I^{(4)}[x, y, z] = x^2 ln x^2 (x^2 − 1)(x^2 − y^2)(x^2 − z^2) + y^2 ln y^2 (y^2 − 1)(y^2 − x^2)(y^2 − z^2) + z^2 ln z^2 (z^2 − 1)(z^2 − x^2)(z^2 − y^2)

(A.28)

From the Δy_d, we obtain the mass term for up-type and down-type quarks. L_{quark} = −D_{Ri}[M̂_{dij} + Δ_{ij} ]D_{Lj} − U_{Ri}M_{uij} U_{Lj} + h.c., (A.29) here M̂_{dij} = M̂_{11}

M̂_{22}

M̂_{33} ≡ M̂di, (A.30) M̂_{d11} ≡ v√ 2 cos βy_d[1 + E_{~g}^{(1)} tan β], (A.31)

M̂_{d22} ≡ v√ 2 cos βy_s[1 + E_{~g}^{(2)} tan β], (A.32) M̂_{d33} ≡ v√ 2 cos βy_b[1 + (E_{~g}^{(3)} + E_{~h}^{(33)}) tan β], (A.33)

Δ_{ij} = Δ_{12} Δ_{13} Δ_{21} Δ_{23} Δ_{31} Δ_{32}

, (A.34)

Δ_{12} ≡ v √ 2 cos βy_d[E^′_{~g}^{(12)} + E_{~h}^{(13)} + E^′_{~h}^{(133)}]V^{0†}_{CKM 13}V^0_{CKM 32} tan β, (A.35)

Δ_{13} ≡ v √ 2 cos βy_d[E^′_{~g}^{(13)} + E_{~h}^{(13)} + E^′_{~h}^{(133)}]V^{0†}_{CKM 13}V^0_{CKM 33} tan β, (A.36)

Δ_{21} ≡ v √ 2 cos βy_s[E^′_{~g}^{(21)} + E_{~h}^{(23)} + E^′_{~h}^{(233)}]V^{0†}_{CKM23}V^0_{CKM 31} tan β, (A.37)

Δ_{23} ≡ v √ 2 cos βy_s[E^′_{~g}^{(23)} + E_{~h}^{(23)} + E^′_{~h}^{(233)}]V^{0†}_{CKM23}V^0_{CKM 33} tan β, (A.38)

Δ_{31} ≡ v √ 2 cos βy_b[E^′_{~g}^{(31)} + E_{~h}^{(33)}]V^{0†}_{CKM 33}V^0_{CKM 31} tan β, (A.39)

Δ_{32} ≡ v √ 2 cos βy_b[E^′_{~g}^{(32)} + E_{~h}^{(33)}]V^{0†}_{CKM 33}V^0_{CKM 32} tan β, (A.40) M̂_u ≡ v√ 2 sin βŷ_uV^0_{CKM} . (A.41)

Next, we rotate the basis to mass eigen-states as follows:

U_L = V_L(U)U_L^′ = V^{0†}_{CKM}U_L^′, U_R = V_R(U)U_R^′ = U_R^′, (A.42) D_L = V_L(D)D_L^′, D_R = V_R(D)D^′_R . (A.43)

We introduce ΔV_L and ΔV_R as

V_L(D) = 1 + ΔV_L, (A.44) V_R(D) = 1 + ΔV_R, (A.45)

where the unitarity requires that ΔV^†_{L(R)} = −ΔV_{L(R)} and ΔV_{L(R)ii} = 0. At the first order of Δ_{ij} , ΔV_{L,R} is expressed as^{39)}

ΔV_{Lij} = − M̂_{di}Δ_{ij} + Δ^†_{ij}M̂_{dj} M̂ 2_{di} − M̂ 2_{dj} for i ≠ j, (A

.46)

ΔV_{Rij} = − M̂_{di}Δ^†_{ij} + Δ_{ij}M̂_{dj} M̂ 2_{di} − M̂ 2_{dj} for i ≠ j. (A.47)

At this order M̂_d is the physical down-type quark mass matrix, since there are no corrections to diagonal terms.

We derive relationship between V^0_{CKM} and V_{CKM} . Since the W boson coupling is given by

L_W ± = g_2 √ 2 [U_LW^+_μ γ^μD_L + h.c.] = g_2 √ 2 [U^′_LW^+_μ γ^μV^0_{CKM}V_L(D)D^′_L + h.c.] = g_2 √ 2 [U^′_LW^+_μ γ^μV_{CKM}D^′_L + h.c.], (A.48)

we obtain

V_{CKM} ≡ V^0_{CKM} V_L(D). (A.49)

Explicit form for each elements are given by

V^0_{CKM11} = V_{CKM 11}, (A.50) V^0_{CKM12} = V_{CKM 12}, (A.51) V^0_{CKM13} = V_{CKM 13}

1 + [E_{~g}^{(3)} + E_{~h}^{(33)}] tan β 1 + [E_{~g}^{(3)} + E_{~h}^{(33)} + E^′_{~g}^{(13)} + E_{~h}^{(13)} + E^′_{~h}^{(133)}] tan β

, (A.52)

V^0_{CKM21} = V_{CKM 21}, (A.53) V^0_{CKM22} = V_{CKM 22}, (A.54) V^0_{CKM23} = V_{CKM 23}

1 + [E_{~g}^{(3)} + E_{~h}^{(33)}] tan β 1 + [E_{~g}^{(3)} + E_{~h}^{(33)} + E^′_{~g}^{(23)} + E_{~h}^{(23)} + E^′_{~h}^{(233)}] tan β

, (A.55)

V^0_{CKM31} = V_{CKM 31}

1 + [E_{~g}^{(3)} + E_{~h}^{(33)}] tan β 1 + [E_{~g}^{(3)} − E^′_{~g}^{31}] tan β

, (A.56)

V^0_{CKM32} = V_{CKM 32}

1 + [E_{~g}^{(3)} + E_{~h}^{(33)}] tan β 1 + [E_{~g}^{(3)} − E^′_{~g}^{(32)}] tan β

, (A.57)

V^0_{CKM33} = V_{CKM 33}. (A.58)

Then the charged Higgs couplings can be expressed as

L_H ± = sin βH^−D_{Ri}ŷ_{dij} U_{Lj} + h.c.

= sin βH^−D_R^′_iV^†_R(D)_{ik}ŷ_{dk}V_L(U)_{kj} U_L^′_j + h.c.

= sin βH^−D_R^′_iV^†_R(D)_{ik}ŷ_{dk}V^{0†}_{CKM kj} U_L^′_j + h.c.. (A.59)

Using Eqs.(A.47) and (A.51) - (A.58), we obtain L_H ± ≈ √ 2 v tan βH^−D_R^′_i M̂_{di} 1 + [E_{~g}^{(i)}] tan β

V^†_{CKM ij} U_L^′_j + h.c. for (i, j) = (1, 1), (1, 2), (2, 1), (2, 2), (A.60)

L_H ± ≈ √ 2 v tan βH^−D_R^′_i M̂_{di} 1 + [E_{~g}^{(i)} − E^′_{~g}^{(ij)}] tan β

V^†_{CKM ij} U_L^′_j + h.c. for (i, j) = (3, 1), (3, 2),

(A.61) L_H ± ≈ √ 2 v tan βH^−D_R^′_i M̂_{di} 1 + E_{~g}^{(i)} tan β

1 + [E_{~g}^{(3)} + E_{~h}^{(33)}] tan β 1 + [E_{~g}^{(i)} + E_{~h}^{(33)} + E^′_{~g}^{(ij)} + E_{~h}^{(i3)} + E^′_{~h}^{(i33)}] tan β

V^†_{CKM ij} U_L^′_j

+h.c. for (i, j) = (1, 3), (2, 3), (A.62) L_H ± ≈ √ 2 v tan βH^−D_R^′_i M̂_{di} 1 + [E_{~g}^{(i)} + E_{~h}^{(i3)}] tan β

V^†_{CKM ij} U_L^′_j + h.c. for (i, j) = (3, 3). (A.63)

Notice that b → c and b → u transition do not receive the higgsino loop contribution just as in the simplest case discussed in section 2.

References

1) M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49 (1973), 652. 2) A. Abashian et al. [BELLE Collaboration], Phys. Rev. Lett. 86 (2001), 2509; K. Abe et al. [Belle Collaboration], Phys. Rev. Lett. 87 (2001), 091802; K. Abe et al. [Belle Collaboration], Phys. Rev. D 66 (2002), 071102.

3) B. Aubert et al. [BABAR Collaboration], Phys. Rev. Lett. 86 (2001), 2515; B. Aubert et al. [BABAR Collaboration], Phys. Rev. Lett. 87 (2001), 091801; B. Aubert et al. [BABAR Collaboration], Phys. Rev. Lett. 89 (2002), 201802.

4) J. Kaneko et al. [Belle Collaboration], Phys. Rev. Lett. 90 (2003), 021801; K. Abe et al. [Belle Collaboration], arXiv:hep-ex/0408119.

5) K. Abe et al. [Belle Collaboration], Phys. Rev. Lett. 91 (2003), 261602. 6) B. Aubert et al. [BABAR Collaboration], Phys. Rev. Lett. 93 (2004), 071801. 7) K.Abe et al., “Letter of Intent for KEK Super B Factory,” KEK Report 2004-4, June 2004; A. G. Akeroyd et al., “Physics at Super B Factory,” arXiv:hep-ex/0406071.

8) G. Abbiendi et al. [OPAL Collaboration], Phys. Lett. B 520 (2001), 1; R. Barate et al. [ALEPH Collaboration], Eur. Phys. J. C 19 (2001), 213.

9) K.Abe et al. [Belle Collaboration], arXiv:hep-ex/0408144. 10) B.Aubert et al. [BABAR Collaboration], arXiv:hep-ex/0408091. 11) L. J. Hall, R. Rattazzi and U. Sarid, Phys. Rev. D 50 (1994), 7048. 12) K. S. Babu and C. F. Kolda, Phys. Lett. B 451 (1999), 77.

13) M. Carena, D. Garcia, U. Nierste and C. E. M. Wagner, Nucl. Phys. B 577 (2000), 88. 14) C. Hamzaoui, M. Pospelov and M. Toharia, Phys. Rev. D 59 (1999), 095005;

K. S. Babu and C. F. Kolda, Phys. Rev. Lett. 84 (2000), 228; C. S. Huang, W. Liao,

Q. S. Yan and S. H. Zhu, Phys. Rev. D 63 (2001), 114021 [Erratum-ibid. D 64 (2001), 059902]; P. H. Chankowski and L. Slawianowska, Phys. Rev. D 63 (2001), 054012; C. Bobeth, T. Ewerth, F. Kruger and J. Urban, Phys. Rev. D 64 (2001), 074014; Phys. Rev. D 66 (2002), 074021; A. Dedes, H. K. Dreiner and U. Nierste, Phys. Rev. Lett. 87 (2001), 251804; G. Isidori and A. Retico, JHEP 0111 (2001), 001; A. J. Buras, P. H. Chankowski, J. Rosiek and L. Slawianowska, Phys. Lett. B 546 (2002), 96. A. Dedes and B. T. Huffman, arXiv:hep-ph/0407285.

15) A. Dedes and A. Pilaftsis, Phys. Rev. D 67 (2003), 015012. 16) C. S. Huang, W. Liao and Q. S. Yan, D 59 (1999), 011701. 17) K. S. Babu and C. Kolda, Phys. Rev. Lett. 89 (2002), 241802. 18) A. Dedes, J. R. Ellis and M. Raidal, Phys. Lett. B 549 (2002), 159. 19) M. Sher, Phys. Rev. D 66 (2002), 057301.

20) R. Kitano, M. Koike, S. Komine and Y. Okada, Phys. Lett. B 575 (2003), 300. 21) J. A. Coarasa, R. A. Jimenez and J. Sola, Phys. Lett. B 406 (1997), 337. 22) A. G. Akeroyd and S. Recksiegel, J. Phys. G 29 (2003), 2311. 23) G. H. Wu, K. Kiers and J. N. Ng, Phys. Rev. D 56 (1997), 5413. 24) C. G. Boyd, B. Grinstein and R. F. Lebed, Phys. Rev. D 56 (1997), 6895; I. Caprini, L. Lellouch and M. Neubert, Nucl. Phys. B 530 (1998), 153.

25) T. Miki, T. Miura and M. Tanaka, in Shonan Village 2002, Higher luminosity B factories, arXiv:hep-ph/0210051.

26) M. Tanaka, Z. Phys. C 67 (1995), 321.

27) S. Eidelman et al. [Particle Data Group Collaboration], Phys. Lett. B 592 (2004) 1. 28) S.Nishida, talk given at 5th Workshop on Higher Luminosity B Factory, Sep 24-26.

2003, Izu, Japan, http://belle.kek.jp/superb/workshop/2003/HL05/. 29) G. Degrassi, P. Gambino and G. F. Giudice, JHEP 0012 (2000), 009. 30) M. Carena, D. Garcia, U. Nierste and C. E. M. Wagner, Phys. Lett. B 499 (2001), 141; F. Borzumati, C. Greub and Y. Yamada, Phys. Rev. D 69 (2004), 055005.

31) K. Abe et al. [Belle Collaboration], Phys. Lett. B 511 (2001), 151; S. Chen et al. [CLEO Collaboration], Phys. Rev. Lett. 87 (2001), 251807; B. Aubert et al. [BaBar Collaboration], arXiv:hep-ex/0207076; Heavy Flavor Averaging Group, http://www.slac.stanford.edu/xorg/hfag/.

32) D. Acosta et al. [CDF Collaboration], 93 (2004), 032001.

33) M. Davier, S. Eidelman, A. Hocker and Z. Zhang, Eur. Phys. J. C 31 (2003) 503;

K. Hagiwara, A. D. Martin, D. Nomura and T. Teubner, Phys. Rev. D 69 (2004) 093003.

34) J. L. Feng and T. Moroi, Phys. Rev. D 56 (1997), 5962; V. D. Barger, T. Han and J. Jiang, Phys. Rev. D 63 (2001), 075002; J. F. Gunion, T. Han, J. Jiang and A. Sopczak, Phys. Lett. B 565 (2003), 42.

35) J. L. Feng, M. E. Peskin, H. Murayama and X. Tata, Phys. Rev. D 52 (1995), 1418 [arXiv:hep-ph/9502260]. S. Y. Choi, A. Djouadi, M. Guchait, J. Kalinowski, H. S. Song and P. M. Zerwas, Eur. Phys. J. C 14 (2000), 535; S. Y. Choi, J. Kalinowski, G. Moortgat-Pick and P. M. Zerwas, Eur. Phys. J. C 22 (2001), 563 [Addendum-ibid. C 23 (2002), 769].

36) M. M. Nojiri, K. Fujii and T. Tsukamoto, Phys. Rev. D 54 (1996), 6756. 37) G. D’Ambrosio, G. F. Giudice, G. Isidori and A. Strumia, Nucl. Phys. B 645 (2002) 155 [arXiv:hep-ph/0207036].

38) A. J. Buras, P. H. Chankowski, J. Rosiek and L. Slawianowska, Nucl. Phys. B 659 (2003) 3 [arXiv:hep-ph/0210145].

39) G. Isidori and A. Retico, in Ref.[14].