arXiv:1103.5705v2 [hep-ph] 3 Apr 2011

Like-sign dimuon asymmetry of B^0 meson and LFV in SU(5) SUSY GUT with S_4 flavor symmetry

Hajime Ishimori^{a∗}, Yuji Kajiyama^{b,c†}, Yusuke Shimizu^{a‡} and Morimitsu Tanimoto^{b§} aGraduate School of Science and Technology, Niigata University, Niigata 950-2181, Japan bDepartment of Physics, Niigata University, Niigata 950-2181, Japan cNational Institute of Chemical Physics and Biophysics, Ravala10, Tallinn, 10143, Estonia

Abstract

The like-sign dimuon charge asymmetry of the B meson, which was reported in the DØ Collaboration, is studied in the SU(5) SUSY GUT model with S_4 flavor symmetry. Additional CP violating effects from the squark sector are discussed in B_s − B̄_s mixing process. The predicted like-sign charge asymmetry is in the 2σ range of the combined result of DØ and CDF measurements. Since the SUSY contributions in the quark sector affect to the lepton sector because of the SU(5) GUT relation, two predictions are given in the leptonic processes: (i) both BR(μ → eγ) and the electron EDM are close to the present upper bound, (ii) the decay ratios of τ decays, τ → μγ and τ → eγ, are related to each other via the Cabibbo angle λ_c: BR(τ → eγ)/BR(τ → μγ) ≃ λ^2_c . These are testable at future experiments.

PACS numbers: 11.30.Hv, 12.60.Jv, 13.20.He, 14.40.Nd

∗ E-mail address: ishimori@muse.sc.niigata-u.ac.jp † E-mail address: kajiyama@muse.sc.niigata-u.ac.jp ‡ E-mail address: shimizu@muse.sc.niigata-u.ac.jp § E-mail address: tanimoto@muse.sc.niigata-u.ac.jp

I. INTRODUCTION

The CP violation in the K and B_d mesons has been well explained within the framework of the standard model (SM). There is one phase, which is a unique source of the CP violation, so called Kobayashi-Maskawa (KM) phase [1], in the quark sector with three families. Until now, the KM phase has successfully described all data related with the CP violation of K and B_d systems.

However, there could be new sources of the CP violation if the SM is extended to the supersymmetric (SUSY) models. The CP violating phases appear in soft scalar mass matrices. These contribute to flavor changing neutral currents (FCNC) with the CP violation. Therefore, we should examine carefully CP violating phenomena in the quark sector.

The Tevatron experiments have searched possible effect of the CP violation in the B meson system [2, 3]. Recently, the DØ Collaboration reported the interesting result of the like-sign dimuon charge asymmetry A^b_{sl}(DØ) = −(9.57 ± 2.51 ± 1.46) × 10^{−3} [3]. This result is larger than the SM prediction A^b_{sl}(SM) = (−2.3^{+0.5}_{−0.6}) × 10^{−4} [4] at the 3.2σ level, which indicates an anomalous CP violating phase arising in the B_s meson mixing.

Actually, new physics have been discussed to explain the anomalous CP violation in several approaches. As a possibility, new physics contribute to decay width of the B_s meson [5]-[12]. Another possibility is to assume new physics does not give additional contribution to the decay width but the B_s − B_s mixing [13]-[26]. This typical model is the general SUSY model with gluino-mediated flavor and CP violation [14–18, 21, 22]. Relevant mass insertion (MI) parameters and/or squark mass spectrum can explain the anomalous CP violation in the B_s system. Since the squark flavor mixing is restricted in K and B_d meson systems, the systematic analyses are necessary to clarify the possible effect of squarks.

In this paper, we study the flavor and CP violation within the framework of the non-Abelian discrete symmetry [27] of quark and lepton flavors with SUSY. Then, the flavor symmetry controls the squark and slepton mass matrices as well as the quark and lepton ones. For example, the predicted squark mass matrices reflect structures of the quark mass matrices. Therefore, squark mass matrices provide us an important test for the flavor symmetry.

The non-Abelian discrete symmetry of flavors has been studied intensively in the quark and lepton sectors. Actually, the recent neutrino data analyses [28]-[31] indicate the tri-bimaximal mixing [32] -[35], which has been at first understood based on the non-Abelian finite group A_4 [36–40]. Until now, much progress has been made in the theoretical and phenomenological analysis of A_4 flavor model [41]- [111].

An attractive candidate of the flavor symmetry is the S_4 group, which was successful to explain both quark and lepton mixing [112]-[149]. Especially, S_4 flavor models to unify quarks and leptons have been proposed in the framework of the SU(5) SUSY GUT [118–121], SO(10) SUSY GUT [122–124], and the Pati-Salam SUSY GUT [125, 126]. These unified models seem to explain both mixing of quarks and leptons.

Some of us have studied S_4 flavor model [119], which gives the proper quark flavor mixing angles as well as the tri-bimaximal mixing of neutrino flavors. Especially, the Cabibbo angle is predicted to be 15^∘ due to S_4 Clebsch-Gordan coefficients. Including the next-to-leading corrections of the S_4 symmetry, the predicted Cabibbo angle is completely consistent with the observed one.

We give the squark mass matrices in our S_4 flavor model by considering the gravity mediation within the framework of the supergravity theory. We estimate the SUSY breaking in the squark mass matrices by taking account of the next-to-leading S_4 invariant mass operators as well as the slepton mass matrices. Then, we can predict the CP violation in the B_s meson taking account of the constraints of the CP violation of K and B_d mesons. We also discuss the squark effect on b → sγ decay and the chromo–electric dipole moment (cEDM) .

Since our model is based on SU(5) SUSY GUT, we can predict the lepton flavor violation (LFV), e.g., μ → eγ and τ → μγ processes [147]. In particular, the τ → μγ decay ratio reflects the magnitude of the CP violation of the B_s meson.

This paper is organized as follows: In section 2, we discuss the possibility of new physics in the framework of the CP violation of the neutral B system. In section 3, we present briefly our S_4 flavor model of quarks and leptons in SU(5) SUSY GUT, and present the squark and slepton mass matrices. In section 4, we discuss numerically the CP violation of the B_s meson with constraints of flavor and CP violations of K and B_d mesons. We also discuss the EDM of the electron, cEDM of strange quark and LFV. Section 5 is devoted to the summary. In appendices, we present relevant formulae in order to estimate the flavor violation and the CP violation.

II. B_s − B̄_s MIXING

In this section, we briefly discuss the theory and experimental results of the CP violation of the neutral B meson system. The effective Hamiltonian H^q_{eff} (q = d, s) of B_q − B̄_q system is given in terms of the dispersive (absorptive) part M^q(Γ^q) as

H^q_{eff} = M^q − i 2 Γ^q, (1)

where the off-diagonal elements M^q_{12} and Γ^q_{12} are responsible for the B_q −B̄_q oscillations. The light (L) and heavy (H) physical eigenstates B^q_{L(H)} with mass M^q_{L(H)} and the decay width Γ^q_{L(H)} are obtained by diagonalizing the effective Hamiltonian H^q_{eff} . The mass and decay width difference between B^q_L and B^q_H are related to the elements of H^q_{eff} as

ΔM_q ≡ M^q_H − M^q_L = 2|M^q_{12}|, ΔΓ_q ≡ Γ^q_L − Γ^q_H = 2|Γ^q_{12}| cos ϕ_q, ϕ_q = arg(−M^q_{12}/Γ^q_{12}), (2)

where we have used ΔΓ_q ≪ ΔM_q.

The “wrong-sign” charge asymmetry a^q_{sl} of B_q → μ^−X decay is defined as a^q_{sl} ≡ Γ(B̄_q → μ^+X) − Γ(B_q → μ^−X) Γ(B̄_q → μ^+X) + Γ(B_q → μ^−X)

≃ Im ( Γ^q_{12} M^q_{12} ) = |Γ^q_{12}| |M^q_{12}| sin ϕ_q . (3)

The like-sign dimuon charge asymmetry A^b_{sl} is defined and related with a^q_{sl} as [150] A^b_{sl} ≡ N^{++}_b − N^{−−}_b N^{++}_b + N^{−−}_b

= (0.506 ± 0.043)a^d_{sl} + (0.494 ± 0.043)a^s_l, (4) where N^{±±}_b is the number of events of bb̄ → μ^±μ^±X.

The SM prediction of A^b_{sl} is given as [4] A^b_{sl}(SM) = (−2.3^{+0.5}_{−0.6}) × 10^{−4}, (5) which is calculated from [4]^1 a^d_{sl}(SM) = (−4.8^{+1.0}_{−1.2}) × 10^{−4}, a^s_l(SM) = (2.06 ± 0.57) × 10^{−5}. (6) Recently, the DØ collaboration reported A^b_{sl} with 6.1 fb^{−1} data set as [3] A^b_{sl}(DØ) = −(9.57 ± 2.51 ± 1.46) × 10^{−3}, (7) which shows 3.2 σ deviation from the SM prediction of Eq.(5). On the other hand, the result by the CDF collaboration with 1.6 fb^{−1} data [2] A^b_{sl}(CDF) = (8.0 ± 9.0 ± 6.8) × 10^{−3} is consistent with the SM prediction while it has large errors. Combining these measurements, one can obtain A^b_{sl}(CDF + DØ) = −(8.5 ± 2.8) × 10^{−3}, (8) which is still 3 σ away from the SM prediction.

The DØ Collaboration have performed the direct measurement of a^s_l [152] as a^s_l(DØ) = −(1.7 ± 9.1^{+1.4}_{−1.5}) × 10^{−3}, which is consistent with the SM prediction because of its large errors. However, if one use the present experimental value of a^d_{sl} [3, 153, 154], a^d_{sl}(exp) = −(4.7 ± 4.6) × 10^{−3}, one can find that [3, 154] a^s_l = −0.0146 ± 0.0075, (9) is required to obtain A^b_{sl}(DØ). The central value of the required |a^s_l| is about three orders of magnitude larger than the SM prediction a^s_l(SM). Combining all results, one can obtain the average value a^s_l(average) ≃ −(12.7 ± 5.0) × 10^{−3}, (10) which is still 2.5 σ away from the SM prediction a^s_l(SM). Therefore, if the DØ result is confirmed, it is a promising hint of new physics (NP) beyond the SM.

The contribution of NP to the dispersive part of the Hamiltonian is parameterized as M^q_{12} = M^{q,SM}_{12} + M^{q,NP}_{12} = M^{q,SM}_{12} ( 1 + h_qe^{2iσq} ) = M^{q,SM}_{12} Δ_q, Δ_q = |Δ_q| e^{iϕΔq} , (11) where the SM contribution M^{q,SM}_{12} is given by M^{q,SM}_{12} = G^2_F M_{Bq} 12π^2

M^2_W (V_{tb}V^∗_{tq})^2η̂_B S_0(x_t)f^2_{Bq} B_q, (12)

1 Recently, the SM predictions are updated [151] by the same authors. However in this paper, we use the widelyaccepted results of Ref. [4].

Input Input f_{Bs} (231 ± 3 ± 15) MeV B_s(m_b) 0.841 ± 0.013 ± 0.020 f_{Bs} /f_{Bd} 1.209 ± 0.007 ± 0.023 B_s/B_d 1.01 ± 0.01 ± 0.03 η̂_B 0.8393 ± 0.0034 S_0(x_t) 2.35 M_s 5.3663 ± 0.0006 GeV ΔM^{exp}_s 17.77 ± 0.10 ± 0.07 ps^{−1} M_d 5.27917 ± 0.00029 GeV ΔM^{exp}_d 0.507 ± 0.005 ps^{−1} m_d(m_b) (5.1 ± 1.3) × 10^{−3} GeV m_s(m_b) 0.085 ± 0.017 GeV m_b(m_b) 4.248 ± 0.051 GeV ΔΓ^{SM}_s (0.096 ± 0.039) ps^{−1} ϕ_{d,SM} ( −10.1^{+3.7}_{−6.3} ) × 10^{−2} ϕ_{s,SM} ( +7.4^{+0.8}_{−3.2} ) × 10^{−3} |Γ^{s,SM}_{12} |/|M^{s,SM}_{12} | (4.97 ± 0.94) × 10^{−3} ΔΓ^{SM}_d /ΔM^{SM}_d (52.6^{+11.5}_{−12.8}) × 10^{−4}

TABLE I: Parameters of the neutral B meson mixing and quark masses [4, 155].

with parameters listed in Table 1.

Using these parameters, the mass difference of B_q meson, ΔM_q, is given by

ΔM_q = ΔM^{SM}_q | |1 + h_qe^{2iσ}q | | = ΔM^{SM}_q |Δ_q| . (13)

Since the SM contribution to the absorptive part Γ^s_{12} is dominated by tree-level decay b → cc̄s, one can set Γ^s_{12} = Γ^{s,SM}_{12} . In this case, the wrong-sign charge asymmetry a^s_l is written as a^q_{sl} = |Γ^{q,SM}_{12} | |M^{q,SM}_{12} | sin (ϕ_{q,SM} + ϕ_{Δq}) |Δ_q| . (14)

Taking the experimental value ΔM^{exp}_s into account, one finds that |Δ_s| is strongly constrained in the region |Δ_s| = 0.92 ± 0.32 [4]. Therefore, unphysical condition sin(ϕ_{s,SM} + ϕ_{Δs}) = −2.56 ± 1.16 is required to obtain 1 σ range of the charge asymmetry (See also [156]). Also as discussed in Ref [157], by using the SM prediction of Γ^{d,s}_{12} and experimental values of ΔM_{d,s}, they found in modelindependent way that the like-sign charge asymmetry is bounded as −A^b_{sl} < 3.16 × 10^{−3}, where the CP violation S_{J/ψKS} and S_{J/ψϕ} are also taken into account.

Now we discuss how to avoid this unphysical condition to obtain large charge asymmetry. As the first possibility, one can consider the NP contributions to Γ^s_{12}, which come from additional contributions to decay processes b → cc̄s, τ^+τ^−s, etc. By using the DØ and CDF experimental data of B_s → J/ψϕ decay [158], one can subtract ΔΓ_s and β^{J/ψϕ}s ≃ −ϕ_s/2 as [153]^2

ΔΓ_s = ±(0.154^{+0.054}_{−0.070}) ps^{−1}, β^{J/ψϕ}_s = (0.39^{+0.18}_{−0.14}) or (1.18^{+0.14}_{−0.18}), (15)

where the sign of ΔΓ_s is still undetermined, and positive (negative) sign corresponds to the first (second) region of β^{J/ψϕ}s . Comparing them with the SM predictions, one finds that there still can

2 See also Ref.[154] for recent results.

exist additional contributions to Γ^s_{12} from NP. This possibility has been studied in several models^3 [5–12].

In Ref.[13], while there are no NP contributions to Γ^s_{12} in their model, they employed the experimental value of ΔΓ_s of Eq.(15) since there must exist theoretical uncertainties. In the (h_q, σ_q) parametrization of NP, the best fit values of (h_s, σ_s) are obtained as [162]

(h_s, σ_s) ≃ (0.5, 120^∘), (1.8, 100^∘), (16)

by taking ΔM_q, ΔΓ_q, S_{ψK} and S_{J/ψϕ} into account, with varying |Γ^s_{12}| in the range 0 − 0.3ps^{−1}. In that paper, one can read that the region of h_d <∼ h_s is favored as seen in Refs. [14–16].

However in ordinary SUSY models, gluino-squark box diagrams do not give additional contributions to Γ^s_{12} since such diagrams do not generate additional decay modes of bottom quark. Therefore as the other possibility, constraint for ΔM_q is relaxed in Refs.[17, 18]. In those papers, they consider models that NP does not give additional contributions to Γ^s_{12}, but to M^q_{12}. They take a conservative constraint 0.6 < ΔM_{d,s}/ΔM^{exp}_{d,s} < 1.4 [17] and the UTfit [19] allowed region 0.776 < ΔM_{d,s}/ΔM^{SM}_{d,s} < 1.162 [18]. See also Refs. [20–22, 24, 25, 157] for other possibilities.

In this paper, we consider the NP contribution to B_s − B̄_s mixing by gluino-squark box diagrams in a SU(5) SUSY GUT model with S_4 flavor symmetry. As shall be discussed in the next section, the soft SUSY breaking terms and related MI parameters (δ^{AB}_d )_{ij}(A, B = L, R) obey S_4 flavor symmetry. In such SUSY models, there are no new contributions to Γ^s_{12} [14–18, 21, 22]. While the SUSY contributions to B_s − B̄_s mixing are induced by (δ^{AB}_d )_{23}, it is constrained by b → sγ decay. Since the other MI parameters of down-type squark sector are related to (δ^{AB}_d )_{23} due to S_4 symmetry, K and B_d meson mixing, which are affected by (δ^{AB}_d )_{12} and (δ^{AB}_d )_{13}, respectively, should also be taken into account. The CP violation in B_s meson system is related to cEDM of the strange quark d^C_s as well. Moreover, the leptonic processes such as τ → μγ affected by (δ^{AB}_ℓ )_{23} should also be taken into account due to SU(5) GUT relation.

Taking the above processes into account, we assume the following conditions in our numerical calculation: (i) the meson mass differences satisfy 0.6 < ΔM_{d,s} ΔM^{exp}_{d,s} < 1.4, |M^{K,SUSY} 12 | ΔM^{exp}_K < 1, |ImM^{K,SUSY} 12 | √ 2ΔM^{exp}_K

< ϵ_K = 2.2 × 10^{−3}, (17)

(ii) cEDM of the strange quark is constrained by the neutron EDM as [163, 164]

|ed^C_s | < 1.0 × 10^{−25} ecm, (18)

(iii) the NP contribution to the branching ratio (BR) of b → sγ is constrained as

BR(b → sγ)^{NP} < 1.0 × 10^{−4}. (19)

3 However, the NP contributions to Γ^q_{12} will be strongly constrained by the lifetime ratio τ_{Bs} /τ_{Bd} . We would like to thank A. Lenz for pointing out this point.

(T_1, T_2) T_3 (F_1, F_2, F_3) (N^c_e , N^c_μ) N^c_τ H_5 H¯_5 H_{45} Θ SU(5) 10 10 ¯5 1 1 5 ¯5 45 1 S_4 2 1 3 2 1^′ 1 1 1 1 Z_4 −i −1 i 1 1 1 1 −1 1 U(1)_{F N} 1 0 0 1 0 0 0 0 −1 (χ_1, χ_2) (χ_3, χ_4) (χ_5, χ_6, χ_7) (χ_8, χ_9, χ_{10}) (χ_{11}, χ_{12}, χ_{13}) χ_{14} SU(5) 1 1 1 1 1 1 S_4 2 2 3^′ 3 3 1 Z_4 −i 1 −i −1 i i U(1)_{F N} −1 −2 0 0 0 −1

TABLE II: Assignments of SU(5), S_4, Z_4, and U(1)_{F N} representations.

While the upper bounds of LFV decay processes ℓ_i → ℓ_j γ and the electron EDM are given by [165, 166]

BR(μ → eγ) < 1.2 × 10^{−11}, BR(τ → μγ) < 4.4 × 10^{−8}, (20) BR(τ → eγ) < 3.3 × 10^{−8}, |ed_e| < 1.6 × 10^{−27} ecm, (21)

we do not take these bounds into account in the numerical calculation below. Instead, in the allowed parameter region of our model which can explain the like-sign charge asymmetry, we will obtain the predictions for LFV processes.

We perform numerical analysis in the section IV after introducing the S_4 flavor model in the next section.

III. THE S_4 FLAVOR MODEL

We briefly review S_4 flavor model of quarks and leptons, which was proposed in [119]. As the model is based on SU(5) SUSY GUT, it gives sfermion mass matrices as well as quark and lepton mass matrices.

A. CKM Mixing

In the SU(5) GUT, matter fields are unified into 10 and ¯5-dimensional representations as 10 ⊂ (Q, u^c, e^c) and ¯5 ⊂ (d^c, L). Three generations of ¯5, which are denoted by F_i (i = 1, 2, 3), are assigned to 3 of S_4. On the other hand, the third generation of the 10-dimensional representation, T_3, is assigned to 1 of S_4, and the first and second generations of 10, (T_1, T_2), are assigned to 2 of S_4, respectively. Right-handed neutrinos, which are SU(5) gauge singlets, are also assigned to 2 for the first and second generations, (N^c_e , N^c_μ), and 1^′ for the third one, N^c_τ . The 5-dimensional, ¯5- dimensional, and 45-dimensional Higgs of SU(5), H_5, H¯_5, and H_{45} are assigned to 1 of S_4. In order to obtain desired mass matrices, we introduce SU(5) gauge singlets χ_i, so called flavons, which couple to quarks and leptons.

The Z_4 symmetry is added to obtain relevant couplings. Further, the Froggatt-Nielsen mechanism [167] is introduced to get the natural hierarchy among quark and lepton masses, as an additional U(1)_{F N} flavor symmetry, where Θ denotes the Froggatt-Nielsen flavon. The particle assignments of SU(5), S_4, Z_4, and U(1)_{F N} are presented in Table II.

The couplings of flavons with fermions are restricted as follows. At the leading order, (χ_3, χ_4) are coupled with the right-handed Majorana neutrino sector, (χ_5, χ_6, χ_7) are coupled with the Dirac neutrino sector, (χ_8, χ_9, χ_{10}) and (χ_{11}, χ_{12}, χ_{13}) are coupled with the charged lepton and down-type quark sectors. At the next-to-leading order, (χ_1, χ_2) are coupled with the up-type quark sector, and χ_{14} contributes to the charged lepton and down-type quark sectors, and then the mass ratio of the electron and down quark is reproduced properly.

Our model predicts the quark mixing as well as the tri-bimaximal mixing of leptons. Especially, the Cabibbo angle is predicted to be 15^∘ at the leading order. The model is consistent with the observed CKM mixing angles and CP violation as well as the non-vanishing U_{e3} of the neutrino flavor mixing.

Let us write down the superpotential respecting S_4, Z_4 and U(1)_{F N} symmetries in terms of the S_4 cutoff scale Λ, and the U(1)_{F N} cutoff scale Λ. In our calculation, both cutoff scales are taken as the GUT scale which is around 10^{16}GeV. The SU(5) invariant superpotential of the Yukawa sector up to the linear terms of χ_i (i = 1, · · · , 13) is given as

w = y^u_1 (T_1, T_2) ⊗ T_3 ⊗ (χ_1, χ_2) ⊗ H_5/Λ + y^u_2 T_3 ⊗ T_3 ⊗ H_5 + y^N_1 (N^c_e , N^c_μ) ⊗ (N^c_e , N^c_μ) ⊗ Θ^2/Λ̄ + y^N_2 (N^c_e , N^c_μ) ⊗ (N^c_e , N^c_μ) ⊗ (χ_3, χ_4) + MN^c_τ ⊗ N^c_τ + y^D_1 (N^c_e , N^c_μ) ⊗ (F_1, F_2, F_3) ⊗ (χ_5, χ_6, χ_7) ⊗ H_5 ⊗ Θ/(ΛΛ̄) + y^D_2 N^c_τ ⊗ (F_1, F_2, F_3) ⊗ (χ_5, χ_6, χ_7) ⊗ H_5/Λ + y_1(F_1, F_2, F_3) ⊗ (T_1, T_2) ⊗ (χ_8, χ_9, χ_{10}) ⊗ H_{45} ⊗ Θ/(ΛΛ̄) + y_2(F_1, F_2, F_3) ⊗ T_3 ⊗ (χ_{11}, χ_{12}, χ_{13}) ⊗ H¯_5/Λ, (22)

where y^u_1 , y^u_2 , y^N_1 , y^N_2 , y^D_1 , y^D_2 , y_1, and y_2 are Yukawa couplings of order one, and M is the right-handed Majorana mass, which is taken to be 10^{12}GeV.

In order to predict the desired quark and lepton mass matrices, we require vacuum alignments for the vacuum expectation values (VEV’s) of flavons. According to the potential analysis, which was presented in [119], we have conditions of VEV’s to realize the potential minimum (V = 0) as follows:

(χ_1, χ_2) = (1, 1), (χ_3, χ_4) = (0, 1), (χ_5, χ_6, χ_7) = (1, 1, 1), (χ_8, χ_9, χ_{10}) = (0, 1, 0),

(χ_{11}, χ_{12}, χ_{13}) = (0, 0, 1), χ^2_{14} = −

2η_2 η_3 χ^2_1, (23)

where these magnitudes are given in arbitrary units. Hereafter, we suppose these gauge-singlet scalars develop VEV’s by denoting ⟨χ_i⟩ = a_iΛ.

Denoting Higgs doublets as h_u and h_d, we take VEV’s of following scalars by

⟨h_u⟩ = v_u, ⟨h_d⟩ = v_d, ⟨h_{45}⟩ = v_{45}, ⟨Θ⟩ = θ, (24)

which are supposed to be real. We define λ ≡ θ/Λ to describe the Froggatt-Nielsen mechanism^4.

Now, we can write down quark and lepton mass matrices by using the S_4 multiplication rule in Appendix A. The down-type quark mass matrix at the leading order is given as

M_d =

0 0 0 y_1λa_9v_{45}/ √ 2 y_1λa_9v_{45}/ √ 6 0 0 0 y_2a_{13}v_d . (25)

Then, we have

M^†_d M_d = v^2_d 1 2 |ȳ_1λa_9|^{2 1}_2^√_3 |ȳ_1λa_9|^2 0 1 2 √ 3 |ȳ_1λa_9|^{2 1}_6 |ȳ_1λa_9|^2 0 0 0 |y_2|^2a^2_{13} , (26)

where we denote ȳ_1v_d = y_1v_{45}. This matrix can be diagonalized by the orthogonal matrix U^{(0)}_d as

U^{(0)}_d = cos 60^∘ sin 60^∘ 0 − sin 60^∘ cos 60^∘ 0

0 0 1 . (27)

The down-type quark masses are given as

m^2_d = 0 , m^2_s = 2 3 |ȳ_1λa_9|^2v^2_d , m^2_b = |y_2|^2a^2_{13}v^2_d . (28)

The down quark mass vanishes, however tiny masses appear at the next-to-leading order.

The relevant superpotential of down sector at the next-to-leading order is given as

Δw_d = y_{Δa} (T_1, T_2) ⊗ (F_1, F_2, F_3) ⊗ (χ_1, χ_2) ⊗ (χ_{11}, χ_{12}, χ_{13}) ⊗ H¯_5/Λ^2 + y_{Δb} (T_1, T_2) ⊗ (F_1, F_2, F_3) ⊗ (χ_5, χ_6, χ_7) ⊗ χ_{14} ⊗ H¯_5/Λ^2 + y_{Δc} (T_1, T_2) ⊗ (F_1, F_2, F_3) ⊗ (χ_1, χ_2) ⊗ (χ_5, χ_6, χ_7) ⊗ H_{45}/Λ^2 + y_{Δd} (T_1, T_2) ⊗ (F_1, F_2, F_3) ⊗ (χ_{11}, χ_{12}, χ_{13}) ⊗ χ_{14} ⊗ H_{45}/Λ^2 + y_{Δe} T_3 ⊗ (F_1, F_2, F_3) ⊗ (χ_5, χ_6, χ_7) ⊗ (χ_8, χ_9, χ_{10}) ⊗ H¯_5 ⊗ /Λ^2 + y_{Δf} T_3 ⊗ (F_1, F_2, F_3) ⊗ (χ_8, χ_9, χ_{10}) ⊗ (χ_{11}, χ_{12}, χ_{13}) ⊗ H_{45} ⊗ /Λ^2 , (29)

which gives the correction terms in the down-type quark mass matrix.

The down-type quark mass matrix including the next-to-leading order is

M_d ≃ ϵ̄_{11} ϵ̄_{21} ϵ̄_{31} √ 3m_s 2 + ϵ̄_{12}^{ms}_2 + ϵ̄_{22} ϵ̄_{32} ϵ̄_{13} ϵ̄_{23} m_b + ϵ̄_{33} , (30)

4 Notice that this λ is not related to the Cabibbo angle λ_c in our model.

where the explicit forms of ϵ̄_{ij} ’s are given in Appendix B, and m_s and m_b are given in Eq. (28). This mass matrix can be diagonalized by

M^{diag}_d = V^†_d M_dU^{(0)}_d U^{(1)}_d , (31)

where mixing matrices for left-hand U^{(1)}_d and for right-hand V_d are estimated as

U^{(1)}_d =

1 θ^d_{12} θ^d_{13} −θ^d_{12} − θ^d_{13}θ^d_{23} 1 θ^d_{23} −θ^d_{13} + θ^d_{12}θ^d_{23} −θ^d_{23} − θ^d_{12}θ^d_{13} 1 ,

V_d =

1^ã_λ ã −^ã_λ − ã^2 1 ã −ã +^{ã2}_λ −ã −^{ã2}_λ 1 , (32)

where ã denotes the typical value of the square root of the relevant sum of a_ia_j’s as discussed in the next subsection. We neglect CP violating phases then mixing angles θ^d_{12}, θ^d_{13}, θ^d_{23} are given as

θ^d_{12} = O ( m_d m_s ) = O (0.05) , θ^d_{13} = O ( m_d m_b ) = O (0.005) , θ^d_{23} = O ( m_d m_b ) = O (0.005) . (33)

On the other hand, the superpotential of up sector at the next-to-leading order is

Δw_u = y^u_{Δa} (T_1, T_2) ⊗ (T_1, T_2) ⊗ (χ_1, χ_2) ⊗ (χ_1, χ_2) ⊗ H_5/Λ^2 + y^u_{Δb} (T_1, T_2) ⊗ (T_1, T_2) ⊗ χ_{14} ⊗ χ_{14} ⊗ H_5/Λ^2 + y^u_{Δc} T_3 ⊗ T_3 ⊗ (χ_8, χ_9, χ_{10}) ⊗ (χ_8, χ_9, χ_{10}) ⊗ H_5/Λ^2. (34)

Then the mass matrix becomes

M_u = v_u

2y^u_{Δa1} a^2_1 + y^u_{Δb} a^2_{14} y^u_{Δa2} a^2_1 y^u_1 a_1 y^u_{Δa2} a^2_1 2y^u_{Δa1} a^2_1 + y^u_{Δb} a^2_{14} y^u_1 a_1 y^u_1 a_1 y^u_1 a_1 y^u_2 + y^u_{Δc} a^2_9 . (35)

This symmetric mass matrix is diagonalized by the unitary matrix U_u as

U_u = cos 45^∘ sin 45^∘ 0 − sin 45^∘ cos 45^∘ 0

0 0 1

1 0 0 0 r_t r_c 0 −r_c r_t , (36)

where r_c = √ m_c/(m_c + m_t) and r_t = √ m_t/(m_c + m_t).

Therefore, the CKM matrix V can be written as^5

V = U^†_u 1 0 0 0 e^{−iρ} 0 0 0 1

U^{(0)}_d U^{(1)}_d , (37)

5 The renormalization group effect for the CKM matrix is small so that the matrix given in the text can be regarded as the one at the electroweak scale.

where the phase ρ is an arbitrary parameter originating from complex Yukawa couplings.

At the leading order, the Cabibbo angle is derived as 60^∘ − 45^∘ = 15^∘ and it can be naturally fitted to the observed value by including the next-to-leading order as follows:

V_{us} ≃ θ^d_{12} cos 15^∘ + sin 15^∘. (38)

The V_{cb} and V_{ub} mixing elements are expressed as

V_{ud} ≃ cos 15^∘ − (θ^d_{12} + θ^d_{13}θ^d_{23}) sin 15^∘, V_{cb} ≃ −r_tθ^d_{13}e^{iρ} sin 15^∘ + r_tθ^d_{23}e^{iρ} cos 15^∘ − r_c , V_{ub} ≃ θ^d_{13} cos 15^∘ + θ^d_{23} sin 15^∘,

(39)

which are consistent with observed values.

We can also predict mass matrices of the charged leptons and neutrinos, which give the tribimaximal mixing of leptons. Details are shown in Appendix C.

Since mass eigenvalues of quarks and leptons are give in terms of a_i = ⟨χ_i⟩/Λ, we can estimate a_i by putting the observed quark and lepton masses. These are given as

a_3 = a_8 = a_{10} = a_{11} = a_{12} = 0, a_1 = a_2 ≃ √ m_c 2 | |y_{uΔa} 2 −^{yu1 2}_{yu2} | | v_u , a_4 =

(y^D_1 λ)^2(m_{ν3} − m_{ν1} )m_{ν2} M 6y^N_2 y^D_2^2m_{ν1} m_{ν3} Λ

, a_5 = a_6 = a_7 = √ m_{ν2} M √ 3y^D_2 v_u , a_9 = m_μ √ 6|ȳ_1|λv_d , a_{13} = m_τ y_2v_d

, (40)

where masses of quarks and leptons are given at the GUT scale, and the light neutrino masses m_{ν1,2,3} are given in the Appendix C. Hereafter, we take λ = 0.1 in our calculations.

B. Squark and slepton mass matrices

Here we study SUSY breaking terms in the framework of S_4 × Z_4 × U(1)_{F N} to derive squark and slepton mass matrices. We consider the gravity mediation within the framework of the supergravity theory. We assume that non-vanishing F -terms of gauge and flavor singlet (moduli) fields Z and gauge singlet fields χ_i (i = 1, · · · , 14) contribute to the SUSY breaking. Their F -components are written as

F^{Φk} = −e^{K2M2p} K^{ΦkĪ} ( ∂¯_IW̄ + K¯_I M^2_p W̄ ) , (41)

where M_p is the Planck mass, W is the superpotential, K denotes the Kähler potential, K¯_{IJ} denotes second derivatives by fields, i.e. K¯_{IJ} = ∂¯_I ∂_J K and K^{ĪJ} is its inverse. Here the fields Φ_k correspond to the moduli fields Z and gauge singlet fields χ_i. The VEV’s of F_{Φk} /Φ_k are estimated as ⟨F_{Φk} /Φ_k⟩ = O(m_{3/2}), where m_{3/2} denotes the gravitino mass, which is obtained as m_{3/2} = ⟨e^{K/2M 2p} W/M^2_p ⟩.

First, let us study soft scalar masses. Within the framework of the supergravity theory, the soft scalar mass squared is obtained as [168]

m^2_{ĪJ} K¯_{IJ} = m^2_{3/2}K¯_{IJ} + |F^{Φk} |^2∂_{Φk} ∂¯_{Φk} K¯_{IJ} − |F^{Φk} |^2∂¯_{Φk} K¯_{IL}∂_{Φk} K¯_{MJ} K^{LM̄} . (42)

The invariance under the S_4 × Z_4 × U(1)_{F N} flavor symmetry as well as the gauge invariance requires the following form of the Kähler potential as

K = Z^{(5)}(Φ) ∑ i=1,2,3 |F_i|^2 + Z^{(10)}_{(1)} (Φ) ∑ i=1,2 |T_i|^2 + Z^{(10)}_{(2)} (Φ)|R_τ |^2, (43)

at the lowest level, where Z^{(5)}(Φ) and Z^{(10)}_{(1),(2)}(Φ) are arbitrary functions of the singlet fields Φ. By use of Eq. (42) with the Kähler potential in Eq. (43), we obtain the following matrix form of soft scalar masses squared for 5 5^c and 10 10^c combinations, which are denoted as m^2_F and m^2_T , respectively:

(m^2_F )_{ij} = m^2_F 0 0 0 m^2_F 0 0 0 m^2_F , (m^2_T )ij = m^2_{T (1)} 0 0 0 m^2_{T (1)} 0 0 0 m^2_{T (2)} . (44)

That is, three right-handed down-type squark and left-handed slepton masses are degenerate, and first two generations of other sectors are degenerate. These predictions would be obvious because the three generations of the F ⊂ (d^c, L) fields form a triplet of S_4, and the T ⊂ (Q, u^c, e^c) fields form a doublet and a singlet of S_4. These predictions hold exactly before S_4 × Z_4 × U(1)_{F N} is broken, but its breaking gives next-to-leading terms in the scalar mass matrices.

Next, we study effects due to S_4 × Z_4 × U(1)_{F N} breaking by χ_i. That is, we estimate corrections to the Kähler potential including χ_i. Since (T_1, T_2) are assigned to 2 and its conjugate representation is itself 2. Similarly, (F_1, F_2, F_3) are assigned to 3 and its conjugation is 3. Therefore, for the F_{1,2,3} fields, higher dimensional terms are given as

ΔK_F = ∑ i=1,3 Z^{(F )}_{Δai} (Φ)(F_1, F_2, F_3) ⊗ (F^c_1 , F^c_2 , F^c_3 ) ⊗ (χ_i, χ_{i+1}) ⊗ (χ^c_i , χ^c_{i+1})/Λ^2 + ∑ i=5,8,11 Z^{(F )}_{Δbi} (Φ)(F_1, F_2, F_3) ⊗ (F^c_1 , F^c_2 , F^c_3 ) ⊗ (χ_i, χ_{i+1}, χ_{i+2}) ⊗ (χ^c_i , χ^c_{i+1}, χ^c_{i+2})/Λ^2

+ Z^{(F )}_{Δc} (Φ)(F_1, F_2, F_3) ⊗ (F^c_1 , F^c_2 , F^c_3 ) ⊗ χ_{14} ⊗ χ^c_{14}/Λ^2 + Z^{(F )}_{Δd} (Φ)(F_1, F_2, F_3) ⊗ (F^c_1 , F^c_2 , F^c_3 ) ⊗ Θ ⊗ Θ^c/Λ̄^2. (45)

For example, higher dimensional terms including (χ_1, χ_2) and (χ_5, χ_6, χ_7) are explicitly written as ΔK^{[χ1,χ5]} F = Z^{(F )}_{Δa1} (Φ) [√ 2|χ_1|^2 Λ^2

(|F_2|^2 − |F_3|^2) ]

+ Z^{(F )}_{Δb5} (Φ) [ 2|χ_5|^2 Λ^2

(F_2F^∗_3 + F_3F^∗_2 + F_1F^∗_3 + F_3F^∗_1 + F_1F^∗_2 + F_2F^∗_1 ) ] . (46)

When we take into account corrections from all χ_iχ^∗_j to the Kähler potential, the soft scalar masses squared for the F_{1,2,3} fields have the following corrections,

(m^2_F )_{ij} = m^2_F + ã^2_{F 1}m^2_{3/2} k_F a^2_5m^2_{3/2} k_F a^2_5m^2_{3/2} k_F a^2_5m^2_{3/2} m^2_F + ã^2_{F 2}m^2_{3/2} k_F a^2_5m^2_{3/2} k_F a^2_5m^2_{3/2} k_F a^2_5m^2_{3/2} m^2_F + ã^2_{F 3}m^2_{3/2} , (47)

where k_F is a parameter of order one, and ã^2_{F k}(k = 1, 2, 3) are linear combinations of a_ia_j ’s.

For the T_{1,2,3} fields, higher dimensional terms are given as

ΔK_T = ∑ i=1,3 Z^{(T )}_{Δai} (Φ)(T_1, T_2) ⊗ (T^c_1 , T^c_2 ) ⊗ (χ_i, χ_{i+1}) ⊗ (χ^c_i , χ^c_{i+1})/Λ^2 + ∑ i=5,8,11 Z^{(T )}_{Δbi} (Φ)(T_1, T_2) ⊗ (T^c_1 , T^c_2 ) ⊗ (χ_i, χ_{i+1}, χ_{i+2}) ⊗ (χ^c_i , χ^c_{i+1}, χ^c_{i+2})/Λ^2

+ Z^{(T )}_{Δc} (Φ)(T_1, T_2) ⊗ (T^c_1 , T^c_2 ) ⊗ χ_{14} ⊗ χ^c_{14}/Λ^2 + Z^{(T )}_{Δd} (Φ)(T_1, T_2) ⊗ T^c_3 ⊗ (χ_1, χ_2)/Λ^2 + Z^{(T )}_{Δe} (Φ)(T^c_1 , T^c_2 ) ⊗ T_3 ⊗ (χ^c_1, χ^c_2)/Λ^2 + ∑ i=1,3 Z^{(T )}_{Δfi} (Φ)T_3 ⊗ T^c_3 ⊗ (χ_i, χ_{i+1}) ⊗ (χ^c_i , χ^c_{i+1})/Λ^2 + ∑ i=5,8,11 Z^{(T )}_{Δgi} (Φ)T_3 ⊗ T^c_3 ⊗ (χ_i, χ_{i+1}, χ_{i+2}) ⊗ (χ^c_i , χ^c_{i+1}, χ^c_{i+2})/Λ^2

+ Z^{(T )}_{Δh} (Φ)T_3 ⊗ T^c_3 ⊗ χ_{14} ⊗ χ^c_{14}/Λ^2 + Z^{(T )}_{Δi} (Φ)(T_1, T_2) ⊗ (T^c_1 , T^c_2 ) ⊗ Θ ⊗ Θ^c/Λ̄^2 + Z^{(T )}_{Δj} (Φ)T_3 ⊗ T^c_3 ⊗ Θ ⊗ Θ^c/Λ̄^2. (48)

In the same way, the T_{1,2,3} scalar mass matrix can be written as

(m^2_T )_{ij} = m^2_{T (1)} + ã^2_{T 11}m^2_{3/2} ã^2_{T 12}m^2_{3/2} k_T a_1m^2_{3/2} ã^2_{T 12}m^2_{3/2} m^2_{T (1)} + ã^2_{T 22}m^2_{3/2} k_T a_1m^2_{3/2} k^∗_T a_1m^2_{3/2} k^∗_T a_1m^2_{3/2} m^2_{T (2)} + ã^2_{T 33}m^2_{3/2} , (49)

where k_T is a complex parameter whose magnitude is of order one, and it is the only new source of the CP violation in our model. The parameters ã^2_{T ij} are linear combinations of a_ka_ℓ’s. In numerical analysis, we use the parameter Δa_L which is given by Δa_L = m^2_{T (2)}/m^2_{T (1)} − 1.

In order to estimate the magnitude of FCNC phenomena, we move to the super-CKM basis by diagonalizing quark and lepton mass matrices including next-to-leading terms. For the left-handed down-type squark and slepton, we get (m̃^2_{dLL} )^{(SCKM)} ij = U^†_d (m^2_T )_{ij} U_d, (m̃^2_{ℓLL} )^{(SCKM)}_{ij} = U^†_E (m^2_F )_{ij}U_E , (50)

and for the right-handed down-type squark and slepton as (m̃^2_{dRR} )^{(SCKM)} ij = V^†_d (m^2_F )_{ij}V_d, (m̃^2_{eRR} )^{(SCKM)}_{ij} = V^†_E (m^2_T )_{ij}V_E , (51)

where the mixing matrices V_E and U_E are given in Eq. (C11) in Appendix C.

Let us study scalar trilinear couplings, i.e. the so called A-terms. The A-terms among left-handed and right-handed squarks (sleptons) and Higgs scalar fields are obtained in the gravity mediation as [168] h_{IJ} L_J R_I H_K = ∑ K=¯5, 45

h^{(Y )}_{IJK} L_J R_I H_K + h^{(K)}_{IJK} L_J R_I H_K , (52)

where h^{(Y )}_{IJK} = F^{Φk} ⟨∂_{Φk}ỹ_{IJK}⟩, h^{(K)}_{IJK} L_J R_I H_K = −⟨ỹ_{LJK}⟩L_J R_I H_K F^{Φk} K^{LL̄}∂_{Φk} K¯_{LI} (53) −⟨ỹ_{IMK}⟩L_J R_I H_dF^{Φk} K^{MM̄} ∂_{Φk} K¯_{MJ} −⟨ỹ_{IJK}⟩L_J R_I H_K F^{Φk} K^{Hd} ∂_{Φk} K_{HK} , and K_{HK} denotes the Kähler metric of H_K . In addition, effective Yukawa couplings of the down-type quark ỹ_{IJK} are written as

ỹ_{IJK} = y_1

0 a_9/ √ 2 0 0 a_9/ √ 6 0 0 0 0 LR + y_2

0 0 0 0 0 0 0 0 a_{13} LR , (54)

then we have

h^{(Y )}_{IJK} = y_1 Λ 0 F̃^{a9} / √ 2 0 0 F̃^{a9} / √ 6 0 0 0 0 LR + y_2 Λ 0 0 0 0 0 0 0 0 F̃^{a13} LR , (55)

where F̃^{ai} = F^{ai} /a_i and F̃^{ai} /Λ = O(m_{3/2}).

By use of lowest level of the Kähler potential, we estimate h^{(K)}_{IJK} as

h^{(K)}_{IJK} = ỹ_{IJK} (A^R_I + A^L_J ), (56)

where we assume A^L_1 = A^L_2 = A^L_3 = F^{ãi} /(a_iΛ) ≃ O(m_{3/2}). The magnitudes of A^R_1 = A^R_2 and A^R_3 are also O(m_{3/2}). Furthermore, we should take into account next-to-leading terms of the Kähler potential including χ_i. These correction terms appear all entries so that their magnitudes are suppressed in O(ã) compared with the leading term. Then, we obtain

(m^2_{dLR} )_{ij} ≃ (m^2_{ℓLR} )^†_{ij} ≃ m_{3/2} ã^2_{LR11}v_d c_1 √ 3m_{s(μ)} 2 ã^2_{LR13}v_d ã^2_{LR21}v_d c_1^{ms(μ)}_2 ã^2_{LR23}v_d ã^2_{LR31}v_d ã^2_{LR32}v_d c_2m_{b(τ )} LR , (57)

where ã^2_{LRij} are linear combinations of a_ka_ℓ’s, and c_1 and c_2 are of order one parameters. Moving to the super-CKM basis, we have

(m̃^2_{dLR} )^{(SCKM)} ij = U^†_d (m^2_{dLR} )_{ij} V_d ≃ m_{3/2}

O (ã^2v_d) O (ã^2v_d) O (ã^2v_d) O (ã^2v_d) O(m_s) O (ã^2v_d) O (ã^2v_d) O (ã^2v_d) O(m_b) . (58)

Similarly, for the charged lepton,

(m̃^2_{ℓLR} )^{(SCKM)} ij = U^†_E (m^2_{ℓLR} )_{ij}V_E ≃ m_{3/2}

O (ã^2v_d) O (ã^2v_d) O (ã^2v_d) O (ã^2v_d) O(m_μ) O (ã^2v_d) O (ã^2v_d) O (ã^2v_d) O(m_τ ) . (59)

C. Renormalization group effect

In the framework of the supergravity, soft masses for all scalar particles have the common scale denoted by m_{SUSY}, and gauginos also have the common scale m_{1/2}. Therefore, at the GUT scale m_{GUT}, we take

M_1(m_{GUT}) = M_2(m_{GUT}) = M_3(m_{GUT}) = m_{1/2} . (60)

Effects of the renormalization group running lead at the scale m_W to following masses for gauginos,

M_i(m_W ) ≃ α_i(m_W ) α_i(m_{GUT})

M_i(m_{GUT}). (61)

Taking into account the renormalization group effect [169] on the average mass scale in m^2_{eL} , m^2_{eR} , m^2_{qL} , and m^2_{dR} with neglecting Yukawa couplings, we have

m^2_{eL} (m_W ) ≃ m^2_L(m_{GUT}) + 0.5M^2_2 (m_{GUT}) + 0.04M^2_1 (m_{GUT}) ≃ m^2_{SUSY} + 0.54m^2_{1/2}, m^2_{eR} (m_W ) ≃ m^2_R(m_{GUT}) + 0.15M^2_1 (m_{GUT}) ≃ m^2_{SUSY} + 0.15m^2_{1/2} , m^2_{qL} (m_W ) ≃ m^2_R(m_{GUT}) + 0.004M^2_1 (m_{GUT}) + 0.4M^2_2 (m_{GUT}) + 3.6M^2_3 (m_{GUT}) ≃ m^2_{SUSY} + 4.1m^2_{1/2} , m^2_{dR} (m_W ) ≃ m^2_R(m_{GUT}) + 0.015M^2_1 (m_{GUT}) + 3.6M^2_3 (m_{GUT}) ≃ m^2_{SUSY} + 3.7m^2_{1/2} .

(62)

For Yukawa couplings, the b − τ unification is realized at the leading order in our model, however, the b−τ unification is deviated when we include the next-to-leading order mass operators due to terms including H_{45}, see Ref. [147] for the detail. In that paper, we have calculated the renormalization group equations and observed fermion masses at the weak scale can be obtained when tan β is larger than two. Hereafter, we take tan β = 3 on the numerical analysis.

IV. NUMERICAL ANALYSIS

In this section, we perform numerical analysis to show that the S_4 flavor model presented in the previous section can explain the like-sign charge asymmetry in the B_s − B̄_s system. In order for this calculation, we first define the MI parameters for down-type squarks δ^{LL}_d , δ^{LR}_d , δ^{RL}_d , and δ^{RR}_d and for sleptons δ^{LL}_ℓ , δ^{LR}_ℓ , δ^{RL}_ℓ and, δ^{RR}_e as

m^2_{q̃} ( δ^{LL}_d δ^{LR}_d δ^{RL}_d δ^{RR}_d ) = ( (m̃^2_{dLL} )^{(SCKM)} (m̃^2_{dLR} )^{(SCKM)} (m̃^2_{dRL} )^{(SCKM)} (m̃^2_{dRR} )^{(SCKM)} ) − diag(m^2_{q̃} ) ,

m^2_{ℓ̃} ( δ^{LL}_ℓ δ^{LR}_ℓ δ^{RL}_ℓ δ^{RR}_e ) = ( (m̃^2_{ℓLL} )^{(SCKM)} (m̃^2_{ℓLR} )^{(SCKM)} (m̃^2_{ℓRL} )^{(SCKM)} (m̃^2_{eRR} )^{(SCKM)} ) − diag(m^2_{ℓ̃} ) ,

(63) where m_{q̃} and m~_ℓ are average squark and slepton masses with the values given below.

In the numerical analysis, we fix the following parameters

m_{3/2} = 430 GeV, m_{q̃} = 880 GeV, m~_ℓ = 520 GeV, M_1 = 135 GeV, M_2 = 270 GeV, M_3 ≡ m_{g̃} = 1 TeV, (64)

which are derived from the universal relation at the GUT scale

m_{1/2}(m_{GUT}) = m_{3/2}(m_{GUT}) = m_{SUSY}(m_{GUT}) = 430 GeV, (65)

by through the renormalization group effect discussed in the section III-C. This universal value is taken to be consistent with the lower bound of the gluino mass, which has been reported recently at Atlas Collaboration of LHC [159–161]. For the other parameters, we assume the following regions:

μ = [500, 1000] GeV, Δa_L = [−0.5, 5], |k_T a_1| = [0, 2], arg(k_T a_1) = [−π, π], a_5 = [0, 0.001], ã_{T 12} = [0, 0.1], ã_{LRij} = [0, 0.01], (66)

with tan β = 3, c_{1,2} = 1, and k_F = 1. In Eq.(66), the number of left-handed and right-handed sides in braces denote the minimal and maximal values, respectively. In our calculation, we neglect the diagonal elements of scalar masses ã_{F (1,2,3)} and ã_{T (11,22,33)}. The leading contribution to the parameters ã in the soft-terms are a_1 as ã_{LRij} ≃ √ a_1a_5 and ã_{T 12} ≃ a_1. As given in Appendix D, the SUSY contribution to M^{s,SUSY}_{12} is estimated as M^{s,SUSY} 12 ≃ − α^2_S 216m^2_{q̃} 2 3 M_{Bs} f^2_{Bs} { −0.59 [ (δ^{LL}_d )^2_3 + (δ^{RR}_d )^2_3 ] + 31(δ^{LL}_d )_{23}(δ^{RR}_d )_{23} −9.4 [ (δ^{LR}_d )^2_3 + (δ^{RL}_d )^2_3 ] + 7.9(δ^{LR}_d )_{23}(δ^{RL}_d )_{23} } , (67)

for x = m^2_{g̃}/m^2_{q̃} ≃ 1.3, and similar for B_d mixing. The coefficients in front of MI parameters for K meson mixing are −0.59, 554, −183, 114, respectively. Since the LR terms (δ^{LR,RL}_d )_{ij} are strictly constrained by b → sγ as seen in Appendix D, the (δ^{LL(RR)}_d )_{ij} terms gives larger contribution to M^{s,SUSY} 12 . Among them, since (δ^{RR}_d )_{ij} ≃ k_F a^2_5 <∼ 10^{−6} in our parameter region given in Eq.(66), the first term (δ^{LL}_d )^2_{ij} gives the dominant contributions. The approximation form of the LL parameters (δ^{LL}_d )_{ij} are given by

(δ^{LL}_d )_{12} ≃ θ^d_{13}θ^d_{23}Δa_L − m^2_{3/2} m^2_{q̃} ( θ^d_{13} 1 + √ 3 2 k^∗_T a_1 + θ^d_{23} 1 − √ 3 2 k_T a_1 )

≃ − m^2_{3/2} m^2_{q̃} √ 2 ( θ^d_{13}V_{ud}k^∗_T a_1 − θ^d_{23}V_{us}k_T a_1 ) , (68)

(δ^{LL}_d )_{13} ≃ −θ^d_{13}Δa_L + m^2_{3/2} m^2_{q̃} ( 1 − √ 3 2 − θ^d_{12} 1 + √ 3 2 ) k_T a_1 ≃ − m^2_{3/2} m^2_{q̃} √ 2V_{us}k_T a_1, (69)

(δ^{LL}_d )_{23} ≃ −θ^d_{23}Δa_L + m^2_{3/2} m^2_{q̃} ( 1 + √ 3 2 + θ^d_{12} 1 − √ 3 2 ) k_T a_1 ≃ m^2_{3/2} m^2_{q̃} √ 2V_{ud}k_T a_1, (70) where in the last approximation of each expression, we have neglected the first term proportional to θ^d_{13,23} ≃ 0.005 and Δa_L ∼ 1. Notice that the MI parameters are expressed in terms of the CKM elements, and that both (δ^{LL}_d )_{13} and (δ^{LL}_d )_{23} have the same phase structure k_T a_1, which is only the new source of the CP violation in our model. These are the typical feature of our S_4 flavor model. By using these expressions, one finds that the K^0 − K̄^0 mixing induced by (δ^{LL}_d )_{12} is more suppressed by additional factor θ^d_{ij} .

The cEDM for the strange quark is estimated from the formula in Appendix D as

ed^C_s ∼ 10^{−20}Im[(δ^{LL}_d )_{23}(δ^{LR}_d )_{33}(δ^{RR}_d )_{32}] ecm ∼ 10^{−28}Im[(δ^{LL}_d )_{23}] ecm, (71)

for x ≃ 1.3, (δ^d_{33})_{LR} ∼ 10^{−2} and (δ^d_{32})_{RR} ∼ 10^{−6}. Therefore, (δ^d_{23})_{LL} is not constrained by cEDM. As for the b → sγ process, one can see that (δ^d_{23})_{LR} should be strongly suppressed while (δ^d_{23})_{LL,RR} have an additional suppression factor m_b/m_{g̃} ∼ 10^{−3}. In our numerical calculation, we take ã_{LRij} <∼ 0.01 so that b → sγ is well suppressed, and the allowed region of |(δ^{LL}_d )_{23}| is also small enough as mentioned below.

First we discuss the allowed regions of the parameters (h_s, h_d), (h_s, σ_s), (h_d, σ_d) defined in Eq.(11). In our model, the parameters h_{d,s}e^{2iσd,s} are estimated as h_de^{2iσd} = M^{d,SUSY} 12 M^{d,SM}_{12} ≃ (27 − i25)(δ^{LL}_d )^2_{13}, (72) h_se^{2iσs} = M^{s,SUSY} 12 M^{s,SM}_{12} ≃ (1.7 + i0.06)(δ^{LL}_d )^2_3, (73)

where the MI parameters (δ^{LL}_d )_{ij} reflect the flavor symmetry, while the factors (27 − i25) and (1.7 + i0.06) do not. The ratio of (27−i25)/(1.7+i0.06) is related to the CKM elements as (27−i25)/(1.7+ i0.06) ≃ M^{s,SM}_{12} /M^{d,SM}_{12} ≃ (V^∗_{ts}/V^∗_{td})^2. We obtain the ratio of h_d and h_s as h_d h_s ≃ |27 − i25| |1.7 + i0.06| |V_{us}|^2 |V_{ud}|^2 ≃ |V_{ts}|^2 |V_{td}|^2 |V_{us}|^2 |V_{ud}|^2 ≃ 1. (74)

Therefore, the fact that the region h_d ≃ h_s is favored reflects the flavor structure of the S_4 flavor model. The CP violation phase ϕ_s is given by

ϕ_s ≃ arg [ −(1 + h_se^{2iσs} ) ] , (75)

with neglecting the SM contribution. The CP phase sin ϕ_s is bounded as | sin ϕ_s| <∼ h_s for h_s < 1, and has the negatively-maximal value sin ϕ_s ≃ −h_s at σ_s ≃ 120^∘. This corresponds to the best-fit value (h_s, σ_s) = (0.5, 120^∘) of Eq.(16)[162].

Fig.1 shows the plot in the ϕ_s − A^b_{sl} plane. The horizontal and vertical lines are the experimental values of one-dimensional likelihood analysis [170]

ϕ_s = [−1.8, 0.4] (rad), at 95% C.L., (76)

and 2σ range of A^b_{sl} in Eq.(8), respectively. The blue (dark gray) and orange (light gray) regions denote 2σ and 3σ regions of A^b_{sl} in Eq.(8), respectively. By using Eq.(14) and |1 + h_sexp(2iσ_s)| ∼

FIG. 1: Allowed region in the ϕ_s − A^b_{sl} plane. The blue (dark gray) and orange (light gray) regions denote 2σ and 3σ regions of A^b_{sl} in Eq. (8). The blue (black) error bars of the horizontal and vertical lines are experimental values of 2σ region of ϕ_s and A^b_{sl}.

FIG. 2: Allowed region in the Re(δ^{LL}_d )_{23} − Im(δ^{LL}_d )_{23} plane. The blue (dark gray) and orange (light gray) regions denote 2σ and 3σ regions of A^b_{sl} in Eq. (8).

(1 + 0.5exp[2i120^∘]) ≃ 0.8, we obtain −a^s_l >∼ 10^{−3}, and similar for a^d_{sl}. As a consequence we obtain the like-sign charge asymmetry as −A^b_{sl} >∼ 10^{−3}, which is within 2σ range of A^b_{sl} of Eq.(8).

Fig.2 shows the allowed region in the Re(δ^{LL}_d )_{23} − Im(δ^{LL}_d )_{23} plane. One finds from Eq.(73) that in order to obtain the best fit value (h_s, σ_s) = (0.5, 120^∘), the sign of Re(δ^{LL}_d )_{23} and Im(δ^{LL}_d )_{23} must be opposite from each other, with Re(δ^{LL}_d )_{23} ≃ ±0.3 and Im(δ^{LL}_d )_{23} ≃ ∓0.4. This allowed region |(δ^{LL}_d )_{23}| <∼ 0.5 is small enough to suppress b → sγ. The similar figure is drawn in the Re(δ^{LL}_d )_{13} − Im(δ^{LL}_d )_{13} plane with |V_{td}/V_{ts}| ≃ 0.22 times smaller area.

In Fig.3, we predict the difference a^s_l − a^d_{sl}, which will be measured at LHCb, as a function of ϕ_s. The SM prediction [151] a^{s,SM}_{sl} − a^{d,SM}_{sl} = (4.3 ± 0.7) × 10^{−4} is also shown. We predict that a^s_l − a^d_{sl} ≃ (1 − 5) × 10^{−3} in the 2σ region of A^b_{sl}. This will be a good test for our S_4 flavor model.

Since our model is based on the SU(5) GUT, above contributions in the quark sector affect to the lepton sector. Therefore, sleptons contribute to the LFV processes and EDM of the electron [171, 172], in which the experimental measurements give the upper bounds [173–175]. The Fig.4 shows the relation of BR(μ → eγ) and the electron EDM. Within the MI parameters, (δ^{RR}_e )_{ij} ∼ (δ^{LL}_d )_{ji} except for (i, j) = (1, 2), (2, 1) are relatively large in our model. Therefore one finds from Appendix E that the (δ^{RL}_e )_{21} term in A^{21}_L , which is enhanced by M_1/m_μ ∼ 10^3, mainly contributes to μ → eγ

FIG. 3: Allowed region in the (a^s_l − a^d_{sl}) − ϕ_s plane. The blue (dark gray) and orange (light gray) regions denote 2σ and 3σ regions of A^b_{sl} in Eq. (8). The blue error bars of the horizontal and vertical lines are experimental values of 2σ region of ϕ_s and (a^s_l −a^d_{sl}). The horizontal line is experimental values of 2σ region for ϕ_s, and the vertical line is the SM prediction of (a^s_l − a^d_{sl}).

FIG. 4: Allowed region in the |d_e|−BR(μ → eγ) plane. The blue (dark gray) and orange (light gray) regions denote 2σ and 3σ regions of A^b_{sl} in Eq. (8). The horizontal and vertical lines are experimental bounds of |d_e| and BR(μ → eγ). process. As for the electron EDM, the terms with one small MI parameters dominates. The largest contributions are approximately estimated as BR(μ → eγ) ≃ 48π^3α G^2_F | | | | α_1 4π (δ^{RL}_e )_{21} m^2_{ℓ̃} ( M_1 m_μ ) 2f_{2n}(x_1) | | | | 2

≃ 3 × 10^{−11} ( 520GeV m~_ℓ )_4 ( M_1 135GeV

)_2 ( |(δ^{RL}_e )_{21}| 10^{−5}

)_2 , (77) |d_e/e| ≃ α_1 4π M_1 m^2_{ℓ̃} | |Im[(δ^{LR}_ℓ )13(δ^{RR}_e )31]f3n(x1)

+ Im[(δ^{LR}_ℓ )_{12}(δ^{RR}_e )_{23}(δ^{RR}_e )_{31} + (δ^{LR}_ℓ )_{13}(δ^{RR}_e )_{33}(δ^{RR}_e )_{31}]f_{4n}(x_1) | | | ≃ 1 × 10^{−26}cm × ( M_1 135GeV ) ( 520GeV m~_ℓ )_2 [( (δ^{LR}_ℓ )_{13} 10^{−5} ) ( (δ^{RR}_e )_{31} 0.1 ) + · · · ] . (78)

The value of |(δ^{RL}_e )_{ij}| is of order m_{3/2}v_d/m^2_{ℓ̃} × ã^2_{LRij} <∼ 10^{−5}. Therefore we find that BR(μ → eγ) and electron EDM can be close to the present experimental bound as shown in the figure.

The b−s transition by (δ^{LL}_d )_{23} in the quark sector simultaneously induce the LFV τ decay τ → μγ by (δ^{RR}_e )_{32}. The dominant contribution is estimated from Appendix E as

BR(τ → μγ) ≃ BR(τ → μν_τ ν̄_μ) 48π^3α G^2_F ( α_1 4π )_2 [ (δ^{RR}_e )_{32} m^2_{ℓ̃} μM_1 tan β ( f_{3n}(x_1) m^2_{ℓ̃} − 2f_{2n}(x_1, x_μ) μ^2 − M^2_1 )]_2

≃ 10^{−8} ( 520GeV m~_ℓ )_8 (

M_1 135GeV

)_2 ( tan β 3 )_2 ( μ 500GeV

)_2

|(δ^{RR}_e )_{32}|^2, (79)

and similar for τ → eγ decay. Therefore for large μ term, τ → μγ can be close to present upper bound given in Eq.(21). By using the expression Eqs.(69) and (70), we obtain the relation of BR(τ → μγ) and BR(τ → eγ) depending on the Cabibbo angle λ_c ≃ 0.22 as follows: BR(τ → eγ) BR(τ → μγ) ≃ |(δ^{RR}_e )_{31}|^2 |(δ^{RR}_e )_{32}|^2 ≃ |(δ^{LL}_d )_{13}|^2 |(δ^{LL}_d )_{23}|^2 ≃ |V_{us}|^2 |V_{ud}|^2 ≃ λ^2_c ≃ 0.05. (80)

Therefore we conclude that there exist the parameter region which can explain the like-sign dimuon asymmetry A^b_{sl} in the S_4 flavor model, and in this case we predict that the LFV τ → μγ decay can be so large that future experiments will reach, and the ratio of LFV of τ decays, τ → eγ and τ → μγ, depends on the Cabibbo angle λ_c.

V. SUMMARY

Recently the DØ Collaboration reported the like-sign dimuon charge asymmetry A^b_{sl} in bb̄ → μ^±μ^±X decay processes. Their result shows 3.2σ deviation from the standard model prediction. One promising interpretation of this result is that there exist additional contribution of new physics to the CP violation in B_s − B̄_s mixing process. In the effective Hamiltonian of the neutral B_s meson system, there are three physical quantities |Γ^s_{12}|, |M^s_{12}| and the CP phase ϕ_s = arg(−M^s_{12}/Γ^s_{12}). In order to obtain large CP asymmetry in the neutral B_s meson system, additional contributions from new physics to at least one of these three quantities are required. Within these possibilities, one can consider new physics that the absorptive part Γ^s_{12} can be enhanced. However in general supersymmetric models, the gluino-squark box diagrams give the dominant contributions to B_s − B̄_s mixing, which do not affect |Γ^s_{12}|. Therefore in those models, new physics contributes to |M^s_{12}| and ϕ_s.

In this paper we have considered an SU(5) SUSY GUT with S_4 flavor symmetry. In this model, the Cabibbo angle, λ_c ∼ sin 15^∘, of the quark sector is given by a difference of 45^∘ from up sector and 60^∘ from down sector due to the Clebsch-Gordan coefficients at the leading order. As for the lepton sector, the tri-bimaximal form is generated in neutrino sector. These are consequences of the S_4 flavor symmetry. Since the matter multiplet T (10) and F (¯5) are embedded into 2+1 and 3 of the S_4 group, respectively, the scalar masses of right-handed down-type squark and left-handed slepton are degenerated at the leading order, while those of T_{1,2,3} fields are degenerated in the first two generations. Moreover for scalar mass matrix of T_{1,2,3} fields, the relation (m^2_T )_{13} = (m^2_T )_{23} ∝ k_T a_1 holds due to the S_4 symmetry. The factor k_T a_1 in the scalar mass matrix is assumed to be the only additional complex parameter in our model, which is responsible for the CP violation in the neutral B_s meson system via gluino-squark box diagrams. As a consequence, the mass-insertion parameters (δ^{LL}_d )_{13} and (δ^{LL}_d )_{23} have approximately the structure of V_{us}k_T a_1 and V_{ud}k_T a_1, respectively.

We have shown that the like-sign charge asymmetry A^b_{sl} is in the 2σ range of the combined result of DØ and CDF measurements. Since the relation between two CP phases sin ϕ_d ≃ sin ϕ_s holds due to S_4 flavor symmetry, and it can be large, we obtain large wrong-sign and like-sign asymmetry: |a^{d,s}_{sl} | ∼ |A^b_{sl}| ∼ 10^{−3}. The SUSY contributions in the quark sector affect to the lepton sector because of the SU(5) GUT relation (δ^{LL}_d )_{ij} ≃ (δ^{RR}_e )_{ji}. In the parameter region allowed by A^b_{sl}, we have two predictions in the leptonic processes: (i) Both BR(μ → eγ) and the electron EDM are close to the present upper bound. Therefore, the MEG experiment [173] will be a good test of our model. (ii) The LFV τ decays, τ → μγ and τ → eγ, are related to each other via the Cabibbo angle λ_c: BR(τ → eγ)/BR(τ → μγ) ≃ λ^2_c . This is also testable at future experiments such as superKEKB.

Acknowledgments H.I. and Y.S are supported by Grand-in-Aid for Scientific Research, No.21.5817 and No.22.3014, respectively, from the Japan Society of Promotion of Science. The work of Y.K. is supported by the ESF grant No. 8090 and Young Researcher Overseas Visits Program for Vitalizing Brain Circulation Japanese in JSPS. The work of M.T. is supported by the Grant-in-Aid for Science Research, No. 21340055, from the Ministry of Education, Culture, Sports, Science and Technology of Japan.

Appendix A: Multiplication rule of S_4

The S_4 group has 24 distinct elements and irreducible representations 1, 1^′, 2, 3, and 3^′. All of the S_4 elements are written by products of the generators b_1 and d_4, which satisfy

(b_1)^3 = (d_4)^4 = e, d_4(b_1)^2d_4 = b_1, d_4b_1d_4 = b_1(d_4)^2b_1 . (A1)

These generators are represented on 2, 3 and 3^′ as follows,

b_1 = ( ω 0 0 ω^2 ) , d_4 = ( 0 1 1 0 ) , on 2, (A2)

b_1 =

0 0 1 1 0 0 0 1 0 , d4 = −1 0 0 0 0 −1 0 1 0

, on 3, (A3)

b_1 =

0 0 1 1 0 0 0 1 0 , d4 = 1 0 0 0 0 1 0 −1 0

, on 3^′. (A4)

The multiplication rule depends on the basis. We present the multiplication rule, which is used in this paper: ( a_1 a_2 ) 2 ⊗ ( b_1 b_2 ) 2 = (a_1b_1 + a_2b_2)_1 ⊕ (−a_1b_2 + a_2b_1)_1′ ⊕ ( a_1b_2 + a_2b_1 a_1b_1 − a_2b_2 ) 2 , (A5) ( a_1 a_2 ) 2 ⊗ b_1 b_2 b_3 3 = a_2b_1 −^1_2 ( √ 3a_1b_2 + a_2b_2) 1 2 ( √ 3a_1b_3 − a_2b_3) 3 ⊕ a_1b_1 1 2 ( √ 3a_2b_2 − a_1b_2) −^1_2 ( √ 3a_2b_3 + a_1b_3)

3^′ ,

(A6) ( a_1 a_2 ) 2 ⊗ b_1 b_2 b_3

3^′ = a_1b_1 1 2 ( √ 3a_2b_2 − a_1b_2) −^1_2 ( √ 3a_2b_3 + a_1b_3) 3 ⊕ a_2b_1 −^1_2 ( √ 3a_1b_2 + a_2b_2) 1 2 ( √ 3a_1b_3 − a_2b_3)

3^′ ,

(A7)

a_1 a_2 a_3 3 ⊗ b_1 b_2 b_3 3 = (a_1b_1 + a_2b_2 + a_3b_3)_1 ⊕ (_{1√} 2 (a_2b_2 − a_3b_3) 1√ 6 (−2a_1b_1 + a_2b_2 + a_3b_3) ) 2

⊕ a_2b_3 + a_3b_2 a_1b_3 + a_3b_1 a_1b_2 + a_2b_1 3 ⊕ a_3b_2 − a_2b_3 a_1b_3 − a_3b_1 a_2b_1 − a_1b_2

3^′ ,

(A8)

a_1 a_2 a_3

3^′ ⊗ b_1 b_2 b_3

3^′

= (a_1b_1 + a_2b_2 + a_3b_3)_1 ⊕ (_{1√} 2 (a_2b_2 − a_3b_3) 1√ 6 (−2a_1b_1 + a_2b_2 + a_3b_3) ) 2

⊕ a_2b_3 + a_3b_2 a_1b_3 + a_3b_1 a_1b_2 + a_2b_1 3 ⊕ a_3b_2 − a_2b_3 a_1b_3 − a_3b_1 a_2b_1 − a_1b_2

3^′ ,

(A9)

a_1 a_2 a_3 3 ⊗ b_1 b_2 b_3

3^′

= (a_1b_1 + a_2b_2 + a_3b_3)_1′ ⊕ (_{1√} 6 (2a_1b_1 − a_2b_2 − a_3b_3) 1√ 2 (a_2b_2 − a_3b_3) ) 2

⊕ a_3b_2 − a_2b_3 a_1b_3 − a_3b_1 a_2b_1 − a_1b_2 3 ⊕ a_2b_3 + a_3b_2 a_1b_3 + a_3b_1 a_1b_2 + a_2b_1

3^′ .

(A10)

More details are shown in the review [27].

Appendix B: Next-to-leading order

Parameters appeared in the down-type quark mass matrix with next-to-leading order are ϵ̄_{ij} . These are explicitly written as

ϵ̄_{11} = y_{Δb} a_5a_{14}v_d + ȳ_{Δc2} a_1a_5v_d,

ϵ̄_{12} = − 1 2 y_{Δb} a_5a_{14}v_d − [√ 3 4 ( √ 3 − 1)ȳ_{Δc1} − 1 4 ( √ 3 + 1)ȳ_{Δc2} ] a_1a_5v_d,

ϵ̄_{13} = [{√ 3 4 ( √ 3 − 1)y_{Δa1} + 1 4 ( √ 3 + 1)y_{Δa2} } a_1a_{13} − 1 2 y_{Δb} a_5a_{14} ] v_d

+ [{ − √ 3 4 ( √ 3 + 1)ȳ_{Δc1} − 1 4 ( √ 3 − 1)ȳ_{Δc2} } a_1a_5 + √ 3 2 ȳ_{Δd} a_{13}a_{14} ] v_d, ϵ̄_{21} = ȳ_{Δc1} a_1a_5v_d,

ϵ̄_{22} = √ 3 2 y_{Δb} a_5a_{14}v_d − [ 1 4 ( √ 3 − 1)ȳ_{Δc1} + √ 3 4 ( √ 3 + 1)ȳ_{Δc2} ] a_1a_5v_d,

ϵ̄_{23} = [{ − 1 4 ( √ 3 − 1)y_{Δa1} + √ 3 4 ( √ 3 + 1)y_{Δa2} } a_1a_{13} − √ 3 2 y_{Δb} a_5a_{14} ] v_d

+ [{ 1 4 ( √ 3 + 1)ȳ_{Δc1} − √ 3 4 ( √ 3 − 1)ȳ_{Δc2} } a_1a_5 − 1 2 ȳ_{Δd} a_{13}a_{14} ] v_d, ϵ̄_{31} = −y_{Δe} a_5a_9v_d + ȳ_{Δf} a_9a_{13}v_d, ϵ̄_{33} = y_{Δe} a_5a_9v_d. (B1)

Appendix C: Lepton sector

The mass matrix of charged lepton becomes

M_l =

0 −3y_1λa_9v_{45}/ √ 2 0 0 −3y_1λa_9v_{45}/ √ 6 0 0 0 y_2a_{13}v_d , (C1)

then, masses are given as

m^2_e = 0 , m^2_μ = 6|ȳ_1λa_9|^2v^2_d , m^2_τ = |y_2|^2a^2_{13}v^2_d . (C2)

In the same way, the right-handed Majorana mass matrix of neutrinos is given by

M_N = y^N_1 λ^2Λ̄ + y^N_2 a_4Λ 0 0 0 y^N_1 λ^2Λ̄ − y^N_2 a_4Λ 0 0 0 M , (C3) and the Dirac mass matrix of neutrinos is

M_D = y^D_1 λv_u

2a_5/ √ 6 −a_5/ √ 6 −a_5/ √ 6 0 a_5/ √ 2 −a_5/ √ 2 0 0 0 + y^D_2 vu 0 0 0 0 0 0 a_5 a_5 a_5 . (C4)

By using the seesaw mechanism M_ν = M^T_DM^{−1}_N M_D, the left-handed Majorana neutrino mass matrix is written as

M_ν = a +^2_3 b a −^1_3 b a −^1_3 b a −^1_3 b a +^1_6 b +^1_2 c a +^1_6 b −^1_2 c a −^1_3 b a +^1_6 b −^1_2 c a +^1_6 b +^1_2 c , (C5) where a = (y^D_2 a_5v_u)^2 M , b = (y^D_1 a_5v_uλ)^2 y^N_1 λ^2Λ̄ + y^N_2 a_4Λ , c = (y^D_1 a_5v_uλ)^2 y^N_1 λ^2Λ̄ − y^N_2 a_4Λ

. (C6)

It gives the tri-bimaximal mixing matrix U_{tri-bi} and mass eigenvalues as follows:

U_{tri-bi} = 2√ 6 1√ 3 0 −^{1√}_6^{1√}_3 −^{1√}_2 −^{1√}_6^{1√}_3^{1√}_2 ,

m_{ν1} = b , m_{ν2} = 3a , m_{ν3} = c . (C7)

The next-to-leading terms of the superpotential are important to predict the deviation from the tri-bimaximal mixing of leptons. The relevant superpotential in the charged lepton sector is given at the next-to-leading order as

Δw_l = y_{Δa} (T_1, T_2) ⊗ (F_1, F_2, F_3) ⊗ (χ_1, χ_2) ⊗ (χ_{11}, χ_{12}, χ_{13}) ⊗ H¯_5/Λ^2 + y_{Δb} (T_1, T_2) ⊗ (F_1, F_2, F_3) ⊗ (χ_5, χ_6, χ_7) ⊗ χ_{14} ⊗ H¯_5/Λ^2 + y_{Δc} (T_1, T_2) ⊗ (F_1, F_2, F_3) ⊗ (χ_1, χ_2) ⊗ (χ_5, χ_6, χ_7) ⊗ H_{45}/Λ^2 + y_{Δd} (T_1, T_2) ⊗ (F_1, F_2, F_3) ⊗ (χ_{11}, χ_{12}, χ_{13}) ⊗ χ_{14} ⊗ H_{45}/Λ^2 + y_{Δe} T_3 ⊗ (F_1, F_2, F_3) ⊗ (χ_5, χ_6, χ_7) ⊗ (χ_8, χ_9, χ_{10}) ⊗ H¯_5 ⊗ /Λ^2 + y_{Δf} T_3 ⊗ (F_1, F_2, F_3) ⊗ (χ_8, χ_9, χ_{10}) ⊗ (χ_{11}, χ_{12}, χ_{13}) ⊗ H_{45} ⊗ /Λ^2 . (C8)

By using this superpotential, we obtain the charged lepton mass matrix as

M_l ≃ ϵ_{11} √ 3m_μ 2 + ϵ_{12} ϵ_{13} ϵ_{21}^{mμ}_2 + ϵ_{22} ϵ_{23} ϵ_{31} 0 m_τ + ϵ_{33} , (C9)

where m_μ and m_τ are given in Eq. (C2) and ϵ_{ij} ’s are given as relevant linear combinations of a_ka_l’s. The explicit forms of ϵ_{ij} ’s are given by replacing ȳ_{Δi} /3 with −ȳ_{Δi} in ϵ̄_{ij} , which are presented in Appendix B. The charged lepton is diagonalized by the left-handed mixing matrix U_E and the righthanded one V_E as

V^†_EM_ℓU_E = M^{diag}_ℓ , (C10) where M^{diag}_ℓ is a diagonal matrix. These mixing matrices can be written by

V_E = cos 60^∘ sin 60^∘ 0 − sin 60^∘ cos 60^∘ 0

0 0 1 × 1^{ã2}_{λ2} ã −^{ã2}_{λ2} − ã^2 1 ã −ã +^{ã3}_{λ2} −ã −^{ã3}_{λ2} 1 ,

U_E =

1^ã_λ ã −^ã_λ − ã^2 1 ã −ã +^{ã2}_λ −ã −^{ã2}_λ 1 . (C11)

Taking the next-to-leading order, the electron has non-zero mass, namely

m^2_e ≃^3_2

(_1

6 ϵ^2_{11} −^{1√}_3 ϵ_{11}ϵ_{21} +^1_2 ϵ^2_1 ) ≃ O(ã^4v^2_d). (C12)

Appendix D: Formulae for quark sector

Here we will give formulae for quark sector which are used in our analysis. The SUSY contribution by gluino-squark box diagram to the dispersive part of the effective Hamiltonian for M − M̄ mixing (M = K, B_d, B_s) is given by [166, 176]

M^{M,SUSY}

12 = − α^2_S 216m^2_{q̃} 2 3 M_M f^2_M [ { (δ^{LL}_d )^2_{ij} + (δ^{RR}_d )^2_{ij} } { 24xf_6(x) + 66f̃_6(x) }

+ (δ^{LL}_d )_{ij}(δ^{RR}_d )_{ij} ({ 384 ( M_M m_j + m_i

)_2

+ 72 } xf_6(x) + { −24 ( M_M m_j + m_i

)_2 + 36 } f̃_6(x) )

+ { (δ^{LR}_d )^2_{ij} + (δ^{RL}_d )^2_{ij} } { −132 ( M_M m_j + m_i

)_2} xf_6(x)

+ (δ^{LR}_d )_{ij} (δ^{RL}_d )_{ij} { −144 ( M_M m_j + m_i

)_2

− 84 } f̃_6(x) ] , (D1)

where x = m^2_{g̃}/m^2_{q̃} and the loop functions are defined as

f_6(x) =

6(1 + 3x) log x + x^3 − 9x^2 − 9x + 17 6(x − 1)^5

, (D2)

f̃_6(x) = 6x(1 + x) log x − x^3 − 9x^2 + 9x + 1 3(x − 1)^5

. (D3)

For M = K, B_d, B_s meson system, the generation indices of down-type quarks (i, j) correspond to (i, j) = (1, 2), (1, 3), (2, 3), respectively.

For b → sγ decay, the Branching Ratio (BR) is given by

BR(b → sγ) = α^2_sα m^3_b τ_B 81π^2m^4_{q̃} [| |m_bG_3(x)(δ^{LL}_d )_{23} + m_{g̃}G_1(x)(δ^{LR}_d )_{23} | |^2 + (L ↔ R) ] , (D4) where τ_B is the lifetime of the B meson, and the loop functions are defined as

G_1(x) =

1 + 4x − 5x^2 + 4x log x + 2x^2 log x 2(x − 1)^4

, (D5)

G_3(x) =

−1 + 9x + 9x^2 − 17x^3 + 18x^2 log x + 6x^3 log x 12(x − 1)^5

. (D6)

The chromo EDM of the strange quark is given by [163]

d^C_s = c α_s 4π m_{g̃} m^2_{q̃} ( − 1 3 N_1(x) − 3N_2(x) ) Im[(δ^{LL}_d )_{23}(δ^{LR}_d )_{33}(δ^{RR}_d )_{32}], (D7)

where c is the QCD correction. We take c = 0.9. The functions N_1(x) and N_2(x) are given as follows:

N_1(x) =

3 + 44x − 36x^2 − 12x^3 + x^4 + 12x(2 + 3x) log x 6(x − 1)^6

, (D8)

N_2(x) = −

10 + 9x − 18x^2 − x^3 + 3(1 + 6x + 3x^2) log x 3(x − 1)^6

. (D9)

Appendix E: μ → eγ, τ → eγ and τ → μγ

In the framework of SUSY, LFV effects originate from misalignment between fermion and sfermion mass eigenstates. Once non-vanishing off-diagonal elements of the slepton mass matrices are generated in the super-CKM basis, LFV rare decays like ℓ_i → ℓ_j γ are naturally induced by one-loop diagrams with the exchange of gauginos and sleptons. The decay ℓ_i → ℓ_jγ is described by the dipole operator and the corresponding amplitude reads [171, 172, 176–178]

T = m_{ℓi} ϵ^λu_j(p − q)[iq^ν σ_{λν} (A_LP_L + A_RP_R)]u_i(p) , (E1)

where p and q are momenta of the initial lepton ℓ_i and of the photon, respectively, and A_{L,R} are the two possible amplitudes in this process. The branching ratio of ℓ_i → ℓ_j γ can be written as follows:

BR(ℓ_i → ℓ_jγ) BR(ℓ_i → ℓ_jν_iν̄_j ) = 48π^3α G^2_F

(|A^{ij}_L |^2 + |A^{ij}_R|^2) .

In the mass insertion approximation, it is found that [166] A^{ij}_L ≃ α_2 4π ( δ^{LL}_ℓ ) ij m^2_{ℓ̃} tan β [ μM_2 (M^2_2 − μ^2) ( f_{2n}(x_2, x_μ) + f_{2c}(x_2, x_μ) )

+ tan^2 θ_W μM_1 ( f_{3n}(x_1)

m^2_{ℓ̃} + f_{2n}(x_1, x_μ) (μ^2 − M^2_1 ) )] + α_1 4π ( δ^{RL}_ℓ ) ij m^2_{ℓ̃} ( M_1 m_{ℓi} ) 2 f_{2n}(x_1) ,

A^{ij}_R ≃ α_1 4π [( δ^{RR}_e ) ij m^2_{ℓ̃} μM_1 tan β ( f_{3n}(x_1)

m^2_{ℓ̃} − 2f_{2n}(x_1, x_μ) (μ^2 − M^2_1 ) ) + 2 ( δ^{LR}_e ) ij m^2_{ℓ̃} ( M_1 m_{ℓi} ) f_{2n}(x_1) ] , (E2) where θ_W is the weak mixing angle, x_{1,2} = M^2_{1,2}/m^2_{ℓ̃} , x_μ = μ^2/m^2_{ℓ̃} and f_{i(c,n)}(x, y) = f_{i(c,n)}(x) − f_{i(c,n)}(y). The loop functions f_i’s are given explicitly as follows:

f_{2n}(x) =

−5x^2 + 4x + 1 + 2x(x + 2) log x 4(1 − x)^4 , f_{3n}(x) =

1 + 9x − 9x^2 − x^3 + 6x(x + 1) log x 3(1 − x)^5 , f_{2c}(x) =

−x^2 − 4x + 5 + 2(2x + 1) log x 2(1 − x)^4 . (E3)

Appendix F: Electron electric dipole moment

The mass insertion parameters also contribute to the electron EDM through one-loop exchange of binos/sleptons. The corresponding EDM is given as [166, 179, 180] d_e e =− α_1 4π M_1 m^2_{ℓ̃} { Im[(δ^{LR}_ℓ )_{1k}(δ^{RR}_e )_{k1} + (δ^{LL}_ℓ )_{1k}(δ^{LR}_ℓ )_{k1}] f_{3n}(x_1) + Im[(δ^{LL}_ℓ )_{1k}(δ^{LR}_ℓ )_{kl}(δ^{RR}_e )_{l1}

+ (δ^{LR}_ℓ )_{1k}(δ^{RR}_e )_{kl}(δ^{RR}_e )_{l1} + (δ^{LL}_ℓ )_{1k}(δ^{LL}_ℓ )_{kl}(δ^{LR}_ℓ )_{l1}] f_{4n}(x_1) } , (F1)

where k, l = 2, 3, (δ^{LR}_ℓ )_{33} = −m_τ (A_τ + μ tan β)/m^2_{ℓ̃} , and the loop function f_{4n} is given as

f_{4n}(x) =

−3 − 44x + 36x^2 + 12x^3 − x^4 − 12x(3x + 2) log x 6(1 − x)^6

. (F2)

Since components (i, 3) and (3, i) of δ^{RR}_e are much larger compared to others in our model, dominant terms are given as d_e e ≈ − α_1 4π M_1 m^2_{ℓ̃} { O( m_e m~_ℓ a_1) f_{3n}(x_1) + O( m_τ m~_ℓ (1 + μ tan β m~_ℓ )a_1ã^2) f_{4n}(x_1) } . (F3)

References

[1] M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 652 (1973). [2] CDF Note 9015, (CDF Collaboration), 2007.

[3] V. M. Abazov et al. [D0 Collaboration], Phys. Rev. D 82, 032001 (2010) [arXiv:1005.2757 [hep-ex]];

V. M. Abazov et al. [D0 Collaboration], Phys. Rev. Lett. 105, 081801 (2010) [arXiv:1007.0395 [hepex]].

[4] A. Lenz and U. Nierste, JHEP 0706, 072 (2007) [arXiv:hep-ph/0612167]; A. Lenz, Nucl. Phys. Proc.

Suppl. 177, 81 (2008) [arXiv:0705.3802 [hep-ph]].

[5] N. G. Deshpande, X. G. He and G. Valencia, Phys. Rev. D 82, 056013 (2010) [arXiv:1006.1682 [hepph]].

[6] S. Oh and J. Tandean, Phys. Lett. B 697, 41 (2011) [arXiv:1008.2153 [hep-ph]]; A. K. Alok, S. Baek and D. London, arXiv:1010.1333 [hep-ph].

[7] X. G. He, B. Ren and P. C. Xie, arXiv:1009.3398 [hep-ph]; C. H. Chen, C. S. Kim and R. H. Li, arXiv:1012.0095 [hep-ph].

[8] A. Dighe, A. Kundu and S. Nandi, Phys. Rev. D 82, 031502 (2010) [arXiv:1005.4051 [hep-ph]]. [9] C. W. Bauer and N. D. Dunn, Phys. Lett. B 696, 362 (2011) [arXiv:1006.1629 [hep-ph]]. [10] W. Chao and Y. c. Zhang, arXiv:1008.5277 [hep-ph]. [11] A. Datta, M. Duraisamy and S. Khalil, arXiv:1011.5979 [hep-ph]. [12] Y. Bai and A. E. Nelson, Phys. Rev. D 82, 114027 (2010) [arXiv:1007.0596 [hep-ph]]. [13] D. Choudhury and D. K. Ghosh, JHEP 1102, 033 (2011) [arXiv:1006.2171 [hep-ph]]; O. Eberhardt, A. Lenz and J. Rohrwild, Phys. Rev. D 82, 095006 (2010) [arXiv:1005.3505 [hep-ph]].

[14] S. F. King, JHEP 1009, 114 (2010) [arXiv:1006.5895 [hep-ph]]. [15] M. Endo, S. Shirai and T. T. Yanagida, arXiv:1009.3366 [hep-ph]. [16] M. Endo and N. Yokozaki, arXiv:1012.5501 [hep-ph].

[17] J. Kubo and A. Lenz, Phys. Rev. D 82, 075001 (2010) [arXiv:1007.0680 [hep-ph]]; Y. Kaburaki, K. Konya, J. Kubo and A. Lenz, arXiv:1012.2435 [hep-ph].

[18] J. K. Parry, Phys. Lett. B 694, 363 (2011) [arXiv:1006.5331 [hep-ph]]. [19] M. Bona et al. [UTfit Collaboration], PMC Phys. A 3, 6 (2009) [arXiv:0803.0659 [hep-ph]]. [20] B. A. Dobrescu, P. J. Fox and A. Martin, Phys. Rev. Lett. 105, 041801 (2010) [arXiv:1005.4238 [hep-ph]].

[21] P. Ko and J. h. Park, Phys. Rev. D 80, 035019 (2009) [arXiv:0809.0705 [hep-ph]], Phys. Rev. D 82, 117701 (2010) [arXiv:1006.5821 [hep-ph]].

[22] R. M. Wang, Y. G. Xu, Q. Chang and Y. D. Yang, arXiv:1102.2031 [hep-ph]. [23] J. P. Lee, Phys. Rev. D 82, 096009 (2010) [arXiv:1009.1730 [hep-ph]].

[24] S. C. Park, J. Shu, K. Wang and T. T. Yanagida, Phys. Rev. D 82, 114003 (2010) [arXiv:1008.4445 [hep-ph]].

[25] A. Kostelecky and R. Van Kooten, Phys. Rev. D 82, 101702 (2010) [arXiv:1007.5312 [hep-ph]]. [26] B. Batell and M. Pospelov, Phys. Rev. D 82, 054033 (2010) [arXiv:1006.2127 [hep-ph]]; C. Delaunay, O. Gedalia, S. J. Lee, G. Perez and E. Ponton, arXiv:1007.0243 [hep-ph]; K. Blum, Y. Hochberg and Y. Nir, JHEP 1009, 035 (2010) [arXiv:1007.1872 [hep-ph]]; A. J. Buras, G. Isidori and P. Paradisi, Phys. Lett. B 694, 402 (2011) [arXiv:1007.5291 [hep-ph]]; M. Trott and M. B. Wise, JHEP 1011, 157 (2010) [arXiv:1009.2813 [hep-ph]]; J. Shelton and K. M. Zurek, arXiv:1101.5392 [hep-ph].

[27] H. Ishimori, T. Kobayashi, H. Ohki, Y. Shimizu, H. Okada and M. Tanimoto, Prog. Theor. Phys.

Suppl. 183, 1 (2010) [arXiv:1003.3552 [hep-th]].

[28] T. Schwetz, M. A. Tortola and J. W. F. Valle, New J. Phys. 10, 113011 (2008) [arXiv:0808.2016 [hep-ph]].

[29] G. L. Fogli, E. Lisi, A. Marrone, A. Palazzo and A. M. Rotunno, Phys. Rev. Lett. 101, 141801 (2008) [arXiv:0806.2649 [hep-ph]].

[30] G. L. Fogli, E. Lisi, A. Marrone, A. Palazzo and A. M. Rotunno, Nucl. Phys. Proc. Suppl. 188 27

(2009).

[31] M. C. Gonzalez-Garcia, M. Maltoni and J. Salvado, arXiv:1001.4524 [hep-ph]. [32] P. F. Harrison, D. H. Perkins and W. G. Scott, Phys. Lett. B 530, 167 (2002) [arXiv:hep-ph/0202074]. [33] P. F. Harrison and W. G. Scott, Phys. Lett. B 535, 163 (2002) [arXiv:hep-ph/0203209]. [34] P. F. Harrison and W. G. Scott, Phys. Lett. B 557, 76 (2003) [arXiv:hep-ph/0302025]. [35] P. F. Harrison and W. G. Scott, arXiv:hep-ph/0402006.

[36] E. Ma and G. Rajasekaran, Phys. Rev. D 64, 113012 (2001) [arXiv:hep-ph/0106291]. [37] E. Ma, Mod. Phys. Lett. A 17, 2361 (2002) [arXiv:hep-ph/0211393]. [38] E. Ma, Phys. Rev. D 70, 031901 (2004) [arXiv:hep-ph/0404199]. [39] G. Altarelli and F. Feruglio, Nucl. Phys. B 720, 64 (2005) [arXiv:hep-ph/0504165]. [40] G. Altarelli and F. Feruglio, Nucl. Phys. B 741, 215 (2006) [arXiv:hep-ph/0512103]. [41] K. S. Babu, T. Enkhbat and I. Gogoladze, Phys. Lett. B 555, 238 (2003) [arXiv:hep-ph/0204246]. [42] K. S. Babu, E. Ma and J. W. F. Valle, Phys. Lett. B 552, 207 (2003) [arXiv:hep-ph/0206292]. [43] K. S. Babu, T. Kobayashi and J. Kubo, Phys. Rev. D 67, 075018 (2003) [arXiv:hep-ph/0212350]. [44] M. Hirsch, J. C. Romao, S. Skadhauge, J. W. F. Valle and A. Villanova del Moral, Phys. Rev. D 69, 093006 (2004) [arXiv:hep-ph/0312265].

[45] S. L. Chen, M. Frigerio and E. Ma, Nucl. Phys. B 724, 423 (2005) [arXiv:hep-ph/0504181]. [46] A. Zee, Phys. Lett. B 630, 58 (2005) [arXiv:hep-ph/0508278]. [47] E. Ma, Phys. Rev. D 73, 057304 (2006) [arXiv:hep-ph/0511133]. [48] E. Ma, Mod. Phys. Lett. A 20, 2601 (2005) [arXiv:hep-ph/0508099].

[49] B. Adhikary, B. Brahmachari, A. Ghosal, E. Ma and M. K. Parida, Phys. Lett. B 638, 345 (2006) [arXiv:hep-ph/0603059].

[50] J. W. F. Valle, J. Phys. Conf. Ser. 53, 473 (2006) [arXiv:hep-ph/0608101]. [51] X. G. He, Y. Y. Keum and R. R. Volkas, JHEP 0604, 039 (2006) [arXiv:hep-ph/0601001]. [52] E. Ma, H. Sawanaka and M. Tanimoto, Phys. Lett. B 641, 301 (2006) [arXiv:hep-ph/0606103]. [53] B. Adhikary and A. Ghosal, Phys. Rev. D 75, 073020 (2007) [arXiv:hep-ph/0609193]. [54] S. F. King and M. Malinsky, Phys. Lett. B 645, 351 (2007) [arXiv:hep-ph/0610250]. [55] M. Hirsch, A. S. Joshipura, S. Kaneko and J. W. F. Valle, Phys. Rev. Lett. 99, 151802 (2007) [arXiv:hep-ph/0703046].

[56] L. Lavoura and H. Kuhbock, Mod. Phys. Lett. A 22, 181 (2007) [arXiv:hep-ph/0610050]. [57] M. Honda and M. Tanimoto, Prog. Theor. Phys. 119, 583 (2008) [arXiv:0801.0181 [hep-ph]]. [58] F. Bazzocchi, S. Kaneko and S. Morisi, JHEP 0803, 063 (2008) [arXiv:0707.3032 [hep-ph]]. [59] C. Csaki, C. Delaunay, C. Grojean and Y. Grossman, JHEP 0810, 055 (2008) [arXiv:0806.0356 [hepph]].

[60] F. Bazzocchi, M. Frigerio and S. Morisi, Phys. Rev. D 78, 116018 (2008) [arXiv:0809.3573 [hep-ph]]. [61] M. Hirsch, S. Morisi and J. W. F. Valle, Phys. Rev. D 79, 016001 (2009) [arXiv:0810.0121 [hep-ph]]. [62] M. Hirsch, S. Morisi and J. W. F. Valle, Phys. Lett. B 679, 454 (2009) [arXiv:0905.3056 [hep-ph]]. [63] B. Adhikary and A. Ghosal, Phys. Rev. D 78, 073007 (2008) [arXiv:0803.3582 [hep-ph]]. [64] H. Ishimori, T. Kobayashi, Y. Omura and M. Tanimoto, JHEP 0812, 082 (2008) [arXiv:0807.4625

[hep-ph]].

[65] S. Baek and M. C. Oh, arXiv:0812.2704 [hep-ph]. [66] L. Merlo, arXiv:0811.3512 [hep-ph].

[67] E. Ma, Phys. Lett. B 671, 366 (2009) [arXiv:0808.1729 [hep-ph]].

[68] W. Grimus and H. Kuhbock, Phys. Rev. D 77, 055008 (2008) [arXiv:0710.1585 [hep-ph]]. [69] S. Morisi, Nuovo Cim. 123B, 886 (2008) [arXiv:0807.4013 [hep-ph]].

[70] F. Feruglio, C. Hagedorn, Y. Lin and L. Merlo, Nucl. Phys. B 809, 218 (2009) [arXiv:0807.3160 [hep-ph]].

[71] P. H. Frampton and S. Matsuzaki, arXiv:0806.4592 [hep-ph]. [72] T. Fukuyama, arXiv:0804.2107 [hep-ph].

[73] Y. Lin, Nucl. Phys. B 813, 91 (2009) [arXiv:0804.2867 [hep-ph]].

[74] A. Hayakawa, H. Ishimori, Y. Shimizu and M. Tanimoto, Phys. Lett. B 680, 334 (2009) [arXiv:0904.3820 [hep-ph]].

[75] G. J. Ding and J. F. Liu, JHEP 1005, 029 (2010) [arXiv:0911.4799 [hep-ph]]. [76] F. Feruglio, C. Hagedorn, Y. Lin and L. Merlo, Nucl. Phys. B 832, 251 (2010) [arXiv:0911.3874 [hep-ph]].

[77] C. Hagedorn, E. Molinaro and S. T. Petcov, JHEP 1002, 047 (2010) [arXiv:0911.3605 [hep-ph]]. [78] J. Berger and Y. Grossman, JHEP 1002, 071 (2010) [arXiv:0910.4392 [hep-ph]]. [79] S. Morisi and E. Peinado, Phys. Rev. D 80, 113011 (2009) [arXiv:0910.4389 [hep-ph]]. [80] F. Feruglio, C. Hagedorn and L. Merlo, JHEP 1003, 084 (2010) [arXiv:0910.4058 [hep-ph]]. [81] P. Ciafaloni, M. Picariello, A. Urbano and E. Torrente-Lujan, Phys. Rev. D 81, 016004 (2010) [arXiv:0909.2553 [hep-ph]].

[82] L. Merlo, Nucl. Phys. Proc. Suppl. 188, 345 (2009). [83] A. Albaid, Phys. Rev. D 80, 093002 (2009) [arXiv:0909.1762 [hep-ph]]. [84] T. J. Burrows and S. F. King, Nucl. Phys. B 835, 174 (2010) [arXiv:0909.1433 [hep-ph]]. [85] E. Ma, Mod. Phys. Lett. A 25, 2215 (2010) [arXiv:0908.3165 [hep-ph]]. [86] A. Tamii et al., Mod. Phys. Lett. A 24, 867 (2009).

[87] C. Hagedorn, E. Molinaro and S. T. Petcov, JHEP 0909, 115 (2009) [arXiv:0908.0240 [hep-ph]]. [88] M. Hirsch, Pramana 72, 183 (2009). [89] A. Urbano, arXiv:0905.0863 [hep-ph].

[90] G. Altarelli and D. Meloni, J. Phys. G 36, 085005 (2009) [arXiv:0905.0620 [hep-ph]]. [91] G. C. Branco, R. Gonzalez Felipe, M. N. Rebelo and H. Serodio, Phys. Rev. D 79, 093008 (2009) [arXiv:0904.3076 [hep-ph]].

[92] M. C. Chen and S. F. King, JHEP 0906, 072 (2009) [arXiv:0903.0125 [hep-ph]]. [93] L. Merlo, J. Phys. Conf. Ser. 171, 012083 (2009) [arXiv:0902.3067 [hep-ph]]. [94] P. Ciafaloni, M. Picariello, E. Torrente-Lujan and A. Urbano, Phys. Rev. D 79, 116010 (2009) [arXiv:0901.2236 [hep-ph]].

[95] S. Morisi, Phys. Rev. D 79, 033008 (2009) [arXiv:0901.1080 [hep-ph]].

[96] J. Barry and W. Rodejohann, Phys. Rev. D 81, 093002 (2010) [Erratum-ibid. D 81, 119901 (2010)]

[arXiv:1003.2385 [hep-ph]].

[97] Y. Lin, Nucl. Phys. B 824, 95 (2010) [arXiv:0905.3534 [hep-ph]]. [98] J. Barry and W. Rodejohann, Nucl. Phys. B 842, 33 (2011) [arXiv:1007.5217 [hep-ph]]. [99] F. del Aguila, A. Carmona and J. Santiago, JHEP 1008, 127 (2010) [arXiv:1001.5151 [hep-ph]]. [100] N. Haba, Y. Kajiyama, S. Matsumoto, H. Okada and K. Yoshioka, Phys. Lett. B 695, 476 (2011) [arXiv:1008.4777 [hep-ph]].

[101] T. Fukuyama, H. Sugiyama and K. Tsumura, arXiv:1012.4886 [hep-ph].

[102] F. Feruglio, C. Hagedorn, Y. Lin and L. Merlo, Nucl. Phys. B 832, 251 (2010) [arXiv:0911.3874 [hep-ph]].

[103] M. Hirsch, S. Morisi, E. Peinado and J. W. F. Valle, Phys. Rev. D 82, 116003 (2010) [arXiv:1007.0871 [hep-ph]].

[104] M. S. Boucenna, M. Hirsch, S. Morisi, E. Peinado, M. Taoso and J. W. F. Valle, arXiv:1101.2874 [hep-ph].

[105] C. Luhn, arXiv:1101.2417 [hep-ph].

[106] K. M. Parattu and A. Wingerter, arXiv:1012.2842 [hep-ph].

[107] R. d. A. Toorop, F. Bazzocchi, L. Merlo and A. Paris, JHEP 1103, 035 (2011) [arXiv:1012.1791 [hep-ph]].

[108] D. Meloni, S. Morisi and E. Peinado, Phys. Lett. B 697, 339 (2011) [arXiv:1011.1371 [hep-ph]]. [109] S. Antusch, S. F. King and M. Spinrath, Phys. Rev. D 83, 013005 (2011) [arXiv:1005.0708 [hep-ph]]. [110] I. K. Cooper, S. F. King and C. Luhn, Phys. Lett. B 690, 396 (2010) [arXiv:1004.3243 [hep-ph]]. [111] A. Y. Smirnov, arXiv:1103.3461 [hep-ph].

[112] Y. Yamanaka, H. Sugawara and S. Pakvasa, Phys. Rev. D 25, 1895 (1982) [Erratum-ibid. D 29, 2135 (1984)].

[113] T. Brown, S. Pakvasa, H. Sugawara and Y. Yamanaka, Phys. Rev. D 30, 255 (1984). [114] T. Brown, N. Deshpande, S. Pakvasa and H. Sugawara, Phys. Lett. B 141, 95 (1984). [115] E. Ma, Phys. Lett. B 632, 352 (2006) [arXiv:hep-ph/0508231]. [116] C. S. Lam, Phys. Rev. D 78, 073015 (2008) [arXiv:0809.1185 [hep-ph]]. [117] F. Bazzocchi and S. Morisi, Phys. Rev. D 80, 096005 (2009) [arXiv:0811.0345 [hep-ph]]. [118] H. Ishimori, Y. Shimizu and M. Tanimoto, Prog. Theor. Phys. 121, 769 (2009) [arXiv:0812.5031 [hep-ph]].

[119] H. Ishimori, K. Saga, Y. Shimizu and M. Tanimoto, Phys. Rev. D 81, 115009 (2010) [arXiv:1004.5004 [hep-ph]].

[120] C. Hagedorn, S. F. King and C. Luhn, JHEP 1006, 048 (2010) [arXiv:1003.4249 [hep-ph]]. [121] G. J. Ding, Nucl. Phys. B 846, 394 (2011) [arXiv:1006.4800 [hep-ph]].

[122] C. Hagedorn, M. Lindner and R. N. Mohapatra, JHEP 0606, 042 (2006) [arXiv:hep-ph/0602244]. [123] B. Dutta, Y. Mimura and R. N. Mohapatra, JHEP 1005, 034 (2010) [arXiv:0911.2242 [hep-ph]]. [124] K. M. Patel, Phys. Lett. B 695, 225 (2011) [arXiv:1008.5061 [hep-ph]].

[125] R. de Adelhart Toorop, F. Bazzocchi and L. Merlo, JHEP 1008, 001 (2010) [arXiv:1003.4502 [hep-ph]]. [126] R. de Adelhart Toorop, J. Phys. Conf. Ser. 259, 012099 (2010) [arXiv:1010.3406 [hep-ph]].

[127] W. Grimus, L. Lavoura and P. O. Ludl, J. Phys. G 36, 115007 (2009) [arXiv:0906.2689 [hep-ph]]. [128] F. Bazzocchi, L. Merlo and S. Morisi, Nucl. Phys. B 816, 204 (2009) [arXiv:0901.2086 [hep-ph]]. [129] F. Bazzocchi, L. Merlo and S. Morisi, Phys. Rev. D 80, 053003 (2009) [arXiv:0902.2849 [hep-ph]]. [130] D. Meloni, J. Phys. G 37, 055201 (2010) [arXiv:0911.3591 [hep-ph]]. [131] H. Zhang, Phys. Lett. B 655, 132 (2007) [arXiv:hep-ph/0612214]. [132] Y. Cai and H. B. Yu, Phys. Rev. D 74, 115005 (2006) [arXiv:hep-ph/0608022]. [133] F. Caravaglios and S. Morisi, arXiv:hep-ph/0503234.

[134] F. Caravaglios and S. Morisi, Int. J. Mod. Phys. A 22, 2469 (2007) [arXiv:hep-ph/0611078]. [135] Y. Koide, JHEP 0708, 086 (2007) [arXiv:0705.2275 [hep-ph]]. [136] M. K. Parida, Phys. Rev. D 78, 053004 (2008) [arXiv:0804.4571 [hep-ph]]. [137] G. J. Ding, Nucl. Phys. B 827, 82 (2010) [arXiv:0909.2210 [hep-ph]]. [138] G. Altarelli, F. Feruglio and L. Merlo, JHEP 0905, 020 (2009) [arXiv:0903.1940 [hep-ph]]. [139] L. Merlo, AIP Conf. Proc. 1200, 948 (2010) [arXiv:0909.2760 [hep-ph]]. [140] Y. Daikoku and H. Okada, Phys. Rev. D 82, 033007 (2010) [arXiv:0910.3370 [hep-ph]]. [141] Y. H. Ahn, S. K. Kang, C. S. Kim and T. P. Nguyen, Phys. Rev. D 82, 093005 (2010) [arXiv:1004.3469 [hep-ph]].

[142] Y. Daikoku and H. Okada, arXiv:1008.0914 [hep-ph].

[143] P. V. Dong, H. N. Long, D. V. Soa and V. V. Vien, Eur. Phys. J. C 71, 1544 (2011) [arXiv:1009.2328 [hep-ph]]; Y. Daikoku, H. Okada and T. Toma, arXiv:1010.4963 [hep-ph].

[144] M. K. Parida, P. K. Sahu and K. Bora, arXiv:1011.4577 [hep-ph]. [145] G. J. Ding and D. M. Pan, arXiv:1011.5306 [hep-ph].

[146] H. Ishimori, Y. Shimizu, M. Tanimoto and A. Watanabe, Phys. Rev. D 83, 033004 (2011) [arXiv:1010.3805 [hep-ph]].

[147] H. Ishimori and M. Tanimoto, arXiv:1012.2232 [hep-ph]. [148] B. Stech, arXiv:1012.6028 [hep-ph]. [149] L. Merlo, arXiv:1101.3867 [hep-ph].

[150] Y. Grossman, Y. Nir and G. Raz, Phys. Rev. Lett. 97, 151801 (2006) [arXiv:hep-ph/0605028]. [151] A. Lenz and Nierste, arXiv:1102.4274 [hep-ph].

[152] V. M. Abazov et al. [D0 Collaboration], Phys. Rev. D 82, 012003 (2010) [arXiv:0904.3907 [hep-ex]]. [153] E. Barberio et al. [Heavy Flavor Averaging Group], arXiv:0808.1297 [hep-ex]. [154] D. Asner et al. [Heavy Flavor Averaging Group], arXiv:1010.1589 [hep-ex]. [155] A. Lenz et al., Phys. Rev. D 83, 036004 (2011) [arXiv:1008.1593 [hep-ph]]. [156] C. Berger and L. M. Sehgal, Phys. Rev. D 83, 037901 (2011) [arXiv:1007.2996 [hep-ph]]. [157] C. H. Chen, C. Q. Geng and W. Wang, JHEP 1011, 089 (2010) [arXiv:1006.5216 [hep-ph]]. [158] CDF/DØ ΔΓ_s, β_s Combination Working Group, CDF/PHYS/BOTTOM/CDFR/9787, DØ Note 5928-CONF, 2009.

[159] G. Aad et al. [Atlas Collaboration], arXiv:1102.2357 [hep-ex]. [160] J. B. G. da Costa et al. [Atlas Collaboration], arXiv:1102.5290 [hep-ex]. [161] T. A. Collaboration, arXiv:1103.4344 [hep-ex].

[162] Z. Ligeti, M. Papucci, G. Perez and J. Zupan, Phys. Rev. Lett. 105, 131601 (2010) [arXiv:1006.0432 [hep-ph]].

[163] J. Hisano and Y. Shimizu, Phys. Lett. B 581, 224 (2004) [arXiv:hep-ph/0308255], Phys. Rev. D 70, 093001 (2004) [arXiv:hep-ph/0406091].

[164] C. A. Baker et al., Phys. Rev. Lett. 97, 131801 (2006) [arXiv:hep-ex/0602020]. [165] K. Nakamura et al. [Particle Data Group], J. Phys. G 37, 075021 (2010).

[166] W. Altmannshofer, A. J. Buras, S. Gori, P. Paradisi, D. M. Straub, Nucl, Phys. B 830, 17 (2010) [arXiv:0909.1333 [hep-ph]].

[167] C. D. Froggatt and H. B. Nielsen, Nucl. Phys. B 147, 277 (1979). [168] V. S. Kaplunovsky and J. Louis, Phys. Lett. B 306, 269 (1993), arXiv:hep-th/9303040. [169] S. P. Martin and M. T. Vaughn, Phys. Rev. D 50, 2282 (1994) [Erratum-ibid. D 78, 039903 (2008)] [arXiv:hep-ph/9311340].

[170] CDF Note 10206, (CDF Collaboration), 2010.

[171] F. Borzumati and A. Masiero, Phys. Rev. Lett. 57, 961 (1986).

[172] J. Hisano, T. Moroi, K. Tobe, M. Yamaguchi and T. Yanagida, Phys. Lett. B 357, 579 (1995) [arXiv:hep-ph/9501407].

[173] J. Adam et al. [MEG collaboration], Nucl. Phys. B 834, 1 (2010) [arXiv:0908.2594 [hep-ex]]. [174] B. C. Regan, E. D. Commins, C. J. Schmidt and D. DeMille, Phys. Rev. Lett. 88, 071805 (2002). [175] D. DeMille, F. Bay, S. Bickman, D. Kawall, D. Krause, Jr., S. E. Maxwell, and L. R. Hunter, Phys.

Rev. A 61, 052507 (2000).

[176] F. Gabbiani, E. Gabrielli, A. Masiero and L. Silvestrini, Nucl. Phys. B 477, 321 (1996) [arXiv:hep-ph/9604387].

[177] J. Hisano, T. Moroi, K. Tobe and M. Yamaguchi, Phys. Rev. D 53, 2442 (1996) [arXiv:hep-ph/9510309].

[178] J. Hisano, M. Nagai, P. Paradisi and Y. Shimizu, JHEP 0912, 030 (2009) [arXiv:0904.2080 [hep-ph]]. [179] J. Hisano, M. Nagai and P. Paradisi, Phys. Rev. D 78, 075019 (2008) [arXiv:0712.1285 [hep-ph]]. [180] J. Hisano, M. Nagai and P. Paradisi, Phys. Rev. D 80, 095014 (2009) [arXiv:0812.4283 [hep-ph]].