arXiv:hep-ph/0303071 v1 10 Mar 2003

ICRR-Report-496-2002-14 DPNU-02-40 March 10, 2003

GUT relation in Neutrino-Induced Flavor Physics in SUSY SU(5) GUT

Junji Hisano^1 and Yasuhiro Shimizu^2

1ICRR, University of Tokyo, Kashiwa 277-8582, Japan 2Department of Physics, Nagoya University, Nagoya 464-8692, Japan

Abstract

In the SUSY SU(5) GUT with the right-handed neutrinos, the neutrino Yukawa coupling induces the flavor-violating mass terms for the right-handed down squarks and left-handed sleptons, and they lead to imprint on the flavor physics in the hadronic and leptonic sectors. In this paper we study CP violation in B^0_d and B^0_s , which is induced by the tau-neutrino Yukawa coupling. In particular, we notice the correlation of the CP asymmetries in B^0_d → ϕK_s (S_{ϕKs} ) and B^0_s → J/ψϕ (S_{J/ψϕ}) with other observables, such as Br(τ → μγ), the muon EDM (d_μ), and the mixinginduced CP asymmetry in B^0_d → M^0_s γ (A_{bsg}), since they have a common origin of the CP and flavor violation. The measurements are expected to play a significant role for consistency check of the SUSY SU(5) GUT. The hierarchical right-handed neutrino masses make the correlation better. We find that the current bound on Br(τ → μγ) constrains the allowed region for S_{ϕKs} in this model.

The Cabibbo-Kobayashi-Maskawa (CKM) paradigm works well to explain the observed flavor- and CP- violating processes in the hadronic sector. It has passed the non-trivial tests using K and B mesons. The recent observations for sin 2β in the Belle [1] and Babar [2] are consistent with other processes, such as the K^0-K̄^0 mixing, and the unitarity triangle looks close in the ρ-η plane. The CKM dominance in the flavor- and CP- violating processes in the hadronic sector is almost established now. However, still there are rooms open to the new physics, and the clue may be found in the B factories or the hadron colliders in near future.

The neutrino-oscillation experiments [3][4][5] show that the lepton sector has large flavor violation, contrary to the quark sector in the standard model (SM). In the supersymmetric SU(5) grand unified model (SUSY SU(5) GUT), the neutrino sector supplies a new source of the flavor and CP violation in the hadron physics [6][7][8][9][10][11], when the SUSY breaking terms in the minimal SUSY SM (MSSM) are generated above the GUT scale. In the supersymmetric seesaw model [12] the flavor violation in the neutrino sector may lead to charged lepton-flavor violating processes, such as μ → eγ or τ → μγ [13][14][15][16], since the radiative correction by the neutrino Yukawa coupling leads to the non-vanishing lepton-flavor violating mass terms for left-handed sleptons. In the SUSY SU(5) GUT the left-handed leptons are embedded in common multiplets with the righthanded down quarks, and this means that the right-handed down squarks may also have the flavor-violating mass terms.

This may lead to the sizable effects to the K and B meson systems. In particular, if the tau-neutrino Yukawa coupling is of the order of one, similar to the top-quark one, the b-s transition in the right-handed current is important since the the atmosphericneutrino result suggests the large mixing angle between the second and third generations. Recently, it is announced that the CP asymmetry in B^0_d → ϕK_s is 2.7σ deviated from one in B^0_d → J/ψK_s in Belle and Barbar [17]. The b → ss̄s transition is sensitive to the new physics since it is induced at one-loop level [18]. Thus, the deviation might be a signature of the effect of the neutrino Yukawa coupling [11][19].

In this paper we study CP violation in transition between the second and third generations in the hadronic sector, which is induced by the tau-neutrino Yukawa coupling in the SUSY SU(5) GUT. In particular, we notice the correlation of the CP asymmetries in

B^0_d → ϕK_s (S_{ϕKs} ) and B^0_s → J/ψϕ (S_{J/ψϕ}) with other observables, such as Br(τ → μγ), the muon EDM (d_μ), and the mixing-induced CP asymmetry in B^0_d → M^0_s γ (A_{bsg}), since they have a common origin of the CP and flavor violation. The measurements are expected to play a significant role for consistency check of the SUSY SU(5) GUT.

First, we review the SUSY SU(5) GUT with right-handed neutrinos from a viewpoint of the flavor physics. The Yukawa coupling for quarks and leptons and the Majorana mass for the right-handed neutrinos in this model is given as W = 1 4 f^u_{ij} Ψ_iΨ_j H + √ 2f^d_{ij} Ψ_iΦ_j H + f^ν_{ij} Φ_iN_j H + M_{ij} N_iN_j , (1)

where Ψ and Φ are 10- and ¯5-dimensional multiplets, respectively, and N is the righthanded neutrinos. H (H) is 5- (¯5-) dimensional Higgs multiplets.

After removing the unphysical degrees of freedom, the Yukawa coupling constants and Majorana masses in Eq. (1) are given as follows, f^u_{ij} = V_{ki}f_{uk} e^{iφuk} V_{kj} , (2) f^d_{ij} = f_{di} δ_{ij} , (3) f^ν_{ij} = e^{iφdi} U^⋆_{ij} f_{νj} , (4) M_{ij} = e^{iφνi} W_{ik} M_{Nk} e^{2iφν}k W_{jk} e^{iφνj} , (5) where ∑ i φ_{fi} = 0 (f = u, d, ν). Each unitary matrices U, V , and W have only a phase.

Here, φ_u and φ_d are CP violating phases inherent in the SUSY SU(5) GUT. The unitary matrix V is the CKM matrix in the extension of the SM to the SUSY SU(5) GUT. When the Majorana mass matrix for the right-handed neutrinos is diagonal, U is the the MNS matrix, since the light-neutrino mass matrix is

(m_ν )_{ij} = (f^ν (M^{−1})f^{νT} )_{ij} ⟨H_f ⟩^2 (6)

where H_f is a doublet Higgs in H.

The colored-Higgs multiplets H_c and H_c are introduced in H and H as SU(5) partners of the Higgs doublets in the MSSM, respectively^1, and they have new flavor-violating

1While the proton decay by the dimension-five operator, which is induced by the colored-Higgs exchange, is a serious problem in the minimal SUSY SU(5) GUT [20], it depends on the structure of the Higgs sector [21]. In this paper, we ignore the proton decay while we adopt the minimal structure of the Higgs sector.

interactions. Eq. (1) is represent by the fields in the MSSM as follows, W = W_{M SSM +N} + 1 2 V_{ki}f_{uk} e^{iφuk} V_{kj} Q_iQ_jH_c + f_{ui} V_{ij} e^{iφdj} U_iE_j H_c +f_{di} e^{−iφdi} Q_iL_iH_c + e^{−iφui} V^⋆_{ij} f_{dj} U_iD_j H_c + e^{iφdi} U^⋆_{ij} f_{νj} D_iN_j H_c. (7)

Here, the superpotential in the MSSM with the right-handed neutrinos is

W_{M SSM +N} = V_{ji}f_{uj} Q_iU_j H_f + f_{di} Q_iD_iH_f + f_{di} L_iE_iH_f +U^⋆_{ij} f_{νj} L_iN_j H_f + M_{ij} N_iN_j . (8)

The flavor-violating interactions absent in the MSSM emerge in the SUSY SU(5) GUT due to existence of the colored-Higgs multiplets.

If the SUSY-breaking terms in the MSSM are generated by interactions above the colored-Higgs mass, such as in the supergravity, the sfermion mass terms may get sizable corrections by the colored-Higgs interactions. In this paper we assume the minimal supergravity scenario, that is, the scalar masses and the trilinear SUSY-breaking terms at the reduced Planck mass scale (M_G) are given universally by m_0 and A_0, respectively. In this case, the flavor-violating SUSY-breaking mass terms at low energy are induced by the radiative correction, and they are approximately given as

(m^2_Q)_{ij} ≃ − 2 (4π)^2

V^⋆_{ki}f^2_{uk} V_{kj} (3m^2_0 + A^2_0)(3 log M_G M_{GU T} + log M_{GU T} M_{SU SY} ), (m^2_U )_{ij} ≃ − 4 (4π)^2 e^{iφui} V_{ik} f^2_{dk} V^⋆_{jk} e^{−iφuj} (3m^2_0 + A^2_0) log M_G M_{GU T} , (m^2_D)_{ij} ≃ − 2 (4π)^2 e^{−iφdi} U_{ik}f^2_{νk} U^⋆_{jk}e^{iφdj} (3m^2_0 + A^2_0) log M_G M_{GU T} , (m^2_L)_{ij} ≃ − 2 (4π)^2

U_{ik} f_{νk} e^{iφνk} W_{kl}W^⋆_{ml}e^{−iφνm} f_{νm} U^⋆_{jm}(3m^2_0 + A^2_0) log M_G M_{Nl} , (m^2_E)_{ij} ≃ − 6 (4π)^2 e^{−iφdi} V^⋆_{ki}f^2_{uk} V_{kj} e^{iφdj} (3m^2_0 + A^2_0) log M_G M_{GU T} , (9)

where i ≠ j. Here, M_{GU T} and M_{SU SY} are the GUT scale and the SUSY-breaking scale in the MSSM, respectively. In the MSSM with the right-handed neutrinos, the flavorviolating structures appear only in the left-handed squark and left-handed slepton mass matrices. On the other hand, in the SUSY SU(5) GUT, other sfermions may also have sizable flavor violation. In particular, the CP violating phases inherent in the SUSY SU(5) GUT appear in (m^2_U ), (m^2_D), and (m^2_E ) [6].

In this paper we assume the minimal structure for the Yukawa coupling constants given in Eq. (1). The b/τ mass ratio may be explained by it while the down-type quark and charged lepton masses in the first and second generations are not compatible. The modification of the Yukawa sector, such as introduction of the higher-dimensional operators, the vector-like matters, or the complicate Higgs structure, may change the low-energy prediction for the flavor violation, especially, between the first and second generations. On the other hand, we concentrate on the transition between the second and third generations in this paper. We assume that the Yukawa coupling constants, including the neutrino one, are hierarchical, and that the extra interaction gives negligible contribution to the transition between the second and third generations.

The neutrino-induced off-diagonal terms for the sfermion masses are (m^2_D)_{ij} and (m^2_L)_{ij} (i ≠ j). Let us demonstrate the good correlation between (m^2_D)_{23} and (m^2_L)_{23}. The nontrivial structure in the right-handed neutrino mass matrix may dilute the correlation as in Eq. (9). However, if the right-handed neutrino masses are hierarchical, the correlation is expected to be good, as will be shown.

We use two-generation model for simplicity [22], ignoring the first generation. Here, we adopt the parameterization for the neutrino sector by Casas and Ibarra [16]. In this parametrization the neutrino sector can be parametrized by the left-handed (m_{νi} ) and right-handed neutrino masses (M_i), the MNS matrix with the Majorana phases (X), and a complex orthogonal matrix (R) as U^⋆_{ik}f_{νk} e^{−iφνk} W^⋆_{kj} e^{−iφνj} = 1 ⟨H_f ⟩ X^⋆_{ik} √ m_{νk} R_{kj} √ M_j . (10)

Using this formula, (m^2_D)_{23} and (m^2_L)_{23} are given as

(m^2_D)_{23} = 1 2(4π)^2 e^{−i(φd2 −φd3 )} (3m^2_0 + A^2_0) ⟨H_f ⟩^2 log M_G M_{GU T} ( (m_{νμ} + m_{ντ} )(M_2 − M_3) cos 2θ_r + (m_{νμ} − m_{ντ} )(M_2 + M_3) cosh 2θ_i −2i √ m_{νμ} m_{ντ} ((M_2 − M_3) sin ϕ sin 2θ_r − (M_2 + M_3) cos ϕ sinh 2θ_i ) , (11)

(m^2_L)_{23} = 1 2(4π)^2

(3m^2_0 + A^2_0) ⟨H_f ⟩^2

( (m_{νμ} + m_{ντ} )(M_2 − M_3) cos 2θ_r + (m_{νμ} − m_{ντ} )(M_2 + M_3) cosh 2θ_i −2i √ m_{νμ} m_{ντ} ((M_2 − M_3) sin ϕ sin 2θ_r − (M_2 + M_3) cos ϕ sinh 2θ_i ) (12)

with M_i = M_i log M_G/M_i. Here, we use R = ( cos(θ_r + iθ_i) sin(θ_r + iθ_i) − sin(θ_r + iθ_i) cos(θ_r + iθ_i) ) , (13) X = ( 1/ √ 2 1/ √ 2 −1/ √ 2 1/ √ 2 ) ( e^{ϕM} 1 ) , (14)

assuming a maximal mixing for the atmospheric neutrino. ϕ_M is the Majorana phase for the light neutrinos. If the right-handed neutrino masses are hierarchical (M_3 ≫ M_2), the correlation is good as (m^2_D)_{23} (m^2_L)_{23} ≃ e^{−i(φd2 −φd3 )} log^{MG}_{MGU T} log^{MG}_{M3}

. (15)

Now we showed that (m^2_D)_{23} and (m^2_L)_{23} are correlated when the right-handed neutrino masses are hierarchical. We will present the effects of the right-handed neutrinos in the flavor physics, and the correlations among the observables. In the following evaluation, we assume 1) m_{ντ} ≫ m_{νμ} , m_{νe} , 2) M_3 ≫ M_2, M_1, 3) W = 1. (16)

The reason is following. First, the assumption 1) is for simplicity. Second, (m^2_D)_{23} and (m^2_L)_{23} is correlated on the assumption 2), as mentioned above. Furthermore, when the M_2 is comparable to M_3, the non-negligible muon-neutrino Yukawa coupling may lead to large K^0-K̄^0 mixing [6][7][8][9] and μ → eγ [15] through (m^2_D)_{12} and (m^2_L)_{12}, which are enlarged by the large solar-neutrino angle. In some cases, these constraints are so severe to the SUSY GUT with right-handed neutrinos. Third, U is the MNS matrix on the assumption 3), and this is also for simplicity. In principle, the non-trivial structure in the right-handed neutrino mass matrix, which means R ≠ 1 in Eq. (10), may enhance the offdiagonal components (m^2_D)_{23} and (m^2_L)_{23} through the cosh 2θ_i and sinh 2θ_i in Eqs. (11,12).^2

2In the case, the light-neutrino mass matrix has a fine tuning to derive the observed light-neutrino masses.

Even in the case R ≠ 1, the correlation between (m^2_D)_{23} and (m^2_L)_{23} is kept good due to the assumption 2). Then, we ignore the case.

On the assumption (16), the flavor-violating SUSY-breaking mass term (m^2_D)_{23} relevant to the CP asymmetries in B^0_d → ϕK_s (S_{ϕKs} ) and B^0_s → J/ψϕ (S_{J/ψϕ}) is

(m^2_D)_{23} ≃ − 2 (4π)^2 e^{−i(φd2 −φd3 )}U_{32}U^⋆_{33} m_{ντ} M_N ⟨H_f ⟩^2 (3m^2_0 + A^2_0) log M_G M_{GU T} , (17)

(M_N ≡ M_3), and the term (m^2_L)_{23} for Br(τ → μγ) is^3

(m^2_L)_{23} ≃ − 2 (4π)^2

U_{23}U^⋆_{33} m_{ντ} M_N ⟨H_f ⟩^2 (3m^2_0 + A^2_0) log M_G M_N . (18)

Here, we use the seesaw formula for the tau-neutrino mass m_{ντ} . These observables are correlated with each other up to the CP phase e^{−i(φd}2^{−φd}3^). Furthermore, the muon EDM d_μ is proportional to Im [(m^2_L)_{23}(m^2_E)_{32}] [24] where

(m^2_E)_{23} ≃ − 6 (4π)^2 e^{−i(φd2 −φd3 )}f^2_t V^⋆_{32}V_{33}(3m^2_0 + A^2_0) log M_G M_{GU T} . (19)

Since the imaginary part of U_{32}U^⋆_{33} is suppressed due to small U_{13}, the muon EDM is also correlated with the deviation S_{ϕKs} and S_{J/ψϕ}, more directly.^4

First, let us explain qualitative behavior of S_{ϕKs} in the SUSY GUT with the righthanded neutrinos, and show the correlation with Br(τ → μγ) and d_μ. This is given as S_{ϕKs} = 2Im[λ_{ϕKs} ] 1 + |λ_{ϕKs} |^2 , (20)

where λ_{ϕKs} = q_d p_d A(B^0_d → ϕK_s) A(B^0_d → ϕK_s)

. (21)

Here, the ratio q_d/p_d are for the B^0_d -B^0_d mixing. The explicit formula for the SM and SUSY contributions are given in Ref. [11].

3When the M_N <∼ 10^{13} GeV, the tau-neutrino Yukawa coupling is too small and Br(τ → μγ) is induced by (m^2_E )_{23} since it is suppressed by small CKM elements V_{32} [23].

4Even in the MSSM with the right-handed neutrinos, the non-degeneracy of the right-handed neutrino masses generates the muon EDM [25]. However, it is proportional to M_2M_3 log(M_3/M_2), and the hierarchical right-handed neutrino masses suppress the effect.

If (m^2_{D̃})_{13} is not negligible, the SUSY contribution may change the B^0_d -B^0_d mixing from the SM prediction. However, the mixing measured in B^0_d → J/ψK_S is consistent with the SM prediction. Thus, q_d/p_d should be dominated by the SM contribution, and it is almost given by e^{2iβ}. On the other hand, B^0_d → ϕK_s is a radiative process, and then the amplitude is sensitive to the QCD penguin and box contributions with (m^2_D)_{23} inserted [10]. In particular, the QCD penguin contribution with (m^2_D)_{23} inserted is proportional to tan β_H (= ⟨H_f ⟩/⟨H_f ⟩), and may be dominant for large tan β_H . Since Br(τ → μγ) and d_μ are also proportional to tan^2 β_H and tan β_H , respectively, for large tan β_H , they are strongly correlated with S_{ϕKS} .

In Fig. (1) we show Br(τ → μγ) as a function of S_{ϕKS} for fixed gluino masses m_{g̃}. tan β_H is 5, 10, and 30. Also, 200 GeV< m_0 <1 TeV, A_0 = 0, m_{ντ} = 5 × 10^{−2} eV, M_N = 5 × 10^{14} GeV, and U_{32} = 1/ √ 2. The phase e^{i(φd2 −φd3 )} is taken for the deviation of S_{ϕKS} from the SM prediction to be maximum, and the constraints from b → sγ and the light-Higgs mass are imposed. Here, the matrix element of chromomagnitic moment is ⟨ϕK_S | g_s 8π^2 m_b(s̄_iσ^{μν} T^a_{ij} P_Rb_j )G^a_{μν} |B_d⟩ = κ_{DM} 4α_s 9π (ϵ_ϕp_B )f_ϕm^2_ϕF_+(m^2_ϕ), (22)

and we take κ_{DM} = −1.1 [11], which is the value in the heavy-quark effective theory. The deviation is maximized when m_{g̃} is lighter and m_0 is comparable to m_{g̃}. While larger tan β_H enhances the deviation of S_{ϕKs} from the SM prediction (∼ 0.7), it is bounded by the constraint from Br(τ → μγ).

Fig. (2) is Br(τ → μγ) as a function of S_{ϕKS} for fixed M_N . Here, m_{g̃} = 400 GeV, and the other parameters are the same as in Fig. (1). From Eqs. (17, 18), Br(τ → μγ) and the SUSY contribution to B_d → ϕK_s are roughly proportional to M^2_N and M_N , respectively. When M_N is larger than 10^{15} GeV, the tau-neutrino Yukawa coupling is larger than 2.7 for tan β_H = 10, 30 and 3.4 for tan β_H = 5 at the gravitational scale. From this figure, the S_{ϕKS} is limited the bound on Br(τ → μγ), and it should be larger than 0.4 (−0.3) for tan β_H = 10(30) when M_N is smaller than 10^{15} GeV and κ_{DM} = −1.1.

The current bound on Br(τ → μγ) is 5 × 10^{−7} by the Belle experiment [26]. The Belle experiment is expected to obtain about 300 fb^{−1} data two year after, and the bound for Br(τ → μγ) is expected to be improved to be 6×10^{−8}. Also, if the super B factory starts, it can reach to 2 × 10^{−8}. Therefore, search for τ → μγ combined with measurement of

S_{ϕKs} is expected to play an important role for consistency check of the SUSY SU(5) GUT with the right-handed neutrinos.

As mentioned above, the muon EDM is also strongly correlated with S_{ϕKs} . In Fig. (3) we show d_μ and S_{ϕKs} for tan β_H = 10 and 30 and 200 GeV< m_0 <1 TeV and 400 GeV< m_{g̃} <1 TeV. The other parameters are the same as in Fig. (1). The constraint from τ → μγ is imposed in addition to ones from b → sγ and the light-Higgs mass. From this figure, the sizable deviation of S_{ϕKs} means d_μ ∼ 10^{−(24−25)}ecm, which might be accessible in the future muon EDM measurement [27].

The mixing-induced CP asymmetry (A_{bsg}) in B^0_d → M_sγ has also a correlation with S_{ϕKs} since the process is induced by the electromagnetic dipole operators and it is also sensitive to tan β_H . The CP asymmetry comes from the interference with the electromagnetic dipole operators for the right-handed c_7 and left-handed bottom quark c^′_7 as [28] A_{bsg} = 2Im[(q_d/p_d)c_7c^′_7] |c_7|^2 + |c^′_7|^2

. (23)

While c^′_7 is suppressed by m_s/m_b in the SM, non-vanishing (m^2_D)_{23} may induces c^′_7, and A_{bsg} may be sizable in the SUSY SU(5) GUT with the right-handed neutrino [8][9]. The explicit formula is found in Ref. [9]. The correlation between A_{bsg} and S_{ϕKS} is not necessary for consistency check of the SUSY SU(5) GUT with the right-handed neutrinos, however, it is important to prove the origin of the CP and flavor violation, that is (m^2_D)_{23}.

In Fig (4), we show A_{bsg} and S_{ϕKS} for tan β_H = 10 and 30. The other parameters are the same as in Fig. (3). When S_{ϕKS} has the sizable deviation from the SM prediction, A_{bsg} is non-negligible. In the region where A_{bsg} is positive, the sign of c_7 is opposite to the SM prediction due the the SUSY contribution.

Finally, we discuss the CP asymmetry in B^0_s → J/ψϕ. The asymmetry S_{J/ψϕ} is given as S_{J/ψϕ} = 2Im[λ_{J/ψϕ}] 1 + |λ_{J/ψϕ}|^2 , (24)

where λ_{J/ψϕ} = q_s p_s A(B^0_s → J/ψϕ) A(B^0_s → J/ψϕ) . (25)

Here, the ratio q_s/p_s is for the B^0_s -B^0_s mixing. Since the transition b → cc̄s is dominated by the tree-level contribution, the CP asymmetry is almost determined by the mixinginduced one of B^0_s . However, it is tiny in the SM (∼ −0.03) since the members of the processes are only two generations [29]. Thus, the new physics contribution may dominate it [30]. In particular, B^0_s → J/ψ(→ l^+l^−)ϕ(→ K^+K^−) is interesting for the B physics experiments in the hadron colliders [31]. If (m^2_D)_{23} is non-zero, the box diagram with (m^2_D)_{23} inserted may dominate. Since the SUSY contribution is insensitive to tan β_H , the measurement of S_{J/ψϕ} is complimentary to one of S_{ϕKs} .

In Fig. (5) we show Br(τ → μγ) as a function of S_{J/ψϕ} for M_N = 10^{14}, 5 × 10^{14}, and 10^{15} GeV. Here, tan β_H is 10 and 30. Other parameters are the same as in Fig. (2). Significant dependence of S_{J/ψϕ} on tan β_H does not exist as expected. S_{J/ψϕ} can reach to 0.5 for M_N < 10^{15} GeV.

In Summary, we study the CP asymmetries in B^0_d → ϕK_s and B^0_s → J/ψϕ, and show the correlations with Br(τ → μγ), the muon EDM, and the mixing-induced CP violation in B^0_d → M^0_s γ in the SUSY SU(5) GUT with the right-handed neutrinos. These observables have a common origin in this model, which is induced by the tau-neutrino Yukawa coupling, so that they are correlated. The correlation is better when the righthanded neutrino masses are hierarchical. S_{ϕKs} has a strong correlation with Br(τ → μγ), d_μ, and A_{bsg} for large tan β_H . The measurements for the CP and flavor violation in both hadronic and leptonic sectors are important for consistency check of the SUSY SU(5) GUT with the right-handed neutrinos.

Acknowledgments This work is supported in part by the Grant-in-Aid for Science Research, Ministry of Education, Science and Culture, Japan (No. 14046225 and No. 1313527 for JH). YS thanks T. Goto, Y. Okada, T. Shindou, and M. Tanaka for useful discussions, and the work of YS is supported by JSPS.

References

[1] 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) 032007; K. Abeet al. [Belle Collaboration], arXiv:hep-ex/0208025.

[2] B. Aubert et al. [BABAR Collaboration], Phys. Rev. Lett. 87 (2001) 091801;

B. Aubert et al. [BABAR Collaboration], Phys. Rev. D 66 (2002) 032003 [3] Y. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 81 (1998) 1562. [4] Q. R. Ahmad et al. [SNO Collaboration], Phys. Rev. Lett. 89 (2002) 011301; Phys.

Rev. Lett. 89 (2002) 011302.

[5] K. Eguchi et al. [KamLAND Collaboration], Phys. Rev. Lett. 90 (2003) 021802. [6] T. Moroi, JHEP 0003 (2000) 019.

[7] N. Akama, Y. Kiyo, S. Komine and T. Moroi, Phys. Rev. D 64 (2001) 095012. [8] S. Baek, T. Goto, Y. Okada and K. i. Okumura, Phys. Rev. D 63 (2001) 051701;

T. Goto, Y. Okada, Y. Shimizu, T. Shindou and M. Tanaka, Phys. Rev. D 66 (2002) 035009.

[9] S. W. Baek, T. Goto, Y. Okada and K. i. Okumura, Phys. Rev. D 63 (2001) 051701. [10] T. Moroi, Phys. Lett. B 493 (2000) 366; D. Chang, A. Masiero and H. Murayama, arXiv:hep-ph/0205111.

[11] R. Harnik, D. T. Larson, H. Murayama and A. Pierce, arXiv:hep-ph/0212180, and see the references.

[12] M. Gell-Mann, P. Ramond and R. Slansky, Proceedings of the Supergravity Stony Brook Workshop, New York, 1979, eds. P. Van Nieuwenhuizen and D. Freedman (North-Holland, Amsterdam); T. Yanagida, Proceedings of the Workshop on Unified Theories and Baryon Number in the Universe, Tsukuba, Japan 1979 (edited by A. Sawada and A. Sugamoto, KEK Report No. 79-18, Tsukuba).

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

[14] J. Hisano, T. Moroi, K. Tobe, M. Yamaguchi and T. Yanagida, Phys. Lett. B 357 (1995) 579; J. Hisano, T. Moroi, K. Tobe and M. Yamaguchi, Phys. Rev. D 53 (1996) 2442; W. Buchmüller, D. Delepine and F. Vissani, Phys. Lett. B 459 (1999) 171; M. E. Gomez, G. K. Leontaris, S. Lola and J. D. Vergados, Phys. Rev. D 59 (1999) 116009; J. R. Ellis, M. E. Gomez, G. K. Leontaris, S. Lola and D. V. Nanopoulos, Eur. Phys. J. C 14 (2000) 319; W. Buchmüller, D. Delepine and L. T. Handoko, Nucl. Phys. B 576 (2000) 445; J. L. Feng, Y. Nir and Y. Shadmi, Phys. Rev. D 61 (2000) 113005; J. Sato and K. Tobe, Phys. Rev. D 63 (2001) 116010; J. Hisano and K. Tobe, Phys. Lett. B 510 (2001) 197. D. Carvalho, J. Ellis, M. Gomez and S. Lola, Phys. Lett. B 515 (2001) 323; S. Lavignac, I. Masina and C. A. Savoy, Nucl. Phys. B 633 (2002) 139.

[15] J. Hisano and D. Nomura, Phys. Rev. D 59 (1999) 116005. [16] J. A. Casas and A. Ibarra, Nucl. Phys. B 618 (2001) 171.

[17] B. Aubert et al. [BABAR Collaboration], arXiv:hep-ex/0207070; K. Abe et al. [Belle Collaboration], arXiv:hep-ex/0207098.

[18] Y. Grossman and M. P. Worah, Phys. Lett. B 395 (1997) 241; R. Barbieri and A. Strumia, Nucl. Phys. B 508 (1997) 3.

[19] M. B. Causse, arXiv:hep-ph/0207070; G. Isidori and A. Retico, JHEP 0209 (2002) 063; S. Khalil and E. Kou, arXiv:hep-ph/0212023; M. Ciuchini, E. Franco, A. Masiero and L. Silvestrini, arXiv:hep-ph/0212397; S. w. Baek, arXiv:hep-ph/0301269.

[20] N. Sakai and T. Yanagida, Nucl. Phys. B 197 (1982) 533; S. Weinberg, Phys. Rev.

D 26 (1982) 287; P. Nath, A. H. Chamseddine and R. Arnowitt, Phys. Rev. D 32 (1985) 2348; J. Hisano, H. Murayama and T. Yanagida, Nucl. Phys. B 402 (1993) 46; T. Goto and T. Nihei, Phys. Rev. D 59 (1999) 115009; H. Murayama and A. Pierce, Phys. Rev. D 65 (2002) 055009.

[21] J. Hisano, T. Moroi, K. Tobe and T. Yanagida, Phys. Lett. B 342 (1995) 138;

K. S. Babu and S. M. Barr, Phys. Rev. D 48 (1993) 5354; Phys. Rev. D 65 (2002) 095009; N. Maekawa, Prog. Theor. Phys. 107 (2002) 597; N. Maekawa and T. Yamashita, Prog. Theor. Phys. 107 (2002) 1201; T. Yanagida, Phys. Lett. B 344 (1995)

211; T. Hotta, K. I. Izawa and T. Yanagida, Phys. Rev. D 53 (1996) 3913; Phys. Rev. D 54 (1996) 6970.

[22] J. R. Ellis, J. Hisano, S. Lola and M. Raidal, Nucl. Phys. B 621 (2002) 208. [23] R. Barbieri and L. Hall, Phys. Lett. B 338 (1994) 212; R. Barbieri, L. Hall and A. Strumia, Nucl. Phys. B 445 (1995) 219; Nucl. Phys. B449 (1995) 437; P. Ciafaloni, A. Romanino and A. Strumia, Nucl. Phys. B 458 (1996) 3; J. Hisano, T. Moroi, K. Tobe and M. Yamaguchi, Phys. Lett. B 391 (1997) 341; [Erratum - ibid. 397, 357 (1997)]; J. Hisano, D. Nomura, Y. Okada, Y. Shimizu and M. Tanaka, Phys. Rev. D 58 (1998) 116010; J. Hisano, D. Nomura and T. Yanagida, Phys. Lett. B 437 (1998) 351; S. F. King and M. Oliveira, Phys. Rev. D 60 (1999) 035003.

[24] S. Dimopoulos and L. J. Hall, Phys. Lett. B 344 (1995) 185.

[25] J. R. Ellis, J. Hisano, M. Raidal and Y. Shimizu, Phys. Lett. B 528 (2002) 86; Phys.

Rev. D 66 (2002) 115013.

[26] T.Hokuue, talk in DPF2002 (24 - 28 May 2002, Williamsburg, Virginia, USA) http://www.dpf2002.org/[tau physics.cfm].

[27] M. Furusaka et al., JAERI/KEK Joint Project Proposal The Joint Project for High- Intensity Proton Accelerators, KEK-REPORT-99-4, JAERI-TECH-99-056; J. Äystö et al., Physics with Low-Energy Muons at a Neutrino Factory Complex, CERN- TH/2001-231, hep-ph/0109217.

[28] D. Atwood, M. Gronau and A. Soni, Phys. Rev. Lett. 79 (1997) 185; C. K. Chua, X. G. He and W. S. Hou, Phys. Rev. D 60 (1999) 014003.

[29] I. I. Bigi and A. I. Sanda, Cambridge Monogr. Part. Phys. Nucl. Phys. Cosmol. 9 (2000) 1.

[30] P. Ball and R. Fleischer, Phys. Lett. B 475 (2000) 111; I. Dunietz, R. Fleischer and U. Nierste, Phys. Rev. D 63 (2001) 114015.

[31] K. Anikeev et al., arXiv:hep-ph/0201071; P. Ball et al., arXiv:hep-ph/0003238.

Figure 1: Br(τ → μγ) as a function of S_{ϕKS} for fixed gluino masses m_{g̃} = 400, 600, 800, and 1000 GeV. tan β_H is 5, 10, and 30. Also, 200 GeV< m_0 <1 TeV, A_0 = 0, m_{ντ} = 5 × 10^{−2} eV, M_N = 5 × 10^{14} GeV, and U_{32} = 1/ √ 2. (φ_{d2} − φ_{d3} ) is taken for the deviation of S_{ϕKS} from the SM prediction to be maximum. The constraints from b → sγ and the light-Higgs mass are imposed.

Figure 2: Br(τ → μγ) as a function of S_{ϕKS} for M_N = 10^{14}, 5×10^{14}, and 10^{15} GeV. tan β_H is 10 and 30. Also, 200 GeV< m_0 <1 TeV, m_{g̃} = 400 GeV, A_0 = 0, m_{ντ} = 5 × 10^{−2} eV, and U_{32} = 1/ √ 2. (φ_{d2} − φ_{d3} ) is taken for the deviation to be maximum. The constraints from b → sγ and the light-Higgs mass are imposed.

Figure 3: d_μ and S_{ϕKs} for tan β_H = 10 and 30. Here, we take 200 GeV< m_0 <1 TeV and 400 GeV< m_{g̃} <1 TeV, A_0 = 0, m_{ντ} = 5 × 10^{−2} eV, m_{Nτ} = 5 × 10^{14} GeV, and U_{32} = 1/ √ 2. (φ_{d2} − φ_{d3} ) is taken for the deviation to be maximum. The constraints from b → sγ, τ → μγ, and the light-Higgs mass are imposed.

Figure 4: A_{bsg} and S_{ϕKs} for tan β_H = 10 and 30. Other parameters are the same as in Fig. (3).

Figure 5: Br(τ → μγ) as a function of S_{J/ψϕ} for M_N = 10^{14}, 5 × 10^{14}, and 10^{15} GeV. tan β_H is 10 and 30. Other parameters are the same as in Fig. (2).