arXiv:hep-ph/0308021 v2 11 Sep 2003

KEK-TH-908

hep-ph/0308021

Higgs-mediated muon-electron conversion process in supersymmetric seesaw model

Ryuichiro Kitano,^{a,∗} Masafumi Koike,^{b,†} Shinji Komine,^{b,‡} and Yasuhiro Okada^{b,c,§}

aSchool of Natural Sciences, Institute for Advanced Study, Princeton, NJ 08540

bTheory Group, KEK, Oho 1-1, Tsukuba, Ibaraki 305-0801, Japan

cDepartment of Particle and Nuclear Physics, The Graduate University for Advanced Studies, Oho 1-1, Tsukuba, Ibaraki 305-0801, Japan

September 11, 2003

Abstract

We study the effect of the Higgs-exchange diagram for the lepton flavor violating muon-electron conversion process in nuclei in the supersymmetric seesaw model. The contribution is significant for a large value of tan β and a small value of a neutral heavy Higgs boson mass, in which case the ratio of the branching ratios of B(μN → eN)/B(μ → eγ) is enhanced. We also show that the target atom dependence of the conversion branching ratio provides information on the size of the Higgs exchange diagram.

∗email: kitano@ias.edu
†email: mkoike@post.kek.jp
‡email: komine@post.kek.jp
§email: yasuhiro.okada@kek.jp

Among various candidates for physics beyond the standard model, the supersymmetric (SUSY) extension is considered to be one of the most promising ones, providing us with a solution to the hierarchy problem. In addition, the gauge coupling constants measured precisely in the last decade show a remarkable agreement with the prediction of the SUSY grand unified theory (GUT) [1]. Although direct searches for SUSY particles are the most important, it is also interesting to see implications of such a theory in the low-energy phenomena. This will be important even after we discover SUSY particles at energy frontier experiments, because some of model parameters can be only accessible from low energy experiments.

Lepton flavor violation (LFV) offers a possibility to explore SUSY models from low energy experiments [2]. In the standard model, the lepton number is conserved separately for each generation, so that LFV in charged lepton precesses is forbidden. On the other hand, recent developments in neutrino physics indicate that the lepton flavor is not conserved in the neutrino sector. However, the simplest model of a finite neutrino mass, namely the see-saw model, does not induce observable effects of LFV in charged lepton processes since only the mass terms of the neutrinos violate the lepton flavor conservation [3]. The situation is completely different in the context of SUSY. In SUSY models the LFV in muon and tau decays is considerably enhanced due to the existence of the scalar partner of leptons, and therefore the branching ratios of these processes can be close to the reaches of current or near future experiments in SUSY-GUT [4] as well as SUSY seesaw models [5, 6, 7].

In the SUSY model, a new source of LFV appears in the off-diagonal components of the slepton mass matrices. In the case of the SUSY seesaw model, the Dirac Yukawa interactions of the neutrinos induce the off-diagonal components at the one-loop level, even if we assume the slepton mass matrix to be proportional to the unit matrix at the high-energy scale such as in the minimal supergravity scenario [5]. This effect can be sizable, and the current upper bound of the branching ratio of the μ → eγ decay already puts severe constraints on the SUSY parameters.

Another important process is the μ−e conversion in nuclei. In the effective Lagrangian at the energy scale of the muon mass, this process can be induced by several four-fermion operators, in addition to the photon dipole-type operator, which is responsible for the μ → eγ decay. If the latter is the only source of LFV, the branching ratio for the μ − e conversion is suppressed roughly by O(α) compared to the branching ratio of the μ → eγ decay. Even if this is the case, significance on new physics search from two processes can be similar since the experimental upper limit is lower for the μ−e conversion process. The current best experimental upper bounds for the branching fractions are B(μ → eγ) < 1.2 × 10^{−11} [8] and B(μTi → eTi) < 6.1 × 10^{−13} [9], respectively. There are several planned experiments which are aiming at improving the bounds of the branching fractions for relevant processes by three or four orders of magnitudes [10, 11, 12]. If other four-fermion interaction is sizable, or even dominant, the μ − e conversion branching ratio may not be suppressed by O(α) relative to the μ → eγ branching ratio. For example, in R-parity violating SUSY models, the contribution from the scalar type four-fermion interaction is shown to be important especially through the strange-quark [13] and the bottom-quark couplings [14].

Recently, the effect of the neutral Higgs exchange diagrams in the various flavor changing neutral current (FCNC) processes is considered, and a possibility of large contributions is pointed out especially for large tan β and small m_A region in SUSY models [15]. In LFV processes, the new effect to the τ → 3μ and τ → μη decay is studied [16, 17, 18]. Since the Higgs-mediated FCNC does not contribute to the τ → μγ decay, the ratio of B(τ → 3μ)/B(τ → μγ) is useful to reveal the existence of the effect.

In this letter, we studied the effect of the Higgs-exchange diagram on the μ − e conversion process in the SUSY seesaw model. In contrast to the μ → 3e decay, the Higgsmediated contribution to the μ − e conversion process is not suppressed by the electron mass but only by the nucleon masses, because the Higgs-boson coupling to the nucleon is shown to be characterized by the nucleon mass using the conformal anomaly relation [19]. The most important contribution turns out to come from the exchange of the heavier scalar Higgs boson (H^0) which couples to the strange quark scalar current in the nucleus. We found that the transition amplitude from this type of diagrams becomes fairly large compared to the photon-exchange diagram responsible for the μ → eγ decay in the large tan β and the light H^0 region. Therefore, the ratio of B(μN → eN)/B(μ → eγ) is quite sensitive to the Higgs-exchange effect, just as B(τ → 3μ)/B(τ → μγ) is important in τ decays. Also, we show that it is possible to identify the Higgs-mediated LFV effect by looking at the target atom dependence of the branching ratio, e.g. B(μPb → ePb)/B(μAl → eAl).

In the SUSY seesaw model, the off-diagonal components of the slepton mass matrix appear in the left-handed sleptons through the neutrino Yukawa interactions. We assume that the slepton mass matrix is proportional to the unit matrix at the GUT scale, and evaluate the effects of the neutrino Yukawa interaction to the slepton sector. The superpotential of the lepton sector is given by W = f^i_e H_1 ·E^c_i L_i +f^{ij}_ν H_2 ·N^c_i L_j +(1/2)M^i_N N^c_i N^c_i , where H_1 and H_2 are the doublet Higgs fields, L_i, E^c_i , and N^c_i are the superfields corresponding to the left-handed leptons, right-handed leptons, and right-handed neutrinos of the i-th generation, respectively. The neutrino mass matrix is obtained by integrating out the heavy right-handed neutrinos as m^{ij}_ν = (f^T_ν M^{−1}_N f_ν )_{ij} v^2 sin^2 β/2 [20], where v is the vacuum expectation value (VEV) of the Higgs field (v = 246 GeV) and the angle β is defined by tan β = ⟨H^0_2 ⟩/⟨H^0_1 ⟩. To obtain the correct size of the neutrino masses, the right-handed neutrinos should be as heavy as 10^{14} GeV for f_ν ∼ O(1). The Yukawa interactions represented by f_ν violate the lepton flavor conservation. This violation is imprinted to the slepton mass matrix in the low-energy Lagrangian. The renormalization group equation (RGE) running effect induces the off-diagonal components in the left-handed slepton mass matrix which are approximately given as follows:

(Δm^2_{l̃L} )_{ij} ≃ − 1 8π f^{ki∗}_ν f^{kj}_ν m^2_0(3 + |a_0|^2) log

M_{GUT} M^k_N , (1)

where the SUSY breaking parameters m_0 and a_0 represent scalar masses and three point scalar interactions at the GUT scale, respectively.

LFV in the Higgs coupling originates from the non-holomorphic correction to the Yukawa interactions of the charged leptons [16]. One-loop diagrams mediated by sleptons induce the following Yukawa interaction terms:

L = f^i_eē_iP_Le_iH^0_1 + f^i_eē_i ( ϵ^{(i)}_1 δ_{ij} + ϵ̃^{(ij)}_2 ) P_Le_j H^{0∗}_2 + h.c. , (2)

where P_{L,R} = (1 ∓ γ_5)/2. The non-holomorphic interactions ϵ_1 and ϵ̃_2 are given by^1

ϵ^{(i)}_1 = g^2_Y μM_1 [ I_3(M^2_1 , m^2_{ẽRi} , m^2_{l̃Li} ) + 1 2 I_3(M^2_1 , μ^2, m^2_{l̃Li} ) − I_3(M^2_1 , μ^2, m^2_{l̃Ri} ) ]

− 3 2 g^2 μM_2I_3(M^2_2 , μ^2, m^2_{l̃Li} ) , (3)

ϵ̃^{(ij)}_2 = −g^2_Y μM_1(Δm^2_{l̃L} )_{ij} [ I_4(M^2_1 , m^2_{ẽRi} , m^2_{l̃Li} , m^2_{l̃Lj} ) + 1 2 I_4(M^2_1 , μ^2, m^2_{l̃Li} , m^2_{l̃Lj} ) ]

+ 3 2 g^2μM_2(Δm^2_{l̃L} )_{ij} I_4(M^2_2 , μ^2, m^2_{l̃Li} , m^2_{l̃Lj} ) , (4)

where g_Y and g_2 are the gauge coupling constants, and M_1, M_2, and μ are the gaugino and Higgsino mass parameters. The above formulas are based on the calculation of the effective Yukawa interaction in the SU(2)_L × U(1)_Y symmetric limit. The mass parameters m^2_{ẽRi} and m^2_{ẽLi} are the slepton masses for the i-th generation. The functions I_3 and I_4 are defined by I_3(a, b, c) = − 1 (4π)^2 ab log(a/b) + bc log(b/c) + ca log(c/a) (a − b)(b − c)(c − a) , (5)

I_4(a, b, c, d) = 1 (4π)^2 [ a log a (b − a)(c − a)(d − a) + b log b (a − b)(c − b)(d − b) + c log c (a − c)(b − c)(d − c) + d log d (a − d)(b − d)(c − d) ] . (6)

Note that the parameters ϵ_1 and ϵ̃_2 do not vanish even in the limit of large masses of SUSY particles. This is quite different from the photon-exchange diagrams of LFV, where the amplitude becomes small for large masses of internal SUSY particles.

The Yukawa interactions in Eq.(2) can be written in terms of the fields in the mass eigenstates. For the μ − e transition, the Lagrangian is given by L = − m_μκ_{21} v cos^2 β (μ̄P_Le) [ cos(α − β)h^0 + sin(α − β)H^0 − iA^0 ] + h.c. , (7)

where h^0 and H^0 are the scalar Higgs fields (m_h0 < m_H 0 ), and A^0 is the pseudoscalar Higgs field. The LFV parameter κ_{21} is given by κ_{21} = ϵ̃^{(21)}_2 /(1 + ϵ^{(2)}_1 tan β)^2. In the limit

1There are sign differences in theses equations compared to the results in Refs. [16, 17].

where the masses of H^0 and A^0 go to infinity, the LFV interaction of the lightest Higgs boson vanishes since the standard model does not have LFV. Therefore the contributions from H^0 and A^0 are important in LFV processes for relatively small values of heavy Higgs boson masses.

The μ − e conversion process occurs through this interaction by the exchange of the Higgs boson with a nucleus. The effective four-fermion interactions are given by

L_{eff} = − m_μκ_{21} v cos^2 β ∑ q=u,c,t [ m_q v sin β { − cos(α − β) cos α m^2_{h0} − sin(α − β) sin α

m^2_{H 0} } (ēP_Rμ)(q̄q)

− m_q v sin β cos β m^2_{A0}

(ēP_Rμ)(q̄γ_5q) ]

− m_μκ_{21} v cos^2 β ∑ q=d,s,b [ m_q v cos β { cos(α − β) sin α m^2_{h0} − sin(α − β) cos α m^2_{H 0} } (ēP_Rμ)(q̄q)

− m_q v cos β sin β m^2_{A0}

(ēP_Rμ)(q̄γ_5q) ] . (8)

The transition amplitude can be obtained by taking a matrix element. We evaluate the amplitude of the coherent conversion processes where the initial and final nuclei are in the ground state. Compared to incoherent transition processes, the coherent processes are expected to be enhanced by a factor of O(Z) where Z is the atomic number. In those processes, the matrix elements for the quark operators are obtained in the following way [21]. The first step is to write down the effective Lagrangian in the nucleon level which is given by replacements of q̄q → G^{(q,p)}_S p̄p + G^{(q,n)}_S n̄n and q̄γ_5q → G^{(q,p)}_P p̄γ_5p + G^{(q,n)}_P n̄γ_5n , (9) where G’s are coefficients which can be evaluated by taking matrix elements of quark operators by nucleon states. Then we can take the matrix elements by a specific nucleus. Since the initial and final states are the same, the elements ⟨N|p̄p|N⟩ and ⟨N|n̄n|N⟩ are nothing but the proton and the neutron densities in a nucleus in the non-relativistic limit of nucleons. In this limit, the other matrix elements ⟨N|p̄γ_5p|N⟩ and ⟨N|n̄γ_5n|N⟩ vanish. Therefore in the coherent μ−e conversion process, the dominant contribution comes from the exchange of H^0, not A^0.

As we can see in Eq.(8), the LFV interactions contain factors of the muon and the quark masses because we need two chirality flips to form the scalar four-fermion operators. However, there can be also enhancement factors. One is the tan β enhancement in the H^0 vertices, with which the amplitude is proportional to tan^3 β. The other factor of enhancement is due to the couplings of the Higgs boson to the nucleons represented by the G^{(q,p)}_S and G^{(q,n)}_S factors. It is important to notice that the Higgs boson coupling to the nucleon is not suppressed by the up or down current quark masses because it can strongly couple to the gluons in the nucleon through the loop diagrams of the quarks [19].

Among the various quarks, the strange quark gives the dominant contribution in the large tan β region, since the down-type quarks have tan β enhancement in the Yukawa coupling constants. The values of the combinations of m_sG^{(s,p)}_S and m_sG^{(s,n)}_S turn out to be much larger compared to the contribution from the down quark and that from bottom quark diagrams. The values are estimated to be m_dG^{(d,p)}_S /m_p = 0.029, m_dG^{(d,n)}_S /m_n = 0.037, m_sG^{(s,p)}_S /m_p = m_sG^{(s,n)}_S /m_n = 0.21, and m_bG^{(b,p)}_S /m_p = m_bG^{(b,n)}_S /m_n = 0.055 [22].

Once we write down the effective Lagrangian in the nucleon level, the estimation of the coherent conversion rate is straightforward [23, 24]. The general interaction Lagrangian for the coherent conversion process is given by

L_{int} = −

4G_F √ 2 (m_μA_Rμ̄σ^{μν} P_LeF_{μν} + m_μA_Lμ̄σ^{μν} P_ReF_{μν} + h.c.) − G_F √ 2 ∑ ψ=p,n [ ( g̃^{(ψ)}_{LS} ēP_Rμ + g̃^{(ψ)}_{RS} ēP_Lμ ) ψ̄ψ

+ ( g̃^{(ψ)}_{LV} ēγ^μP_Lμ + g̃^{(ψ)}_{RV} ēγ^μP_Rμ ) ψ̄γ_μψ + h.c. ] , (10)

where A’s and g̃’s are dimensionless coupling constants. The first two are the dipole operators which are the same operators for the μ → eγ decay. We also have scalar and vector type four-fermion operators. In the SUSY seesaw model, since the slepton mixing appears only in the left-handed sleptons, the parity is maximally violated, i.e. A_L, g̃^{(p,n)}_{RS} , g̃^{(p,n)}_{RV} ≪ A_R, g̃^{(p,n)}_{LS} , g̃^{(p,n)}_{LV} . All those operators are given through the one-loop diagrams mediated by the SUSY particles [6]. Besides the scalar operator from the Higgs exchange, only the dipole operator is important in the large tan β region because of the dependence of A_R ∝ tan β.

With the above coefficients in the effective Lagrangian, the conversion rate is simply given by

ω_{conv} = 2G^2_F | |A^∗_RD + g̃^{(p)}_{LS} S^{(p)} + g̃^{(n)}_{LS} S^{(n)} + g̃^{(p)}_{LV} V^{(p)} + g̃^{(n)}_{LV} V^{(n)} | |^2 + (L ↔ R) , (11)

where D, S^{(p)}, S^{(n)}, V^{(p)}, and V^{(n)} are the overlap integrals among wave functions of the muon and the electron and the nucleon densities or the electric field in the nuclei. For example, in the aluminum nuclei, they are estimated to be D = 0.0362m^{5/2}μ , S^{(p)} = 0.0155m^{5/2}μ , S^{(n)} = 0.0161m^{5/2}μ , V^{(p)} = 0.0167m^{5/2}μ , and V^{(n)} = 0.0173m^{5/2}μ [24].

By comparing Eq.(8) and Eq.(9) with Eq.(10), we obtain the coupling constants g̃^{(p)}_{LS} and g̃^{(n)}_{LS} , and then we can derive the formula for the the conversion rate by Eq.(11). For example, in the aluminum and lead targets, the conversion branching ratios at large tan β are approximately given by

B(μAl → eAl) ≃ 1.8 × 10^{−4} · m^7_μm^2_pκ^2_1 v^4m^4_{H 0} ω_{capt} tan^6 β , (12) and B(μPb → ePb) ≃ 2.5 × 10^{−3} · m^7_μm^2_pκ^2_1 v^4m^4_{H 0} ω_{capt} tan^6 β , (13)

respectively, where ω_{capt} is the muon capture rate in the nuclei. The values are ω_{capt} = 0.7054 × 10^6 s^{−1} and 13.45 × 10^6 s^{−1} in the aluminum and the lead nuclei, respectively [25]. If we take all the right-handed neutrino masses to be 10^{14} GeV, the contribution of the Higgs exchange in Eq.(12) is roughly given by

B(μAl → eAl)_H 0 ∼ O(10^{−13} ) · ( 200GeV m_H 0

)_4 · ( tan β 60 )_6 , (14)

whereas the contribution from the photon exchange is calculated to be

B(μAl → eAl)_γ ∼ O(10^{−13}) · ( 1000GeV M_S )_4 · ( tan β 60 )_2 , (15)

where M_S is defined by M_S ≡ m_0 = M_{1/2} with the universal scalar mass m_0 and the gaugino mass M_{1/2} at the GUT scale. The above estimation shows that the Higgs exchange is important for tan β ≳ 60 and m_H 0 ≪ M_S region because of the different decoupling behavior.

We numerically calculate the branching ratios in order to discuss the effect of Higgs boson exchange more quantitatively. We take the universal soft masses for the squarks and sleptons m_0, the gaugino mass M_{1/2}, and the A-terms a_0 at the GUT scale. In order to realize a relatively light Higgs mass spectrum, we take the quadratic mass parameters of the Higgs potential m^2_{H1} and m^2_{H2} to be independent. The values of the μ and B parameters in low energy are determined to reproduce correct vacuum expectation values. Between the GUT and the right-handed neutrino mass scales, the parameters evolve with the RGE of minimal SUSY standard model (MSSM) with the right-handed neutrinos, that induces (Δm^2_{l̃L} )_{ij} which is approximately given in Eq.(1). The evolution of the parameters obeys the MSSM running below the right-handed neutrino scale. In the actual calculation we solve relevant RGE’s numerically. Once we obtain the low-energy parameters, we calculate the coefficients A’s and g̃’s given by the one-loop diagrams [6] and the Higgs exchange effects in Eq.(8). Then we used the the values in Ref. [24] to calculate the conversion branching ratios from the coefficients.

The results of the calculation are shown in Figs.1 and 2. We show in Fig.1(a) the scatter plot of the value of B(μAl → eAl). We fixed the m_0 and M_{1/2} parameters to be 2000 GeV, and tan β = 60. The right-handed neutrino masses are also fixed to be M^i_N = 10^{14} GeV for all the generations, and the Yukawa coupling constants f_ν are determined so as to fit the neutrino oscillation data of Δm^2_{atm} = 3 × 10^{−3} eV^2, Δm^2_{sol} = 4 × 10^{−5} eV^2, sin^2 θ_{atm} = 0.5, and sin^2 θ_{sol} = 0.25 [26, 27, 28]. We took the normal hierarchy with m_{ν1} = 0 and U_{e3} = 0, where U is the Maki-Nakagawa-Sakata matrix [29]. As expected, we can see the enhancement in the light H^0 region (m_H 0 ≲ 600 GeV) because of the

Figure 1: The m_H 0 dependences of the branching ratios of the following processes are shown: (a) μ − e conversion in aluminum nucleus and (b) μ → eγ decay. We take the right-handed neutrino masses to be 10^{14} GeV, and tan β = 60. The soft masses for the Higgs fields are treated as free parameters.

Higgs-exchange effect. We can obtain the branching ratios for different values of M_N by the scaling of B(μAl → eAl) ∝ (M_N )^2. Fig.1(b) is the same plot for B(μ → eγ). The enhancement in the light H^0 region is absent in the μ → eγ decay. Therefore, taking the ratio of the branching ratios (B(μAl → eAl)/B(μ → eγ)), we would see whether the contribution of the Higgs boson exchange is large. Fig.2(a) shows this ratio for the cases of m_0 = M_{1/2} = 500, 1000, and 2000 GeV. The ratio becomes large and can reach O(1) for small m_H 0 . As increasing m_H 0 , it monotonically approaches to 0.0026, which is the value predicted for the case that the μ − e conversion occurs through photon exchange diagrams [24]. The deviation from 0.0026 indicates that the existence of the operators besides the photonic dipole operator. Although this is an interesting prediction of the Higgs-exchange LFV, it is not clear whether the Higgs-exchange effect is responsible for the deviation when it is measured.

The target atom dependence of the conversion branching ratio is another interesting quantity which can discriminate the different operators of the μ − e conversion process [24]. There are three types of operators: dipole, scalar four-fermion, and vector fourfermion. For light nuclei, all those operators show similar Z dependences in the μ − e conversion amplitude. Namely, the overlap integrals behave like i.e. D/(8e) = S^{(p)} = V^{(p)} ≃ ((A − Z)/A)S^{(n)} = ((A − Z)/A)V^{(n)}, in the non-relativistic limit of the muon wave function. On the other hand, these overlap integrals take different values in the heavy nuclei due to the large relativistic effect. For examples, B(μPb → ePb)/B(μAl → eAl) for the dipole, the scalar, and the vector operators are 1.1, 0.70, and 1.4, respectively

[24]. Thus the ratio of the branching ratio in a heavy nucleus to that in light one provides information on the type of operators responsible for the μ − e conversion. In the case where the Higgs-exchange is dominated as in the light H^0 region, the heavy to light ratio corresponds to a value of the scalar-operator prediction, which would be a robust indication of the effect. We plot the ratio of B(μPb → ePb)/B(μAl → eAl) in Fig.2(b). We can see that the values indeed approach to the prediction of the scalar operator (0.70) in the light H^0 region, and they increase and approach asymptotically to the prediction of the dipole operator (1.1) as increasing m_H 0 . Measurement of this dependence can provide us with useful information which will eventually lead us to extract the size of the Higgs-mediated LFV.

The enhancement due to the Higgs boson exchange is not as significant in μ → 3e process as in μ − e conversion due to the small Yukawa coupling of an electron. The ratio B(μ → 3e)/B(μ → eγ) is shown in Fig.2(c). There we can see the ratio is almost constant (0.006) over the same parameter region as in Fig.2(a).

In summary, we calculated the branching ratios of the coherent μ−e conversion process in the SUSY seesaw model. The effect of the Higgs-mediated LFV may give dominant contribution in the large tan β and the light H^0 region because of the tan^6 β and (m_H 0 )^{−4} enhancement of the branching ratio. The Higgs-exchange effect gives interesting signals on ratios of the branching ratios. For example, the ratio of B(μAl → eAl)/B(μ → eγ) is predicted to be 0.0026 with only the dipole operator, but the Higgs-mediated process enhances this ratio significantly. Moreover, information on the operator responsible for the μ−e conversion can be obtained by the target atom dependence of the μ−e conversion branching ratio. This is particularly useful because we can make a definite theoretical prediction for the ratio like B(μPb → ePb)/B(μAl → eAl) depending on the dominant type of operators. For the ratio of B(μAl → eAl)/B(μ → eγ), such definitive prediction is possible only in the case of the photon-dipole-operator dominance.

Acknowledgments

The work of R.K. was supported by DOE grant DE-FG02-90ER40542. The work of M.K. and S.K. was supported by the JSPS Research Fellowships for Young Scientists. The work of Y.O. was supported in part by a Grant-in-Aid of the Ministry of Education, Culture, Sports, Science and Technology, Government of Japan, No. 13640309 and No. 13135225.

References

[1] U. Amaldi, W. de Boer and H. Furstenau, Phys. Lett. B 260, 447 (1991); P. Langacker and M. x. Luo, Phys. Rev. D 44, 817 (1991).

[2] For review, see Y. Kuno and Y. Okada, Rev. Mod. Phys. 73, 151 (2001).

[3] S. M. Bilenkii, S. T. Petcov and B. Pontecorvo, Phys. Lett. B 67, 309 (1977);

S. T. Petcov, Yad. Fiz. 25, 641 [Sov. J. Nucl. Phys. 25, 340 (1977)]; T. P. Cheng and L. F. Li, Phys. Rev. Lett. 45, 1908 (1980).

[4] R. Barbieri, L. J. Hall and A. Strumia, Nucl. Phys. B 445, 219 (1995); R. Barbieri and L. J. Hall, Phys. Lett. B 338, 212 (1994); J. Hisano, T. Moroi, K. Tobe and M. Yamaguchi, Phys. Lett. B 391, 341 (1997) [Erratum-ibid. B 397, 357 (1997)]; Y. Okada, K. i. Okumura and Y. Shimizu, Phys. Rev. D 58, 051901 (1998); J. Hisano, D. Nomura, Y. Okada, Y. Shimizu and M. Tanaka, Phys. Rev. D 58, 116010 (1998); Y. Okada, K. i. Okumura and Y. Shimizu, Phys. Rev. D 61, 094001 (2000).

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

[6] J. Hisano, T. Moroi, K. Tobe and M. Yamaguchi, Phys. Rev. D53, 2442 (1996).

[7] J. Hisano, T. Moroi, K. Tobe, M. Yamaguchi and T. Yanagida, Phys. Lett. B357, 579 (1995); J. Hisano, D. Nomura and T. Yanagida, Phys. Lett. B437, 351 (1998); J. Hisano and D. Nomura, Phys. Rev. D59, 116005 (1999); W. Buchmuller, D. Delepine and F. Vissani, Phys. Lett. B459, 171 (1999); J. Ellis, M. E. Gómez, G. K. Leontaris, S. Lola and D. V. Nanopoulos, Eur. Phys. J. C14, 319 (2000); W. Buchmuller, D. Delepine and L. T. Handoko, Nucl. Phys. B576, 445 (2000); J. Sato, K. Tobe and T. Yanagida, Phys. Lett. B 498, 189 (2001); J. Sato and K. Tobe, Phys. Rev. D 63, 116010 (2001); A. Kageyama, S. Kaneko, N. Shimoyama and M. Tanimoto, Phys. Lett. B 527, 206 (2002); J. R. Ellis, J. Hisano, S. Lola and M. Raidal, Nucl. Phys. B 621, 208 (2002).

[8] M. L. Brooks et al. [MEGA Collaboration], Phys. Rev. Lett. 83, 1521 (1999).

[9] P. Wintz, in Proceedings of the First International Symposium on Lepton and Baryon Number Violation, edited by H. V. Klapdor-Kleingrothaus and I. V. Krivosheina (Institute of Physics, Bristol/Philadelphia), p. 534 (1998).

[10] L. M. Barkov et al., research proposal to PSI; S. Ritt, in Proceedings of The 2nd International Workshop on Neutrino Oscillations and their Origin, edited by Y. Suzuki et al. (World Scientific), p. 245 (2000).

[11] M. Bachman et al. [MECO Collaboration], experimental proposal E940 to Brookhaven National Laboratory AGS (1997).

[12] Y. Kuno, in Proceedings of The 2nd International Workshop on Neutrino Oscillations and their Origin, edited by Y. Suzuki et al. (World Scientific), p. 253 (2000).

[13] A. Faessler, T. S. Kosmas, S. Kovalenko and J. D. Vergados, Nucl. Phys. B 587 (2000) 25.

[14] T. S. Kosmas, S. Kovalenko and I. Schmidt, Phys. Lett. B 519, 78 (2001).

[15] C. Hamzaoui, M. Pospelov and M. Toharia, Phys. Rev. D 59, 095005 (1999);

K. S. Babu and C. F. Kolda, Phys. Rev. Lett. 84, 228 (2000); C. S. Huang, W. Liao, Q. S. Yan and S. H. Zhu, Phys. Rev. D 63, 114021 (2001) [Erratum-ibid. D 64, 059902 (2001)]; P. H. Chankowski and L. Slawianowska, Phys. Rev. D 63, 054012 (2001); C. Bobeth, T. Ewerth, F. Kruger and J. Urban, Phys. Rev. D 64, 074014 (2001); Phys. Rev. D 66, 074021 (2002); A. Dedes, H. K. Dreiner and U. Nierste, Phys. Rev. Lett. 87, 251804 (2001); G. Isidori and A. Retico, JHEP 0111, 001 (2001); A. J. Buras, P. H. Chankowski, J. Rosiek and L. Slawianowska, Phys. Lett. B 546, 96 (2002); A. Dedes and A. Pilaftsis, Phys. Rev. D 67, 015012 (2003).

[16] K. S. Babu and C. Kolda, Phys. Rev. Lett. 89, 241802 (2002).

[17] A. Dedes, J. R. Ellis and M. Raidal, Phys. Lett. B 549, 159 (2002).

[18] M. Sher, Phys. Rev. D 66, 057301 (2002).

[19] M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, Phys. Lett. B 78, 443 (1978).

[20] T. Yanagida, in Proceedings of the Workshop on Unified Theory and Baryon Number of the Universe, edited by O. Sawada and A. Sugamoto (KEK, 1979) p.95; M. Gell- Mann, P. Ramond, and R. Slansky, in Supergravity, edited by P. van Nieuwenhuizen and D. Freedman (North Holland, Amsterdam, 1979).

[21] T. S. Kosmas, S. Kovalenko and I. Schmidt, Phys. Lett. B 511, 203 (2001).

[22] A. Corsetti and P. Nath, Phys. Rev. D 64, 125010 (2001).

[23] S. Weinberg and G. Feinberg, Phys. Rev. Lett. 3 111 (1959); O. Shanker, Phys. Rev.

D 20, 1608 (1979); A. Czarnecki, W. J. Marciano and K. Melnikov, in Proceedings of Workshop on Physics at the First Muon Collider and at the Front End of the Muon Collider, Fermilab, edited by S. H. Geer and R. Raja, AIP Conf. Proc. No. 435 (AIP, New York), p. 409 [arXiv:hep-ph/9801218].

[24] R. Kitano, M. Koike and Y. Okada, Phys. Rev. D 66, 096002 (2002).

[25] T. Suzuki, D. F. Measday and J. P. Roalsvig, Phys. Rev. C 35, 2212 (1987).

[26] S. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 86, 5656 (2001);

Q. R. Ahmad et al. [SNO Collaboration], Phys. Rev. Lett. 89, 011301 (2002); Phys. Rev. Lett. 89, 011302 (2002); K. Eguchi et al. [KamLAND Collaboration], Phys. Rev. Lett. 90, 021802 (2003).

[27] Y. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 81, 1562 (1998).

[28] M. H. Ahn et al. [K2K Collaboration], arXiv:hep-ex/0212007.

[29] Z. Maki, M. Nakagawa and S. Sakata, Prog. Theor. Phys. 28, 870 (1962).

Figure 2: The following ratios of the branching ratios are shown as functions of m_H 0 : (a) B(μAl → eAl)/B(μ → eγ), (b) B(μPb → ePb)/B(μAl → eAl), and (c) B(μ → 3e)/B(μ → eγ). We take the right-handed neutrino masses to be 10^{14} GeV, and tan β = 60. The soft masses for the Higgs fields are treated as free parameters.