arXiv:hep-ph/0402106 v3 15 Jul 2004

July, 2004 OU-HET 468 hep-ph/0402106

The role of Majorana CP phases in the bi-maximal mixing scheme -hierarchical Dirac mass case-

Tetsuo Shindou^∗ and Eiichi Takasugi^† Department of Physics, Osaka University Toyonaka, Osaka 560-0043, Japan

Abstract We discuss the energy scale profile of the bi-maximal mixing which is given at the GUT energy scale in the minimal SUSY model, associated with an assumption that Y^†_ν Y_ν is diagonal, where Y_ν is the neutrino-Yukawa coupling matrix. In this model, the Dirac mass matrix which appears in the seesaw neutrino mass matrix is determined by three neutrino masses, two relative Majorana phases and three heavy Majorana masses. All CP phases are related by two Majorana phases. We show that the requirement that the solar mixing angle moves from the maximal mixing at GUT to the observed one as the energy scale decreases by the renormalization effect. We discuss the leptogenesis, and the lepton flavor violation process by assuming the universal soft breaking terms.

∗Present address: Theory Group, KEK, Tsukuba, Ibaraki 305-0801, Japan; e-mail address: shindou@post.kek.jp †e-mail address: takasugi@het.phys.sci.osaka-u.ac.jp

1 Introduction

The bi-maximal mixing scheme[1] may be most attractive one. It has a simple and beautiful structure and there are various models which give the bi-maximal mixing at the GUT scale[2]. In addition to this, we feel the property V_{13} = 0 is interesting. If the bi-maximal mixing is realized at the GUT scale M_X , the Dirac CP phase δ as well as |V_{13}| which are absent at M_X are induced following to the renormalization group equation at the low energy. This may give us a chance to predict these quantities. Another interesting point is that we may able to solve the discrepancy between the maximal solar mixing angle at the GUT scale, tan^2 θ_⊙ = 1 and the experimental data[3,4] at the low energy tan^2 θ_⊙ ≃ 0.40 . (1) Let us consider the renormalization group equation due to the neutrino-Yukawa and the τ -Yukawa couplings. We have shown[5,6] that the effect due to the τ -Yukawa coupling rotates the solar angle toward the dark side. Therefore, the large neutrino-Yukawa couplings are needed[6,7] to compensate this and rotates the solar angle toward the normal side. In this analysis, Majorana CP phases[8] in the neutrino mixing matrix[9] play an important role.

In this paper, we continue this analysis further by considering the neutrino mass matrix derived through the seesaw mechanism in the framework of the MSSM with the universal soft supersymmetry breaking terms. Our main motivation is to examine the the structure of the Dirac mass matrix and explore the possible relation of CP phases at the high and low energies. In general, the Dirac mass matrix introduces new CP phases and there is no relation between CP phases in the low energy and the high energy[10].

In Sec.2, we explain the assumptions which we adopt to construct the neutrino mass matrix. The renormalization group analysis is briefly explained and a typical form of the neutrino-Yukawa couplings is discussed. By assuming this typical from, the Dirac mass is determined. In Sec.3, the various results including the asymmetry parameter of the leptogenesis, the lepton flavor violation are discussed. The numerical analysis is presented in Sec.3. In Sec.4, the summary and discussion are given.

2 The model

We assume the MSSM with the neutrino-Yukawa coupling matrix, Y_ν and the righthanded Majorana neutrino mass matrix, M. The related terms are given by L_{y+M} = N_Rϕ^†_uY_ν ν_L − 1 2 (N_R)^C MN_R + h.c. . (2) The soft SUSY breaking terms are assumed to be universal and the source of the lepton flavor violation (LFV) is only through the neutrino-Yukawa couplings. The left-handed neutrino mass matrix, m_ν is derived through the seesaw mechanism as m_ν (M_X ) = m^T_DM^{−1}m_D , (3) where m_D = Y_ν v_u √ 2 (4) with v_u = v sin β. Here, the neutrino mass matrix is effectively given at the right-handed neutrino mass scale, while Y_ν and M in Eq.(3) are defined at the GUT scale, M_X .

The Dirac mass matrix is generally expressed by m_D = V^†_RD_D V_L , (5) where V_R and V_L are unitary matrices, D_D is a diagonal mass matrix D_D = diag(m_{D1}, m_{D2}, m_{D3}) , (6) with real, positive eigenvalues, m_{Di}. In the following, we take the diagonal basis of M, M = D_R = diag(M_1, M_2, M_3) , (7) with real positive eigenvalues, M_i.

In this paper, we consider the hierarchical Dirac mass case, m_{D3} ≫ m_{D2} ≫ m_{D1} . (8) Also we take M_3 > M_2 > M_1 . (9)

(1) The model

Our mode consists of the following contents.

(A.1) The bi-maximal mixing is realized at the GUT scale, M_X . (A.2) The experimental solar mixing angle is achieved by the renormalization group effect due to the neutrino-Yukawa and the τ -Yukawa couplings.

(A.3) Y^†_ν Y_ν is assumed to be a diagonal matrix.

From (A.1), the neutrino mass matrix, m_ν at M_X is given by m_ν (M_X ) = O_B D_ν O^T_B , (10) where O_B is the bi-maximal mixing matrix

O_B = 1√ 2 −^{1√}_2 0 1 2 1 2 −^{1√}_2 1 2 1 2 1√ 2 . (11)

D_ν is a diagonal matrix with complex eigenvalues,

D_ν = diag(m_1, m_2, m_3) = diag(|m_1|, |m_2|e^{iαo} , |m_3|e^{iβo} ) , (12) where α_0 and β_0 are Majorana phases[8].

(2) The motivation of the assumption (A.3) In our papers[5,6], we showed that the τ -Yukawa contribution rotates the solar angle toward the dark side. Therefore, (A.2) requires[6] that the contributions from the neutrino-Yukawa should compensate the τ -Yukawa effect and rotate the solar angle into the normal side. For this, some elements of Y^†_ν Y_ν must large. On the other hand, the LFV processes take place through mixings in the slepton sector[11]. The rate for ℓ_i → ℓ_j +γ is proportional to |(Y^†_ν Y_ν )_{ij} |^2, and if we require that its branching ratio is less than, say, 10^{−12}, then |(Y^†_ν Y_ν )_{ij} | < 3×10^{−3}(1/ tan β) (i ≠ j) is required. Thus, only the elements which can be large are diagonal elements of Y^†_ν Y_ν , which leads to the the assumption (A.3). The possible modification of this assumption will be mentioned later.

(3) The form of m_D = (v_u/ √ 2)Y_ν In the following, we sometimes use m_D instead of Y_ν for the convenience. From the assumption (A.3), m_D is expressed by m_D = V^†_RD_D P_{ex} , (13) where V_R is a unitary matrix, D_D is a diagonal matrix defined in Eq.(6) and P_{ex} is the matrix to exchange the eigenvalues of D_D.

The matrix P_{ex} is fixed by considering the renormalization group effect to the solar neutrino mixing parameters. We take

P_{ex} = 0 0 1 0 1 0 −1 0 0 , (14)

from the reason we explained later.

(4) The renormalization group effect The renormalization group equation is given for M_X > μ > M_R by dm_ν d ln μ = 1 16π^2 { [(Y^†_ν Y_ν )^T + (Y^†_e Y_e)^T ]m_ν + m_ν [(Y^†_ν Y_ν ) + (Y^†_e Y_e)] } , (15) aside from the terms proportional to the unit matrix. Here, M_R is the right-handed neutrino mass scale. For the charged lepton Yukawa coupling matrix, we consider only the τ -Yukawa coupling, Y_e = diag(0, 0, y_τ ). When μ < M_R, only the τ -Yukawa couplings contribute, because the heavy neutrinos decouple from the interaction. From the assumption (A.3), we express Y^†_ν Y_ν = diag(y^2_1 , y^2, y^2_3) . (16) The contribution from it is split into the one proportional to the unit matrix, say, diag(0, y^2 , 0) and the rest, diag(y^2_1 − y^2, 0, y^2_3 − y^2). The former contributes the overall normalization of neutrino masses so that we discard it. As a result, the renormalization equation is expressed in a good approximation as m_ν (m_Z ) = m_ν (M_X ) + K^T m_ν (M_X ) + m_ν (M_X )K , (17) where[6]

K = ϵ_e 0 0 0 0 0 0 0 ϵ_τ . (18)

The ϵ_e and ϵ_τ are given explicitly by

ϵ_e = y^2_1 − y^2 16π^2 ln (m_X M_R ) , ϵ_τ = y^2_3 − y^2 16π^2 ln (m_X M_R ) + y^2_τ 16π^2 ln ( m_X M_Z ) . (19)

Here we neglect the threshold effect of M_i, which we discuss later and take M_i = M_R.

Since the renormalization group effect is discussed in detail in Refs.4 and 5, we give only the result. The effect to the sizes of neutrino masses, the atmospheric mass squared difference and the atmospheric mixing angle are small for |m_i| ≤ 0.1eV. Only the effect appears to the solar mixing angle and the solar mass squared masses, which are related by

tan^2 θ_⊙ =

1 + (ϵ_τ − 2ϵ_e) cos^2(α_0/2)m^2_1/Δm^2_⊙ 1 − (ϵ_τ − 2ϵ_e) cos^2(α_0/2)m^2_1/Δm^2_⊙

, (20)

where θ_⊙ and Δm^2_⊙ are the experimental values of the solar mixing angle and the mass squared difference which are defined at the low energy scale, m_Z . In order to obtain tan^2 θ_⊙ ≃ 0.40, it is required

(2ϵ_e − ϵ_τ ) cos^2(α_0/2)(m^2_1/Δm^2_⊙) = cos 2θ_⊙ . (21)

This equation gives the constraint on y^2_i m^2_1. Therefore, the smaller neutrino masses requires the larger Yukawa couplings. Since the Yukawa couplings can not be very large, the neutrino masses must be large. If we take m_1 = 0.05eV, Δm^2_{sol} = 6.9 × 10^{−5}eV^2, cos 2θ_⊙ = 0.43 and | cos(α_0/2)| = 0.5, we need y^2_1 ∼ 0.5. The important point is that the condition 2ϵ_e − ϵ_τ > 0 is necessary. The τ -Yukawa coupling gives ϵ_e = 0 and ϵ_τ > 0, so that this effect rotates the angle into the dark side. To compensate the τ -Yukawa contribution and rotates it into the normal side, we need the large neutrino-Yukawa couplings and they satisfy 2y^2_1 > y^2 + y^2_3 + y^2_τ . (22) This is satisfied only when the neutrino-Yukawa coupling matrix has the inverse hierarchical structure. That is, we have to assign y_1 = m_{D3} √ 2 v sin β , y_2 = m_{D2} √ 2 v sin β , y_3 = m_{D1} √ 2 v sin β

, (23) which fixes the form of P_{ex} in Eq.(14).

(5) The form of V_R In the diagonal basis of M = D_R, we have O_B D_ν O^T_B = m^T_DD^{−1}_R m_D . (24) By substituting Eq.(13) and after some computations, we have M^{−1}_R ≡ (V^∗_R D^{−1}_R V^†_R) = D^{−1}_D (P_{ex}O_B)D_ν (P_{ex}O_B )^T D^{−1}_D . (25) We observe that V_R and M_i are determined by complex neutrino masses m_i and real Dirac masses m_{Di}, i.e., 6 real positive masses and two Majorana phases. In other words, all CP violation phases in this model are related to two Majorana phases. Now we diagonalize M^{−1}_R in Eq.(25) under the condition in Eqs.(8) and (9). In addition, we assume that m_1 ≃ |m_2| ∼ |m_3| , (26) because m_i should be much larger than √ Δm^2_{atm} for the renormalization group to be effective. We define a = m_1 + m_2 + 2m_3 , b = m_1 + m_2 − 2m_3 , c = √ 2(m_2 − m_1) , (27) and δ_1 = m_{D1} m_{D2} , δ_2 = m_{D2} m_{D3} , (28)

which satisfy

δ_1 ∼ δ_2 ≪ 1 . (29)

The diagonalization is explicitly given in Appendix, so that we give the result. The unitary matrix V_R is given by

V_R =

1 −^b_a δ_1 −^c_{a+b} δ_1δ_2 (_b a )_∗ δ_1 1 −^c_{a+b} δ_2 (_c a )_∗ δ_1δ_2 (_c a+b )_∗ δ_2 1 , (30)

where eigenvalues are e^{iϕ1} M_1 = a 4m^2_{D1} , e^{iϕ2} M_2 = 1 4m^2_{D2}

4(a + b)m_3 a , e^{iϕ3} M_3 = 1 4m^2_{D3}

16m_1m_2 a + b , (31)

where phases, ϕ_i are defined such that M_i are real positive. Here we see in general M_3 ≫ M_2 ≫ M_1 because m_{D3} ≫ m_{D2} ≫ m_{D1}, except for the very special case m_1 + m_2 = 0. It may be interesting to observe that

m_1m_2m_3M_1M_2M_3e^{−i(ϕ1+ϕ2 +ϕ3)} = m^2_{D1}m^2_{D2}m^2_{D3} . (32)

As you see in Eqs.(30) and (31), the mixing matrix V_R and also the heavy neutrino masses M_i are determined by |m_i|, two Majorana phases, i.e., their relative phases and m_{Di}. Since the Dirac mass matrix is given by m_D = V^†_RD_D P_{ex}, phases in it is determined by two Majorana phases.

3 The numerical analysis

In the following, we keep only the y_1 term in the neutrino-Yukawa couplings. Also, we take

m_1 = |m_2| ≡ m , |m_3| = m ± Δm^2_{atm} 2m . (33)

In the following, we take the solar squared mass difference given by KamLAND collaboration[12], Δm^2_{sol} = 6.9 × 10^{−5}(eV)^2 and the atmospheric squared mass difference by the SuperKamiokande collaboration[13], Δm^2_{atm} = 2.5 × 10^{−3}(eV)^2. The atmospheric mixing angle is the maximal as we chose the bi-maximal mixing scheme.

(1) The information from the renormalization group analysis

(1-a) The right-handed neutrino mass scale If we consider the heavy neutrino threshold correction, ϵ_e in Eq.(19) should be modified by

ϵ_e = 1 16π^2

(Y^†_ν LY_ν )_{11} , (34)

where

L = diag(ln(M_X /M_1), ln(M_X /M_2), ln(M_X /M_3)) . (35)

We obtain

ϵ_e = 1 8π^2 m^2_{D3} (v sin β)^2 ln (M_X M_3 ) . (36)

For ϵ_τ , y^2_3 − y^2 is negligible because of Eq.(8). By substituting ϵ_e and ϵ_τ in Eq.(19) into Eq.(21), we have mM_3 | cos(α_0/2)| ln ( M_X M_3 ) = 4π^2 cos 2θ_⊙v^2Δm^2_⊙ sin^2 β m^2 cos^2(α_0/2) + m^2_τ tan^2 β 2 ln (M_X m_Z ) ,(37)

where we used m^2_{D3} ≃ mM_3/| cos(α_0/2)|.

Figure 1: The relation between M_3 and | cos(α_0/2)| for m = 0.025eV, 0.05eV, 0.1eV. We take tan^2 θ_⊙ = 0.4, tan β = 20, and M_X = 10^{16}GeV.

In Fig.1, we show the relation between M_3 and | cos(α_0/2)| for m =0.025eV, 0.05eV, 0.1eV and tan^2 θ_⊙ = 0.4 with tan β = 20, M_X = 10^{16}GeV. The M_3 behaves almost independently of | cos(α_0/2)| for m = 0.05eV. In particular, when | cos(α_0/2)| = 0.50, cos 2θ_⊙ = 0.43 and m = 0.05eV, we get M_3 ∼ 4 × 10^{13}GeV , (38) which implies m_{D3} = √ mM_3 | cos(α_0/2)|

∼ 60GeV . (39) If we take tan β larger than 20, M_3 becomes larger. The other masses M_i(i = 1, 2) are determined once m_{Di}, α_0 and β_0 are given.

(1-b) The induced |V_{13}| The |V_{13}| and the Dirac CP phase are induced. We show only |V_{13}| which is[6] |V_{13}| = 0.010 ( |ϵ_τ | 9.2 × 10^{−3} ) ( m_1m_3 (0.05)^2eV^2 ) ( 2.5 × 10^{−3}eV^2 Δm^2_{atm} ) ( sin(α_0/2) 0.87 ) ,(40) where the value ϵ_τ = 9.2 × 10^{−3} is the one for tan β = 20. Thus, the model generally predicts the value of |V_{13}| which is consistent with the CHOOZ’s bound[14] and may be detectable in the near future experiments.

(1-c) The Dirac phase δ The induced Dirac phase is given by[6] δ = α_0 2 − β_0 − π 2 + ξ_1 + ξ_2 , (41) where ξ_1 = arg(c − se^{−iα0/2}) and ξ_2 = arg(c + se^{iα0/2}). Here, c = cos θ and s = sin θ and sin 2θ cos(α_0/2) = − cos 2θ_⊙ , (42) so that | cos(α_0/2)| ≥ cos 2θ_⊙ . (43)

The relation between δ + β_0 and | cos(α_0/2)| is numerically plotted in Fig.1 of Ref.6. For | cos(α_0/2)| ∼ cos 2θ_⊙ ∼ 0.43, δ + β_0 takes values between −π/2 and −3π/2. In the discussion of the leptogenesis, we show β_0 ∼ 0 is favored to reproduce the experimental value of the baryon asymmetry. Then, for β_0 = 0, our model predicts − 1 2 π > δ > − 3 2 π . (44)

(1-d) The neutrinoless double beta decay

The effective mass[15] of the neutrinoless double beta decay is given by[6] ⟨m_ν ⟩ ≃ m| cos(α_0/2)| , (45) Since | cos(α_0/2)| ≥ cos 2θ_⊙, ⟨m_ν ⟩ > m cos 2θ_⊙ ∼ 0.43m, which may be within the experimental sensitivity in the near future. Our expectation is m ∼ 0.05eV, so that it may be around 0.02eV.

(2) The leptogenesis The lepton asymmetry parameter, ϵ is defined by[16] ϵ = Γ(N_1 → Φℓ^C ) − Γ(N_1 → Φ^†ℓ) Γ(N_1 → Φℓ^C ) + Γ(N_1 → Φ^†ℓ) = 1 4πv^2 1 (m_Dm^†_D)_{11} ∑ j=2,3 Im(m_Dm^†_D)^2_{1j} f(M^2_j /M^2_1 ) , (46)

where v ∼ 246GeV and f(x) ≃ − 3 2 √ x . (47) The approximate form of f is valid for our case because M_i have the hierarchical structure as in Eq.(31).

By the explicit computation, we find (m_Dm^†_D)_{11} ≃ m^2_{D1}

|a|^2 + |b|^2 + |c|^2 |a|^2 , (m_Dm^†_D)_{12} ≃ m_{D1}m_{D2} ( b a + |c|^2 a(a + b)^∗ ) e^{i(ϕ1−ϕ2 )/2} , (m_Dm^†_D)_{13} ≃ m_{D1}m_{D3} ( c a ) e^{i(ϕ1−ϕ3 )/2} . (48)

By using Eq.(48), e^{−iϕ1} = (M_1/4m^2_{D1})a^∗, e^{−iϕ2} = (M_2/4m^2_{D2})(4(a + b)m_3/a)^∗ and e^{−iϕ3} = (M_3/4m^2_{D3})(16m_1m_2/(a + b))^∗, we find

(m_Dm^†_D)^2_{12}

M_1 M_2 = 4m^4_{D1}(a + b)^∗m^∗_3 |a|^4 ( b + |c|^2 (a + b)^∗ ) , (49)

(m_Dm^†_D)^2_{13}

M_1 M_3 = 16m^4_{D1} |a|^4 m^∗_1m^∗_2a^∗c^2 (a + b)^∗

, (50)

Now, we find up to the first order of Δm^2_{31}/m^2, ϵ = 3mM_1 16πv^2 cos(α_0/2) R_+ ( Δm^2_{31} m^2 ) sin( α_0 2 − β_0) , (51)

where

R_+ = √ 1 + cos^2 α_0 2 + 2 cos α_0 2 cos( α_0 2 − β_0) , (52)

and Δm^2_{31} = Δm^2_{atm} for |m_3| > |m_1| and −Δm^2_{atm} for |m_3| < |m_1|. It may be commented that in the approximation of m_1 = |m_2| = |m_3|, the contributions from Eq.(49) and (50) cancel each other, so that ϵ is suppressed by (Δm^2_{atm}/m^2). In Fig.2, the asymmetry parameter ϵ is plotted as a function of | cos(α_0/2)| and β_0 with m = 0.05eV, m_{D1}/m_{D2} = m_{D2}/m_{D3} = 1/5, and tan β = 20. The larger ϵ is obtained for smaller | cos(α_0/2)| > cos 2θ_⊙ and also β_0. The black lines show the numerical computation without any approximation and the gray lines are obtained by using our approximate formula in Eq.(50). For | cos(α_0/2)| < 0.6, there are some difference between the exact computations and Eq.(51). We can obtain ϵ ∼ 10^{−6} for β_0 ∼ 0 and cos 2θ_⊙ < | cos(α_0/2)| < 0.8. The baryon asymmetry parameter is given by[17]

η_{B0} ≃ −10^{−2}ϵκ_0 , (53)

where for small m, κ_0 ≃ 1/(2 √ K^2 + 9) with K ∼ 170(m/eV). With m = 0.05eV, we find κ_0 ∼ 6 × 10^{−2}, so that we obtain

η_{B0} ∼ 6 × 10^{−10} , (54)

Figure 2: The asymmetry parameter ϵ as a function of | cos(α_0/2)| and β_0. We take m = 0.05eV, m_{D1}/m_{D2} = m_{D2}/m_{D3} = 1/5, and tan β = 20. The black lines show the exact computations and the gray lines show the numerical values obtained by the approximate formula in Eq. (51).

which agrees with the experimental value[18].

Of course, the value of the asymmetry parameter depends on M_1 linearly, which we derived by assuming m_{D1}/m_{D2} = m_{D2}/m_{D3} = 1/5. If the hierarchy of the eigenvalues of the Dirac mass matrix is larger than what we used, we find the smaller M_1 which results in the smaller asymmetry parameter. In other words, we can explore how hierarchical the Dirac masses are from the asymmetry parameter ϵ. (3) The LFV processes In this model, the LFV processes take place through the slepton mixing, which is absent at the GUT scale. However, the slepton mixing is induced by the renormalization group effects at the scale M_R where the right-handed Majorana neutrinos are decoupled. In the leading log approximation, the off-diagonal terms of the slepton mass matrix is given by[18]

(m^2_{L̃})_{ij} ≃

6m^2_0 + 2|A_0|^2 16π^2

(Y^†_ν LY_ν )_{ij} , (55)

for i ≠ j, where L is given in Eq.(35). The off-diagonal elements contributes to lepton flavor violating processes such as μ → eγ. The decay width of l_i → l_j γ process is approximately given by[18]

Γ(l_i → l_j γ) ∼ α^3m^5_{li} 192π^3

|(m^2_{L̃})_{ij} |^2

m^8_S tan^2 β = α^3m^5_{li} 12(4π)^5

(6m^2_0 + 2A^2_0)^2 m^8_S tan^2 β (v sin β)^4

|(m^†_DLm_D)_{ij} |^2 , (56)

where m_S represents typical mass of supersymmetric particles. It is convenient to separate m^†_DLm_D into two parts as m^†_DLm_D =< L > m^†_Dm_D + m^†_D(L− < L >)m_D , (57) where

< L > = ln(M_X /M_2)diag(1, 1, 1) , L− < L > = diag(ln(M_2/M_1), 0, ln(M_2/M_3)) . (58)

The mass M_2 is considered as a kind of average of M_i. Usually, the 1st term of the right-hand side of Eq.(57) is considered. However, our model gives (Y^†_ν Y_ν )_{ij} = 0 (i ≠ j) because of the assumption (A.3), and thus the LFV processes occur only through the 2nd term.

In this model, the off-diagonal elements of m^†_DLm_D become | | |(m^†_Dm_D)_{12} | | | = m^2_{D2} | | | | c a + b | | | | ln

M_2 M_3

, (59) | | |(m^†_Dm_D)_{23} | | | = m^2_{D1} | | | | b a | | | | ln M_1 M_2

, (60) | | |(m^†_Dm_D)_{13} | | | = m^2_{D1} | | | | c a | | | | ln

M_1 M_3

. (61)

Thus, τ → μγ and τ → eγ processes are suppressed by factor (m_{D1}/m_{D2})^2 in comparison with the μ → eγ. While μ → eγ is independent of β_0, τ → μγ and τ → eγ depend on β_0 as well as α_0. We find the branching ratios of ℓ_i → ℓ_j γ become larger as cos(α_0/2) become smaller. In the limit of cos(α_0/2) = 1, μ → eγ and τ → eγ do not occur, but τ → μγ can occur if β_0 is not 0 or π.

For almost all values of cos(α_0/2) and β_0, we obtain

Br(τ → μγ) < Br(τ → μe) < Br(μ → eγ) . (62)

However, the branching ratios of these processes except for μ → eγ are too small to be observed in the future experiments. Their typical values are Br(ℓ_i → ℓ_jγ) < 10^{−12}.

4 Comments and discussions

We constructed a model that all CP violation phases at the high energy scale and the low energy scale are controlled by the two Majorana phases which appear as the relative phases of neutrino masses. This strong restriction of the model is due to the assumption that Y^†_ν Y_ν is diagonal. This requirement is motivated by the consideration that the large diagonal elements are needed to reconcile the maximal solar mixing angle at GUT scale and the observed one at the low energy scale. We found that the induced |V_{13}| is the measurable size in the near future experiments, the induced Dirac CP phase is likely in between −π/2 and −3π/2, the asymmetry parameter can be of order 10^{−6}, the LFV processes are suppressed. In this paper, we considered tan β = 20 case. For smaller tan β, M_3 becomes smaller as we see in Eq.(37). Then, M_1 becomes smaller too. Since ϵ is proportional to M_1 in this model, ϵ becomes smaller, so that it would become hard to explain the baryon number asymmetry in the universe.

Of course, the assumption Y^†_ν Y_ν may be too strong. The renormalization group argument for the solar mixing parameters requires that the (Y^†_ν Y_ν )_{11} elements must be much larger than the other elements. Therefore, a general form would be

Y^†_ν Y_ν = y^2_1 1 ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ (63)

where y^2_1 is of order 0.5 and elements shown by * are of order 10^{−4}. Although these elements are small, they will contribute to the LFV processes. However, their sizes are not controlled by the model and we lost the predictions for them.

We can construct a similar model to the present model, by assuming the eigenvalues of the Dirac mass matrix are quasi-degenerate. This analysis will be reported soon.

Acknowledgment This work is supported in part by the Japanese

Grant-in-Aid for Scientific Research of Ministry of Education, Science, Sports and Culture, No.12047218 and No.15540276.

The work of T.S. was supported in part by Research Fellowship of the Japan Society for the Promotion of Science (JSPS) for Young Scientists (No.15-03927).

Appendix A: Detailed derivations

We parametrize D^{−1}_D as

D^{−1}_D = 1 m_{D1} Q 0 0 δ_1δ_2

, (A.1)

where δ_i are defined in Eq.(28) and Q = 1 0 0 δ_1

. (A.2)

We find by using a, b and c defined in Eq.(27),

M^{−1}_R ≃ 1 4m^2_{D1} QXQ δ_1δ_2QY δ_1δ_2Y^T Q δ^2_1δ^2 (a + b)

, (A.3)

where X = a b b a , Y = c 1 1 . (A.4)

We block diagonalize the matrix M^{−1}_R , by the seesaw calculation with respect to δ_1δ_2 ≪ 1. We remind that a, b, c are quantities of the same order because |m_1| ≃ |m_2| ∼ |m_3|. We find with

V_1 =

1 −δ_1δ_2Q^{−1}X^{−1}Y δ_1δ_2(Q^{−1}X^{−1}Y )^† 1

, (A.5)

V^T_1 M^{−1}_R V_1 ≃ 1 4m^2_{D1} QXQ 0 0 δ^2_1δ^2 (a + b − Y^T X^{−1}Y )

(A.6)

Next, we diagonalize QXQ in the first order of the small quantity δ_1 by applying

V_2 =

1 −δ_1(b/a) 0 δ_1(b/a)^∗ 1 0 0 0 1

, (A.7)

and we find that M^{−1}_R is diagonalized as

(V_1V_2)^T M^{−1}_R (V_1V_2) = diag ( e^{iϕ1} M_1 , e^{iϕ2} M_2 , e^{iϕ3} M_3 ) , (A.8)

where M_i and phases are given in Eq.(31).

References

[1] F. Vissani, arXiv:hep-ph/9708483; V. D. Barger, S. Pakvasa, T. J. Weiler and K. Whisnant, Phys. Lett. B 437, 107 (1998); A. J. Baltz, A. S. Goldhaber and M. Goldhaber, Phys. Rev. Lett. 81, 5730 (1998).

[2] Y. Nomura and T. Yanagida, Phys. Rev. D 59, 017303 (1999); Q. Shafi and Z. Tavartkiladze, Phys. Lett. B 451, 129 (1999); Phys. Lett. B 482, 145 (2000); Phys. Lett. B 487, 145 (2000); K. Choi, E. J. Chun, K. Hwang and W. Y. Song, Phys. Rev. D 64, 113013 (2001); A. Aranda, C. D. Carone and P. Meade, Phys. Rev. D 65, 013011 (2002).

[3] S. Fukuda et al. [SuperKamiokande Collaboration], Phys. Rev. Lett. 86, 5651 (2001).

[4] Q. R. Ahmad et al. [SNO Collaboration], Phys. Rev. Lett. 87, 071301 (2001);

Q. R. Ahmad et al. [SNO Collaboration], Phys. Rev. Lett. 89, 011302 (2002); S. N. Ahmed et al. [SNO Collaboration], arXiv:nucl-ex/0309004.

[5] T. Miura, T. Shindou and E. Takasugi, Phys. Rev. D. 66, 093002 (2002).

[6] T. Miura, T. Shindou and E. Takasugi, Phys. Rev. D. 68, 093009 (2003).

[7] S. Antusch, J. Kersten, M. Lindner and M. Ratz, Phys. Lett. B 544, 1 (2002).

[8] S. M. Bilenky, J. Hosek and S. T. Petcov, Phys. Lett. B 94, 495 (1980).

M. Doi, T. Kotani, H. Nishiura, K. Okuda and E. Takasugi, Phys. Lett. B 102, 323 (1981).

J. Schechter and J. W. Valle, Phys. Rev. D 22, 2227 (1980); Phys. Rev. D 23, 1666 (1981).

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

[10] J. R. Ellis, J. Hisano, M. Raidal and Y. Shimizu, Phys. Rev. D 66, 115013 (2002);

S. Pascoli, S. T. Petcov and W. Rodejohann, Phys. Rev. D 68, 093007 (2003).

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

[12] K. Eguchi et al. [KamLAND Collaboration], Phys. Rev. Lett. 90, 021802 (2003).

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

[14] C. Bemporad [Chooz Collaboration], Nucl. Phys. Proc. Suppl. 77, 159 (1999);

M. Apollonio et al. [CHOOZ Collaboration], Phys. Lett. B 466, 415 (1999).

[15] M. Doi, T. Kotani, H. Nishiura, K. Okuda, E. Takasugi, Phys. Lett. B103, 219 (1981); Erratum-ibid. B113, 513 (1982).

[16] M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45 (1986); M. Flanz, E. A. Paschos and U. Sarkar, Phys. Lett. B 345, 248 (1995) [Erratum-ibid. B 382, 447 (1996)]; L. Covi, E. Roulet and F. Vissani, Phys. Lett. B 384, 169 (1996); W. Buchmuller and M. Plumacher, Phys. Lett. B 431, 354 (1998).

[17] M. Plumacher, Nucl. Phys. B 530, 207 (1998); A. Pilaftsis, Int. J. Mod. Phys. A 14, 1811 (1999); M. Flanz and E. A. Paschos, Phys. Rev. D 58, 113009 (1998); W. Buchmuller and M. Plumacher, Int. J. Mod. Phys. A 15, 5047 (2000); H. B. Nielsen and Y. Takanishi, B 507, 241 (2001); A. S. Joshipura, E. A. Paschos and W. Rodejohann, JHEP 0108, 029 (2001).

[18] J. Hisano, T. Moroi, K. Tobe, M. Yamaguchi and T. Yanagida, Phys. Lett. B 357, 579 (1995); J. Hisano, T. Moroi, K. Tobe and M. Yamaguchi, Phys. Rev. D 53, 2442 (1996); J. A. Casas and A. Ibarra, Nucl. Phys. B 618, 171 (2001).