arXiv:hep-ph/0507319 v1 27 Jul 2005

hep-ph/0507319

July, 2005 UMD-PP-05-047

Neutrino Mixing Predictions of a Minimal SO(10) Model with Suppressed Proton Decay

Bhaskar Dutta^∗, Yukihiro Mimura^∗ and R.N. Mohapatra^†

∗Department of Physics, University of Regina, Regina, Saskatchewan S4S 0A2, Canada †Department of Physics and Center for String and Particle Theory, University of Maryland, College Park, MD 20742, USA

Abstract

During the past year, a minimal renormalizable supersymmetric SO(10) model has been proposed with the following properties: it predicts a naturally stable dark matter and neutrino mixing angles θ_{atm} and θ_{13} while at the same time accommodating CKM CP violation among quarks with no SUSY CP problem. Suppression of proton decay for all allowed values of tan β strongly restricts the flavor structure of the model making it predictive for other processes as well. We discuss the following predictions of the model in this paper, e.g. down-type quark masses, and neutrino oscillation parameters, U_{e3}, δ_{MNSP}, which will be tested by long baseline experiments such as T2K and subsequent experiments using the neutrino beam from JPARC. We also calculate lepton flavor violation and the lepton asymmetry of the Universe in this model.

1 Introduction

The existence of non-zero neutrino masses appears to have considerably narrowed the choice of grand unified theories, with those based on the group SO(10) being preferred for several reasons. SO(10) is the minimal group with all the ingredients for a small neutrino mass since its 16- dimensional spinor representation contains the right-handed neutrino, ν_R, which is needed to implement the seesaw mechanism[1] along with the other fermions of the standard model. It also contains the B −L symmetry needed to keep the right-handed neutrino masses below the Planck scale and provides a group theoretic rational for the belief that neutrinos most likely are Majorana particles. The unification of all the fermions into the 16-plet also raises the hope that the number of parameters required to describe fermion masses and mixing will be less than those in the standard model, thus making the model predictive for neutrinos.

Initial attempts to realize this hope were made in a class of minimal SO(10) models with a single 10 and a single 126 Higgs multiplets[2, 3] which led to predictions for neutrino mixings as well as two of the masses without any extra symmetry assumptions. The gratifying result was the natural manner in which the large solar and atmospheric mixings arose in these models with predictions in gross agreement with current neutrino observations. The detailed predictions for the case where the Yukawa couplings are CP conserving are however away from the current central values of the neutrino parameters though still in agreement with observations at three σ level.

Encouraged by this initial success in understanding large neutrino mixings, attempts were made to study CP violation in this model[4, 5] by making the Yukawa couplings complex. It was found that fitting fermion masses and mixings forces the CKM phase to be in the second quadrant rather than in the first. This question has been reanalyzed in two recent papers: (1) using type II seesaw in these context of SO(10) models[6], if one allowed a very high value of the strange quark mass, the CKM phase could be in the first quadrant[7]; (2) in type I seesaw (and mixed case), it is shown that all the masses and mixings (within 99% CL) can be fit for a finely tuned range of parameters[8]. While one could take this to be an indication possibly of new physics contributions to CP violation, a more conservative point of view would be to demand that the model be extended to generate CKM CP violation and see whether its predictivity in the neutrino sector is still preserved. One way to achieve this is to go beyond this minimal Higgs structure by including the 120 Higgs field[9, 10, 11]. In particular, it was shown in Ref.[9, 10] that the model not only accommodates CKM CP violation but it also solves the SUSY CP problem[9] and has the potential to solve the strong CP problem as well. This would make such models plausible candidates for a theory not only of neutrino masses but also of CP violating phenomena.

As is well known, GUT models generically lead to an unstable proton and therefore the lifetime of proton provides additional constraints on them. Several GUT models have already been severely constrained by the present experimental bounds on the proton lifetime[12, 13]. The question of proton decay in this class of SO(10) models has been under scrutiny in several papers[10, 14, 15]. In particular, in Ref.[10], we showed that requiring the suppression of proton decay for both small and large tan β severely constrains the textures of the Yukawa couplings. In particular, 120 becomes a necessity for this to happen. The reason for this is that cancellation of different terms in the decay amplitudes for different proton decay processes are absent in this formalism. This makes the model very predictive. In this paper, we study these predictions.

In the process of suppressing the decay amplitude, the number of free parameters becomes less and the model becomes very predictive in the quark-lepton sector. For example, the down-type quark masses, |U_{e3}|, δ_{MNSP} etc, are predictions of this model. We also predict the lepton asymmetry which then get converted to baryon asymmetry via sphaleron process in the thermal leptogenesis scenario. Since the baryon asymmetry is determined quite accurately from the recent experimental data, it is important to calculate the prediction of this model. We can also predict the probability of muon type neutrino to electron type neutrino oscillation (P_{νμ→νe} ) as a function of distance and the energy of the neutrino beam. The future measurements of this probability at the T2K [16] and the subsequent experiments would shed more lights on this model.

This paper is organized as follows: The model and the Yukawa matrices in our model are discussed in section 2, and the natural realization of proton decay suppression and the preferable Yukawa structure are discussed in section 3. In section 4, the predictions of our model are presented and the impact of these solutions for T2K and lepton flavor violations are discussed. The lepton asymmetry is calculated and then it is converted into baryon asymmetry in section 5. Section 6 is for the conclusion.

2 Fermion Mass Matrices in a Minimal SO(10) Model

We first introduce the Yukawa interactions and the contents of Higgs fields in the SO(10) model. The Yukawa superpotential involves the couplings of 16-dimensional matter spinors ψ_i (i denotes a generation index) with 10 (H), 126 (Δ), and 120 (D) dimensional Higgs fields:

W_Y = 1 2 h_{ij} ψ_iψ_j H + 1 2 f_{ij} ψ_iψ_j Δ + 1 2 h^′_{ij} ψ_iψ_j D. (1) The Yukawa couplings, h and f are symmetric matrices and h^′ is an anti-symmetric matrix due to the SO(10) symmetry. The Higgs doublet fields not only exist in H, Δ, D, but also exist in other Higgs fields which are needed in the model. For example, a 210 Higgs field (Φ) is employed to break the SO(10) symmetry down to the standard model and Φ contains Higgs doublet fields. One 126 Higgs multiplet Δ is introduced as a vector-like pair of Δ and this field also contains a Higgs doublet. The VEV of this pair reduces the rank of SO(10) group and helps to keep supersymmetry unbroken down to the weak scale. Altogether, we have six pairs of Higgs doublets: φ_d = (H^{10}_d , D^1_d , D^2_d, Δ_d, Δ_d, Φ_d), φ_u = (H^{10}_u , D^1_u, D^2_u, Δ_u, Δ_u, Φ_u), where superscripts 1, 2 of D_{u,d} stand for SU(4) singlet and adjoint pieces under the G_{422} = SU(4)×SU(2)×SU(2) decomposition. The mass term of the Higgs doublets is given as (φ_d)_a(M_D)_{ab}(φ_u)_b, and the expression of the matrix M_D is given in Ref.[17]. The mass matrix of the Higgs doublets is diagonalized by unitary matrices U and V : UM_D V^T = M^{diag}_D . We assume that the lightest Higgs pair (MSSM doublets) has masses of the order of the weak scale. The MSSM Higgs doublets are given as linear combinations: H_d = U^∗_{1a}(φ_d)_a, H_u = V^∗_{1a}(φ_u)_a. Since we concentrate on the structure of Yukawa couplings, we do not describe the dynamical reason of the mass hierarchy in this paper.

We use “Y -diagonal basis” (or SU(5) basis) to describe the standard model decomposition of the SO(10) representation[17, 18]. The above Yukawa interaction includes mass terms of the quark and lepton fields as follows:

W^{mass}_Y = hH^{10}_d (qd^c + ℓe^c) + hH^{10}_u (qu^c + ℓν^c ) (2) + 1 √ 3 fΔ_d(qd^c − 3ℓe^c) + 1 √ 3 fΔ_u(qu^c − 3ℓν^c) + √ 2fν^cν^cΔ_R + √ 2fℓℓΔ_L + h^′D^1_d(qd^c + ℓe^c) + h^′D^1_u(qu^c + ℓν^c) + 1 √ 3 h^′D^2_d(qd^c − 3ℓe^c) − 1 √ 3 h^′D^2_u(qu^c − 3ℓν^c), where q, u^c, d^c, ℓ, e^c, ν^c are the quark and lepton fields for the standard model, which are all unified into one spinor representation of SO(10). The VEVs of the fields Δ_R : (1, 1, 0) and

Δ_L : (1, 3, 1) give neutrino Majorana masses. We obtain the Yukawa coupling matrices for fermions as

Y_u = h̄ + r_2f̄ + r_3h̄^′, (3) Y_d = r_1(h̄ + f̄ + h̄^′), (4) Y_e = r_1(h̄ − 3f̄ + c_eh̄^′), (5) Y_ν = h̄ − 3r_2f̄ + c_νh̄^′, (6)

where the subscripts u, d, e, ν denotes for up-type quark, down-type quark, charged-lepton, and Dirac neutrino Yukawa couplings, respectively, and

h̄ = V_{11}h, f̄ = U_{14}/( √ 3 r_1)f, h̄^′ = (U_{12} + U_{13}/ √ 3)/r_1h^′, (7) r_1 =

U_{11} V_{11}

, r_2 = r_1

V_{15} U_{14}

, r_3 = r_1

V_{12} − V_{13}/ √ 3 U_{12} + U_{13}/ √ 3 , (8)

c_e =

U_{12} − √ 3U_{13} U_{12} + U_{13}/ √ 3 , c_ν = r_1

V_{12} + √ 3V_{13} U_{12} + U_{13}/ √ 3 . (9)

The light neutrino mass is obtained as

m^{light}_ν = M_L − M^D_ν M^{−1}_R (M^D_ν )^T , (10)

where M^D_ν = Y_ν ⟨H_u⟩, M_L = 2 √ 2f⟨Δ_L⟩, and M_R = 2 √ 2f⟨Δ_R⟩. In this paper, we consider that the Yukawa coupling matrices for quarks and leptons are hermitian. The hermiticity of fermion mass matrices can be obtained in the assumption: The original Lagrangian has symmetry under charge conjugation in addition to the SO(10) gauge symmetry. In the Y -diagonal basis, the SO(10) vector representation in terms of X_a can be decomposed such that (X_1, X_3, X_5, X_7, X_9) transforms as 5-plet, and (X_2, X_4, X_6, X_8, X_0) transforms as 5-plet under SU(5)×U(1) decomposition. We define the charge conjugation of the field written in the Y -diagonal basis, X_a^C↔ X^∗_a . The conjugation of the higher rank tensor representation is also defined similarly using the Y -diagonal basis. Since the SO(10) symmetric Lagrangian has parity invariance as an internal symmetry (actually, it is D-parity), the theory now has CP symmetry. Imposing that Lagrangian is invariant under the CP conjugation, the Yukawa couplings, h_{ij} , f_{ij} and h^′_{ij} and all masses and couplings in the Higgs superpotential are all real. However, when SO(10) symmetry is broken down, the CP symmetry can be spontaneously broken by the VEV of 45 Higgs field. Due to the non-existence of cubic terms for

45 Higgs field, the VEV of 45 can be pure imaginary. Consequently, the mixing of the lightest Higgs doublets with the Higgs doublets present in 120 involves a pure imaginary coefficient which will make the fermion masses hermitian in this model[9]. This symmetry has wider implications. For instance, the model presents a solution to the SUSY CP problem and strong CP problem. It is possible to explain the quark masses and mixing angles and the neutrino sectors by using the above parameters[9].

3 Proton Decay and Flavor Structure

As mentioned above, it was shown recently by us[10] that the suppression of proton decay for all tanβ determines the flavor structure of the three matrices h, f, h^′ to a very narrow range. We review this argument in this section.

The proton decay is mediated by the colored Higgs triplets, φ_T + φ_T : ((3, 1, −1/3) + c.c.) and φ_C + φ_C : ((3, 1, −4/3) + c.c.). These Higgs triplets appear in 10+120+126+126+210 multiplets. We generate both LLLL (C_L) and RRRR (C_R) operators:

− W_5 = 1 2 C^{ijkl}_L q_kq_lq_iℓ_j + C^{ijkl}_R e^c_ku^c_l u^c_i d^c_j . (11)

These operators are obtained by integrating out the triplet Higgs fields, φ_T = (H_T , D_T , D^′_T , Δ_T , Δ_T , Δ^′_T , Φ_T ) and φ_T = (H_T , D_T , D^′_T , Δ_T , Δ_T , Δ^′_T , Φ_T ). The fields with ‘^′’ are decuplet, and the others are sextet or 15-plet under SU(4) decomposition. The C_R operator has also contributions from the triplets, φ_C = (D_C , Δ_C ) and φ_C = (D_C , Δ_C ). The mass term of the Higgs triplets are given as (φ_T )_a(M_T )_{ab}(φ_T )_b + (φ_C )_a(M_C )_{ab}(φ_C )_b. The mass matrices, M_T and M_C , are 7×7 and 2×2 matrices respectively, and their explicit forms are given in the literature[17]. The Yukawa couplings which cause proton decay are written as

W^{trip.}_Y = hH_T (qℓ + u^cd^c) + hH_T ( 1 2 qq + e^cu^c) + fΔ_T (qℓ − u^cd^c) + fΔ_T ( 1 2 qq − e^cu^c) + √ 2fΔ^′_T e^cu^c + √ 2h^′(D_T u^cd^c + D^′_T qℓ − D_T e^cu^c + D^′_T e^cu^c) + 2fΔ_C d^ce^c + 2h^′D_C u^cu^c + 2h^′D_C d^ce^c. (12)

The dimension five operators are written by the Yukawa couplings h, f and h^′ as follow:

C^{ijkl}_L = c h_{ij} h_{kl} + x_1f_{ij} f_{kl} + x_2h_{ij} f_{kl} + x_3f_{ij} h_{kl} + x_4h^′_{ij} h_{kl} + x_5h^′_{ij} f_{kl}, (13) C^{ijkl}_R = c h_{ij} h_{kl} + y_1f_{ij} f_{kl} + y_2h_{ij} f_{kl} + y_3f_{ij} h_{kl} + y_4h^′_{ij} h_{kl} + y_5h^′_{ij} f_{kl} + y_6h_{ij} h^′_{kl} + y_7f_{ij} h^′_{kl} + y_8h^′_{ij} h^′_{kl} + y_9h^′_{il}f_{jk} + y_{10}h^′_{il}h^′_{jk}. (14)

The coefficient c is given as c = (M^{−1}_T )_{11}, and the other coefficients x_i, y_i are also given by the components of M^{−1}_T or M^{−1}_C . Note that the H_T and Δ_T have opposite D-parity and we get y_3 = −x_3. The y_9 and y_{10} terms are generated by φ_C + φ_C .

The proton decay operators can be written conveniently by diagonalizing the Higgs triplet mass matrix M_T by two unitary matrices, X and Y , as XM_T Y^T = diag(M_1, M_2, · · · , M_7), C^{ijkl}_L = ∑ a 1 M_a (X_{a1}h + X_{a4}f + √ 2X_{a3}h^′)_{ij} (Y_{a1}h + Y_{a5}f)_{kl}, (15) C^{ijkl}_R = ∑ a 1 M_a (X_{a1}h − X_{a4}f + √ 2X_{a2}h^′)_{ij} (Y_{a1}h − (Y_{a5} − √ 2Y_{a6})f + √ 2(Y_{a3} − Y_{a2})h^′)_{kl} +(y_9, y_{10} terms). (16)

In the SU(5) limit, only one of the colored triplets is much lighter than the others, i.e. M_1 ≪ M_a (a ≠ 1), and we can obtain the following relations for the diagonalizing matrices from the explicit form of the Higgs mass matrices in Ref.[17, 18]: U_{11} = X_{11}, V_{11} = Y_{11}, U_{14} = X_{14} = 0, V_{15} : Y_{15} : Y_{16} = √ 3 : 1 : √ 2 , U_{12} : U_{13} : X_{12} : X_{13} = V_{12} : V_{13} : Y_{12} : Y_{13} = 1 : √ 3 : √ 2 : √ 2 . Using the above relations, we get

r_2 → ∞, f̄ → 0, r_3 = 0, c_e = −1, c_ν = 2r_1V_{12}/U_{12}, (17)

for the Yukawa matrices in Eqs.(3-6) and thus, as expected, we get the SU(5) relations, Y_u = Y^T_u , Y_d = Y^T_e , and the dimension five proton decay operators can be written in terms of the Yukawa couplings as C^{ijkl}_L ≃ C^{ijkl}_R ≃ (Y_d)_{ij} (Y_u)_{kl}/M_1 and we know that proton decay is not suppressed at this limit and this limit is also not good to satisfy the quark-lepton masses.

The proton decay amplitude can be written as A = α_2β_p/(4πM_T m_{SU SY} )Ã, where

Ã = cÃ_{hh} + x_1Ã_{f f} + x_2Ã_{hf} + x_3Ã_{f h} + x_4Ã_{h′h} + x_5Ã_{h′f} . (18)

The coefficients c and x_i are given in Eq.(13), and there are also similar C_R contributions. To satisfy the current nucleon decay bounds, we need |Ã_{p→Kν̄} | <∼ 10^{−8}, |Ã_{n→πν̄} | <∼ 2 · 10^{−8} and |Ã_{n→Kν̄} | <∼ 5 · 10^{−8} if the colored Higgsino mass is 2 · 10^{16} GeV, and squark and wino masses are around 1 TeV and 250 GeV, respectively. Instead of inducing any cancellation among different terms in the amplitude, we will try to suppress the individual contributions.

One way to suppress the decay amplitude is by demanding cancellation among different terms, a strategy common in the literature. In order to achieve that, we need a cancellation among h, f and h^′ to have small couplings for first and second generations in the expressions in

Eqs.(13,14). However, we also need cancellation among the same couplings to generate the large mass hierarchy among the quark masses and in general, the coefficients r_2, r_3 in up-type Yukawa matrix and x_i, y_i in proton decay operators are unrelated. Further, the 126 Higgs contribution has opposite signatures (y_3 = −x_3) for C_L and C_R. Therefore, the cancellation required to obtain small Yukawa coupling for Y_u by tuning r_2f̄ can not simultaneously suppress both C_L and C_R operators by tuning X_{14} in Eqs.(15, 16). Moreover, the 120 contribution to the proton decay amplitude has vanishing contribution to the kl part of C^{ijkl}_L due to antisymmetric h^′. Thus, if the cancellation in Y_u requires a tuning of r_3h^′, the C_L operator can not be suppressed.

The best way to avoid the cancellation is to choose smaller values of r_{2,3}. Let us start with r_{2,3} ≃ 0. In this case, the C_L can be written as C^{ijkl}_L ∝ (Y_u + γh^′)_{ij} (Y_u)_{kl} and in the operator C^{ijkl}_R , kl part is also related to Y_u. This will correspond to the case where X_{14}, Y_{15} ∼ 0. The RRRR contribution to p → Kν̄_τ mode is suppressed compared to the minimal SU(5) model by a suppression factor λ_u/λ_d ∼ 1/100 for tan β ∼ 50. Similarly, since the kl part of C_L are also related to the Y_u instead of Y_d, the LLLL contribution to the p → Kν̄ is also suppressed even for tan β ∼ 50, compared to the SU(5) model (since λ_c/λ_s ∼ 1/5). However, these suppressions are not enough to satisfy the current experimental bound.

In order to satisfy the bounds naturally, we need Ã_{hh} <∼ 5 · 10^{−8} in the expression, Eq.(18). If Ã_{hh} >∼ 10^{−7}, we need to tune x_i and y_i for every decay mode to cancel Ã_{hh}, which is unnatural. The Ã_{hh} depends on the magnitudes of the elements from the [1,2] block of h̄ which is specifically determined from the fit to the up-type Yukawa coupling as a function of r_2 and r_3. In the case r_{2,3} ∼ O(1), the suppression of up- and charm-quark Yukawa couplings are acquired by fine-tuning of r_{2,3}, and thus the elements from [1,2] block of h̄ are of the order of down- and strange-quark Yukawa couplings. In that case, we find Ã_{hh} ∼ 10^{−4} which requires a very high level of fine-tuning for all the decay modes. In the case r_2, r_3 ∼ 0 for generical fits, the Yukawa coupling h̄ is close to Y_u in the Y_u-diagonal basis by definition. However, even in the case, the Ã_{hh} is of the order of 10^{−7} for generical fits and further tuning among the coefficients x_i and y_i is needed to satisfy the current experimental data. We therefore need a specific type of Yukawa texture to suppress the proton decay rate. To suppress Ã_{hh}, the elements h̄_{11} and h̄_{22} (in h̄-diagonal basis) are needed to be suppressed rather than the up- and charm-quark Yukawa couplings, respectively. As a result, we need Yukawa texture to be h̄ ≃ diag(∼ 0, ∼ 0, O(1)).

Once h̄ is fixed, the other matrices f̄ and h̄^′ are almost determined as

f̄ ≃ ∼ 0 ∼ 0 λ^3 ∼ 0 λ^2 λ^2 λ^3 λ^2 λ^2 , h̄^′ ≃ i 0 λ^3 λ^3 −λ^3 0 λ^2 −λ^3 −λ^2 0 , (19)

where λ ∼ 0.2. The correct charm mass is generated by r_2m_s/m_b ≃ λ_c (|r_2| ≃ 0.1 − 0.15), and down-quark mass and Cabibbo angle θ_C are generated by h̄^′_{12} with m_d/m_s ≃ sin^2 θ_C . Then we need f̄_{11} <∼ O(λ^6), f̄_{12} <∼ O(λ^4) and r_3 <∼ O(λ^2) to obtain proper size of up-quark and electron masses. We have r_1 ≃ m_b/m_t tan β. In the basis where Y_u is diagonal, Ã_{hh} in this texture is not completely zero but can become much smaller than 10^{−8}.

We show one example for numerical fit for tan β(M_Z ) = 50 : h̄ = diag(0, 0, 0.638),

f̄ ≃ 0 −0.00044 0.00208 −0.00044 0.00945 0.0101 0.00208 0.0101 0.0071 , h̄^′ ≃ i 0 −0.0022 0.00046 0.0022 0 0.0181 −0.00046 −0.0181 0 , (20)

r_1 = 0.966, r_2 = 0.135, r_3 = 0, |c_e| = 0.987.

After we suppress the Ã_{hh}, we also need to examine the contribution of the other components e.g. Ã_{f f,hf,f h,h}′_{f,h}′_{h,···}. Their coefficients, x_i, y_i, involve the colored Higgs mixings, which can be suppressed by our choice of the vacuum expectation values and the Higgs couplings. According to our numerical studies, some of the mixing angles must be less than about a few percent in the case of tan β ∼ 50 to suppress the decay. However, the mixing angles can become larger as tan β becomes smaller. In the above example of numerical fit, p → Kν̄_μ and p → Kν̄_τ modes are dominant for LLLL operator, and for RRRR operator, respectively. The Ã_{hh} for p → Kν̄_μ mode is ∼ 2 · 10^{−11}. The amplitudes for other components are 10^{−8} − 10^{−6}.

We have seen that the suppression of proton decay requires r_3 ≃ 0, which is same as SU(5) condition for 120 Higgs coupling, and r_2 ≃ 0.1 − 0.15, which however is not a SU(5) condition. The second condition, as well as suppression of colored Higgs mixing, is implemented by requiring U_{14} ≫ V_{15}, X_{14}, Y_{15}. We note that if U ≃ V is satisfied (which is like a up-down symmetry and therefore tan β ≃ 50), the r_3 ≃ 0 condition also satisfies the SU(5)-like condition

c_e ≃ −1 , c_ν ≃ 2, (21)

for 120 Higgs coupling in Y_e and Y_ν , though these conditions are not required to be satisfied to fit the fermion masses or to suppress the proton decay.

Figure 1: |U_{e3}| is plotted as a function of m_s. The two regions are described in the text.

4 The Model Predictions

Now we are ready to discuss the predictions of the model. The number of parameters in the models is 17: 3(h), 6(f), 3(h^′) and 5 Higgs parameters (r_{1,2,3}, c_{e,ν} ). (We are working in the diagonal h basis). Now in the process of explaining the proton decay, some of the parameters are redundant to fit masses and mixings. We choose h̄_{11,22} = 0 and r_3 = 0. The r_3 can be O(λ^2) in our Yukawa texture, but such a value of r_3 gives only a small correction to the CKM mixings. We use a very small f_{11}, but even in the case f̄_{11} = 0, the obtained Yukawa texture can fit all masses and mixings. We make it a free parameter since it affects the leptonic fitting. Since we will be working type II seesaw (actually, the Yukawa texture of f̄ is compatible to bi-maximal mixings), c_ν is redundant in fitting fermion masses and mixings. This reduces the number of parameters to 13. In order to fix the remaining 13 parameters, we use the up-type quark masses, charged lepton masses, the CKM angles and the phase, the ratio of the squared of neutrino mass differences (Δm^2_{sol}/Δm^2_A), and the bi-maximal mixings as input parameters. Consequently, the down-type quark masses, U_{e3} and δ_{MNSP} etc are the predictions of this model.

We itemize below the essential features of our predictions.

Figure 2: |U_{e3}| is plotted as a function of V_{ub} and Δm^2_{sol}/Δm^2_A.

4.1 Strange Quark Mass

In order to see how the down quark masses and in particular the strange quark mass gets constrained in our model, we first note from Eqs.(4,5,19) we get det M_e ≃ |c_e|^2 det M_d ., when f̄_{11} ≪ λ5 and thus, the down quark and the charged lepton mass matrix leads to the Georgi- Jarskog (GJ) relation naturally when the SU(5) relation (c_e = −1) is satisfied in 120 Higgs mixing.

The strange quark mass is predicted since no cancellation happens to derive V_{cb} (due to r_2, r_3 ≪ 1 and the hermiticity condition). The predicted value of strange quark mass has two separate regions, roughly m_s ∼ 1/3 m_μ (1 ± O(λ^2)). In our numerical calculations, the negative sign corresponds to a strange quark mass: m_s(μ = 2 GeV) ∼ 120−130 MeV. (The strange quark mass at 1 GeV is obtained by multiplying the strange mass at 2 GeV with 1.35.) This strange mass value is in the range of lattice derived value, m_s(μ = 2 GeV) = (105 ± 25) MeV[19]. The GJ relation is realized for this result and thus the fitting of the lattice result supports |c_e| ≃ 1 (when f̄_{11} ≪ λ^5). If we use the positive signature in the rough estimation, we find the following value of the strange quark mass, m_s(μ = 2 GeV) ∼ 155 − 165 MeV which is allowed by the QCD calculation[19] (In this case, non-zero values of f̄_{11} are needed to make |c_e| = 1). In Figure 1, we plot |U_{e3}| against the strange quark mass. We see the two regions corresponding to two different values of strange quark masses (corresponding to two different signs). We also note that the larger values of strange mass prefers lower values of U_{e3}. We use α_s(M_Z ) = 0.118 and a 3-loop QCD and 1-loop QED running to evolve the strange mass from 2 GeV scale to the electroweak scale[20].

Our prediction of strange-down quark mass ratio is m_s/m_d ≃ 17 − 18, 19 − 20.5. The non-lattice value of the ratio is m_s/m_d = 18.9 ± 0.8[21].

The m_u/m_d ratio is not a prediction of this model since m_u is an input. To obtain a large atmospheric mixing, f̄_{33} needs to be suppressed, and thus bottom-tau Yukawa coupling needs to be unified within several percent. In order to achieve such a situation, large tan β ∼ 50 is needed (or tan β ∼ 2). Thus, the bottom mass is predicted. However, this prediction is lost since it gets a sizable contribution from the soft SUSY breaking terms for large tan β.

4.2 |U_{e3}|

Since there is no cancellation, we get the following stable approximate relation for U_{e3}:

|U_{e3}|^2 ≈ tan^2 θ_{sol} 1 − tan^4 θ_{sol}

Δm^2_{sol}/Δm^2_A . (22)

We also have the following relation since U_{e3} is related to the ratio f̄_{13} and f̄_{23}: |U_{e3}| ≈ 1 √ 2 | | | | V_{ub} V_{cb} | | | | . (23)

These relations are obtained since f̄_{12} is small compared to f̄_{13}. Actually, when f̄_{12} ≃ f̄_{13}, U_{e3} can be canceled to be zero without relating to the solar mixing angle and V_{ub}. In our proton decay suppressed texture, the f̄_{12} is suppressed due to the assumption h̄_{11} ≪ λ_u, and thus the |U_{e3}| prediction can be stable.

The |U_{e3}| is bounded from below through the mass squared ratio and solar mixing angle and has an upper limit due to the experimental bound on |V_{ub}| = (3.67 ± 0.47) × 10^{−3}. In Figure 2, we plot |U_{e3}| as a function V_{ub} and Δm^2_{sol}/Δm^2_A. We find that for |V_{ub}| < 0.0045 and Δm^2_{sol}/Δm^2_A > 0.022, the |U_{e3}| is bounded to be 0.06 − 0.11. We plot |U_{e3}| as a function |c_e| in Figure 3. The value of c_e = −1 (corresponding to the SU(5) condition for 120) gives rise to |U_{e3}| ∼ 0.1. Both large and small strange quark masses are allowed for c_e = −1.

4.3 MNSP Phase

The MNSP phase is also stable in this model and is given by the approximate expression:

sin δ_{MNSP} ∼ 1 √ 2 sin θ^e_{12} sin θ^ν_{13} sin ( tan^{−1} c_eh̄^′_{12} 3f̄_{12} ) , (24)

Figure 3: |U_{e3}| is plotted as a function of c_e.

where θ^e_{12} and θ^ν_{13} are mixing angles in the diagonalizing matrix of Y_e and neutrino mass matrix, respectively. Approximately, sin θ^ν_{13} ≃ |U_{e3}|. We plot |U_{e3}| as a function of MNSP phase δ_{MNSP} in Figure 4. We find that the δ_{MNSP} lies in the 2nd or 4th quadrant if c_e < 0. The 1st and the 3rd quadrants are absent since the solar mixing angle becomes small due to a cancellation between θ^ν_{12} and θ^e_{12}. In Figure 4, we plot |c_e| as a function of δ_{MNSP}. We see that c_e = −1 (SU(5) relation of 120 Higgs mixing, and also with a favorable value by the GJ relation), generates sin δ_{MNSP} ≃ ±(0.5 − 0.7). To obtain this result, we assume that type II contribution is dominant.

The location of δ_{MNSP} in the 2nd or 4th quadrant has impact on the probability of ν_μ to ν_e oscillation (P_{νμ→νe} ) which will be measured at the T2K experiment and at the newly proposed Tokai-to-Korea experiment[22]. This probability depends on sine and cosine of δ_{MNSP}, distance (L), energy of the neutrino beam, mass squared differences (Δm^2_{13}, Δm^2_{12}), 3 mixing angles, and matter density. We take the energy of the beam is 0.7 GeV and the values of mass squared differences: Δm^2_{13} = 2.5 × 10^{−3} eV^2, Δm^2_{12} = 8 × 10^{−5} eV^2 and U_{e3} = 0.1. In Figure 5, we plot the probability as a function of distance. The probability for δ = 330^o is about 1.8 times bigger compared to the probability for δ = 135^o when the beam arrives at Kamioka from Tokai (L = 295 km). The difference is magnified much more if we have a detector installed at Korea (L = 1000 km). Also we notice that a peak in the distribution appears at T2K and at the Tokai-to-Korea experiment. The location of the peak however will change if we change the

Figure 4: |U_{e3}| and c_e is shown as a function of δ_{MNSP} for c_e < 0.

above parameters.

5 Leptogenesis

Let us consider the calculation of baryon asymmetry of the Universe. As we will see below, a lepton asymmetry is generated by CP violating decays of right-handed neutrinos out of equilibrium[23]. The sphaleron processes[24] convert the lepton asymmetry to a baryon asymmetry[25]. Our goal is to see if the recent experimental value of the baryon-to-photon ratio, i.e. [26] η_B = (6.3 ± 0.3) × 10^{−10}, (25) can be reproduced in our model.

The baryon-to-photon ratio is obtained as η_B = −a 1 f^0_∗ κ ϵ_1 , (26)

where a is a sphaleron conversion factor a ≃ 0.35, and 1/f^0_∗ is coming from the fact that the photon number density increases as the degrees of freedom present at the epoch of leptogenesis annihilate and is given by f^0_∗ = g^∗/g^0, where g^∗ is the number of degrees of freedom at T = M_{N1} (mass of the lightest right-handed neutrino) and g^0 = 3.91, giving 1/f^0_∗ ≃ 0.016. The ϵ_1 is the amount of CP violating lepton asymmetry via the lightest right-handed neutrino, which is

Figure 5: The probability P_{νμ→νe} as a function of L(km).

defined as ϵ_1 = ∑ i Γ(N_1 → ℓ_iH^∗_u ) − Γ(N_1 → ℓ̄_iH_u) Γ(N_1 → ℓ_iH^∗_u ) + Γ(N_1 → ℓ̄_iH_u)

. (27) The κ is an efficiency factor, which does not related on the CP violation of lepton asymmetry and parameterizes the effects of scattering and decay processes. In the thermal leptogenesis scenario, the κ is a calculable number by solving Boltzman equation. The κ is a function of an effective neutrino mass, m̃_1, which defined as

m̃_1 =

[(M̂^D_ν )^†M̂^D_ν ]_{11} M_{N1} , (28)

where M̂^D_ν is the Dirac neutrino mass matrix in the basis where right-handed Majorana mass is diagonal with real and positive eigenvalues, M_{Ni} . The Ref.[27] shows that the κ for 10^{−2} eV < m̃_1 < 10^3 eV is approximately given as κ ≃ 0.3 ( 10^{−3}eV m̃_1 ) ( ln m̃_1 10^{−3}eV )_{−0.6} , (29)

and in Ref.[25], the κ is given by a power law as

κ = (2 ± 1) × 10^{−2}

(0.01 eV m̃_1 )_{1.1±0.1} . (30)

Now let us see the prediction of our model. As we have seen, flavor structure has been already fixed in our model, and thus the ϵ_1 and κ can be calculated as a function of the lightest right-handed neutrino mass and SU(2)_L triplet Higgs mass. For example, since the [(M̂^D_ν )^†M̂^D_ν ]_{11} is almost fixed in our model, the effective neutrino mass is a function of the lightest right-handed neutrino, M_{N1} . As a result, the efficiency factor κ depends on only M_{N1} . Consequently, the recent experimental data, Eq.(25), gives us a prediction to the mass scale.

Let us discuss the possible contributions to the CP violating lepton asymmetry in our model. The decay amplitude of the lightest right-handed neutrino in one-loop involves the right-handed neutrinos and SU(2)_L triplet Higgs[28] present in 126 + 126 and 54 (if there is one). The right-handed neutrino loop contribution is obtained as

ϵ^N_1 = − 1 8π ∑ i=2,3 Im [(Ŷ^†_ν Ŷ_ν )_{1i}^2] (Ŷ^†ν Ŷ_ν )_{11} F ( M^2_{Ni} M^2_{N1} ) , (31)

where Ŷ_ν is the Dirac neutrino Yukawa coupling in the basis where right-handed Majorana mass is diagonal with real and positive eigenvalues, M_{Ni} . Since the expression of the ϵ^N_1 does not depend on the overall scale of right-handed Majorana neutrino mass, the value of ϵ^N_1 is almost determined in our model. The value is proportional to c_ν , which is a coefficient of 120 Higgs contribution to Dirac neutrino Yukawa coupling, Eq.(6). Our prediction is [29]

|ϵ^N_1 | = (1 − 4) × 10^{−4} (c_ν /2) . (32)

Suppose that this ϵ^N_1 dominate the lepton asymmetry ϵ_1, the value of κ is determined to be κ ≃ (0.25 − 1) × 10^{−3} (2/c_ν ) to satisfy the current experimental data. The values of κ correspond to the effective neutrino mass, m̃_1 = (0.1 − 0.4) (c_ν /2) eV, and we obtain the lightest right-handed Majorana mass is M_{N1} = (0.4 − 1) × 10^{13} (2/c_ν ) GeV. Using the relations, f = √ 3r_1/U_{14}f̄, M_R = 2 √ 2fv_R, we obtain the corresponding value of VEV is v_R ≃ U_{14} (2/c_ν ) (1 − 2.5) × 10^{15} GeV.

We also have the triplet Higgs loop contribution, ϵ^Δ_1 , and the contribution may disturb the above prediction of lightest right-handed neutrino mass. In fact, as discussed in Ref.[28, 30], this triplet Higgs loop contribution may dominate ϵ_1 naively when we consider type II seesaw. However, the amount of lepton asymmetry depends on the flavor structure, and such naive estimation may not be correct. Actually, in our model, the ϵ^Δ_1 can be calculated as a function of lightest right-handed Majorana mass, and the triplet mass. To see this, let us see how we can realize type II seesaw.

In order to satisfy the type II VEV magnitude for v_L ≡ ⟨Δ_L⟩, one 54 Higgs is needed[31]. There are then two pairs of SU(5) submultiplet 15s in the theory (15 Higgs of SU(5) is the one that contains the triplet that leads to the type II seesaw). For the triplet VEV term to dominate, one of these two pairs must have a mass around a scale of 10^{13} GeV or so. It was shown in Ref.[31] that a linear combination of the SU(5) 15 sub-multiplets in 54 and 126 can have a mass around 10^{13} GeV without conflicting with the symmetry breaking and coupling unification and the other one becomes closer to the SO(10) breaking scale.

We can write down the superpotential involving the triplets and their interactions (for simplicity, we omit the terms from 210 Higgs):

W = λ_1H_uH_uΔ_E + λ_2v_RΔ_E Δ_L + λ̄_2v_RΔ_E Δ_L + Y_ΔLLΔ_L + M_ΔΔ_LΔ_L + M_E Δ_E Δ_E , (33)

where Y_Δ = 2 √ 2f, and Δ_E is a triplet in 54 Higgs. The VEV is given as

v_L ≃ λ_1s_Δc_Δ v^2_u M_{Δ1}

, (34)

where s_Δ, c_Δ are mixing (sin and cos) of SU(2)_L triplets,

s_Δc_Δ ≃ λ_2v_R M_{Δ2}

. (35)

We denote M_{Δ1,2} as eigenmasses of SU(2)_L triplets and we assume M_{Δ1} ≪ M_{Δ2} to make type II dominant and M_Δ to be around GUT scale. Note that M_{Δ1} is a free parameter even if we fix the v_L. However, assuming that the Higgs couplings are less than O(1), the M_{Δ1} should be less than around 10^{13} GeV.

The lepton asymmetry via triplets in the loop is given in the Ref.[28, 30],

ϵ^Δ_1 = − 3 8π λ_1c_Δs_Δ M_{N1} M_Δ

Im(Y^†_ν Y_ΔY^∗_ν )_{11} (Y^†ν Y_ν )_{11}

G(y) (36) = − 3 8π M_{N1} v^2_u

Im(Y^†_ν m^{II}_ν Y^∗_ν )_{11} (Y^†ν Y_ν )_{11} G(y) , where G(y) = y ln^{y+1}_y and y = M^2_{Δ1} /M^2_{N1} . Our prediction of the triplet loop contribution is

|ϵ^Δ_1 | = (2.5 − 6) × 10^{−4} (c_ν /2) ( M_{N1} 10^{13} GeV

) ( m^{II}_{ν3} 0.05 eV ) G(y) . (37)

We note that the function G(y) is always smaller than 1. If the triplet mass M_{Δ1} is 10% compared to the lightest right-handed Majorana mass, M_{N1} , we obtain G(y) ≃ 0.046 and the triplet loop contribution ϵ^Δ_1 can be negligible compared to the right-handed neutrino loop contribution ϵ^N_1 . When M_{Δ1} and M_{N1} are comparable, then the both triplet and right-handed neutrino loops contribute to the lepton asymmetry.

Figure 6: sin δ_{MNSP} is plotted as a function of the ratio of the type I contribution to the type II contribution (|(m^I_ν )_{33}|/(m^{II}_ν )_{33}) in the heaviest neutrino mass[Left]. The |c_e| is plotted as a function of δ_{MNSP} for η_B > 0 and [Right] for v_R ≃ U_{14}(2/c_ν ) (1 − 2.5) × 10^{15}GeV.

It is possible to check the predictions, Eqs.(32,37), using the Yukawa couplings shown as an example in section 3. the Dirac neutrino coupling in the above basis with c_ν = 2 (which is a favorable value as we noted in the last paragraph in section 3) is given by:

Ŷ_ν =

0.002 0.003 exp(−1.54 i) 0.0026 exp(−0.344 i) −0.0167 0.021 exp(−1.53 i) 0.025 exp(3.37 i) −0.229 0.417 exp(4.70 i) 0.422 exp(−3.019 i) . (38)

The Majorana neutrino coupling matrix which gives the right-handed neutrino masses is proportional to the f coupling, f̂ = diag.(0.00108, 0.00303, 0.0185) . (39)

If there is no huge cancellation between ϵ^N_1 and ϵ^Δ_1 , the resulting lepton asymmetry ϵ_1 needs to be O(10^{−4} ) and consequently, the efficiency factor κ is O(10^{−3} ) and the lightest right-handed Majorana mass, M_{N1} , is 10^{13} GeV. Note that we also have solutions where the Majorana mass scale is larger. In this case, since κ becomes larger, the lepton asymmetry ϵ_1 needs to be canceled between ϵ^N_1 and ϵ^Δ_1 by choosing the triplet mass.

We note that the triplet Higgs decay also can produce lepton asymmetry by its own decay, but this contribution vanishes when the Hermitian structure of Yukawa coupling is assumed.

When M_{N1} ∼ 10^{13} GeV, the type I contribution can disturb the prediction of oscillation parameters obtained in the previous section. We find that the |U_{e3}| prediction is not changed much, but the prediction of the MNSP phase is modified due to the phase of type I contribution. As shown in figure 6, the sin δ_{MNSP} splits from the type II prediction when type I contribution increases (However, the correct neutrino fit in our model can not be obtained by pure type I contribution). In figure 6, we show the sin δ_{MNSP} as a function of the ratio of the type I contribution to the type II contribution (|(m^I_ν )_{33}|/(m^{II}_ν )_{33}) to the heaviest neutrino mass. We use the h̄, f̄ and h̄^′ values presented in section 3 (we use c_e ≃ −1 and c_ν = 2) and vary v_R/U_{14} continuously. In figure 6, we also show the MNSP phase for the case of positive η_B dominated by the contribution given in Eq.(31). When v_R/U_{14} >∼ 2 × 10^{16} GeV, type I contribution can be negligible and the MNSP phase lies around 135^o − 150^o, 315^o − 330^o (when c_e ≃ −1) as we have seen in the previous section. In this scenario of large v_R, the generated lepton asymmetry may be an order of magnitude bigger compared to the observation since the efficiency factor κ becomes larger. However, the left-handed triplet Δ_L contribution in the loop can produce a 10% level cancellation and generate the right amount of lepton asymmetry. The location of the MNSP phase, which can be observed at T2K and the subsequent experiments as mentioned before, can be a probe to distinguish the scenario.

In our discussion so far, we did not concern ourselves with the nature of SUSY breaking mechanism. As is well known, gravitino production puts an upper bound of about 10^9 GeV on the reheating temperature T_R after inflation when the gravitino mass is in the range, 100 GeV <∼ m_{3/2} <∼ 1 TeV[32]. Since in our model, the lightest right-handed neutrino which is supposed to be responsible for leptogenesis has a mass of 10^{13} GeV or so, clearly the thermal leptogenesis picture outlined in this section will not work in this case. The possibilities to make the thermal leptogenesis scenario available are to consider a light gravitino such as m_{3/2} < 16 eV[33], late time entropy production in a gauge mediation model[34], quasi thermal picture[35]. Otherwise, one can consider a non-thermal leptogenesis where the inflaton plays a key role[36]. We do not give details of the implications of such a choice for our SO(10) model except to note that it does not affect the fermion sector of the model.

6 Lepton Flavor Violation

We now discuss the lepton flavor violating processes e.g. μ → eγ, τ → μγ etc. The operator for l_i → l_j + γ is: L_{li→lj γ} = ie 2m_l l_j σ^{μν} q_ν (a_lP_L + a_rP_R) l_i · A_μ + h.c. (40)

Figure 7: BR[μ → e + γ] and BR[τ → μ + γ] are plotted as a function of m_{1/2} for different values of m_0.

where P_{L,R} ≡ (1 ∓ γ_5)/2 and σ^{μν} ≡^i_2 [γ^μ, γ^ν ]. The decay width for l_i → l_j + γ can be written as: Γ(l_i → l_j + γ) = m_μe^2 64π ( |a_l|^2 + |a_r|^2 ) . (41) Then the branching ratio is obtained by multiplying this decay width with the lifetime of the l_i lepton. The supersymmetric contributions include the neutralino and chargino diagrams.

We work in the basis where the charged lepton masses are diagonal at the highest scale of the theory. We use the mSUGRA boundary conditions, i.e. m_0 : universal scalar mass, m_{1/2} : universal gaugino mass, A_0 : universal trilinear mass term, tan β, sign of μ to calculate the BRs. Since we have λ_b ≃ λ_τ , the masses of the Higgs are not unified with the universal scalar mass for the sfermions for realistic parameter space after including the finite SUSY one loop correction to the b-quark mass. We plot BR[μ → e + γ] and BR[τ → μ + γ] as a function of m_{1/2} for different values of m_0 in Figure 7, and we find that the BR[μ → e + γ] can be quite large.

7 Conclusion

The suppression of proton decay is a major challenge for the grand unified models. We have constructed a minimal SO(10) model which can suppress the proton decay naturally. The model has 10, 126 and 120 Higgs multiplets to generate the fermion masses. The CP symmetry of the model keeps the fermion masses hermitian at the grand unified scale and the SUSY CP problem is also under control. The neutrino masses are generated by type II seesaw. The model has 13 parameters to fit quark and lepton masses and mixings, and thus it gives predictions for down-type quark masses, |U_{e3}| and δ_{MNSP}. The prediction for |U_{e3}| is 0.06 − 0.11 with the upper limit being imposed by V_{ub} and the lower limit by the mass squared ratio (Δm^2_{sol}/Δm^2_A) and the solar mixing angle. The strange quark mass can be small (lattice calculated size) or large (QCD calculated size). The phase δ_{MNSP} is in the 2nd or 4th quadrant when the SU(5)-like condition is satisfied in the 120 coupling. This feature has distinctive impact on the probability of ν_μ to ν_e oscillation (P_{νμ →νe} ) which will be measured at the T2K and subsequent experiments. The lepton asymmetry generated in the decay of the right-handed neutrinos in this model produces the observed amount of baryon asymmetry. Depending on the magnitude of the symmetry breaking scale v_R, the observed baryon asymmetry predict the δ_{MNSP} phase in different quadrants. The lepton flavor violating Br[μ → e + γ] can be large in this model.

Acknowledgments

This work of B.D. and Y.M. is supported by the Natural Sciences and Engineering Research Council of Canada and the work of R. N. M. is supported by the National Science Foundation Grant No. PHY-0354401. We also thank A. Mazumdar for helpful comments.

References

[1] P. Minkowski, Phys. Lett. B 67, 421 (1977); T. Yanagida, KEK-79-18, in proc. of KEK workshop, eds. O. Sawada and S. Sugamoto (Tsukuba, 1979); P. Ramond, CALT-68- 709, talk at Sanibel Symposium (1979) [hep-ph/9809459]; S. L. Glashow, HUTP-79-A059, lectures at Cargese Summer Inst. (Cargese, 1979); M. Gell-Mann, P. Ramond and R. Slansky, in Supergravity, eds. P. van Nieuwenhuizen and D. Z. Freedman (North-Holland, Amsterdam, 1979); R. N. Mohapatra and G. Senjanović, Phys. Rev. Lett. 44, 912 (1980).

[2] K. S. Babu and R. N. Mohapatra, Phys. Rev. Lett. 70, 2845 (1993) [hep-ph/9209215]. [3] B. Bajc, G. Senjanovic and F. Vissani, Phys. Rev. Lett. 90, 051802 (2003) [hep-ph/0210207]; H. S. Goh, R. N. Mohapatra and S. P. Ng, Phys. Lett. B 570, 215 (2003) [hep-ph/0303055].

[4] H. S. Goh, R. N. Mohapatra and S. P. Ng, Phys. Rev. D 68, 115008 (2003) [hep-ph/0308197].

[5] B. Dutta, Y. Mimura and R. N. Mohapatra, Phys. Rev. D 69, 115014 (2004) [hep-ph/0402113].

[6] For type II seesaw in SO(10) and left-right models with natural high scale suppression for the triplet term, see G. Lazarides, Q. Shafi and C. Wetterich, Nucl. Phys. B 181, 287 (1981); R. N. Mohapatra and G. Senjanovic, Phys. Rev. D 23, 165 (1981).

[7] S. Bertolini and M. Malinsky, hep-ph/0504241. [8] K. S. Babu and C. Macesanu, hep-ph/0505200.

[9] B. Dutta, Y. Mimura and R. N. Mohapatra, Phys. Lett. B 603, 35 (2004) [hep-ph/0406262]. [10] B. Dutta, Y. Mimura and R. N. Mohapatra, Phys. Rev. Lett. 94, 091804 (2005) [hep-ph/0412105].

[11] S. Bertolini, M. Frigerio and M. Malinsky, Phys. Rev. D 70, 095002 (2004) [hep-ph/0406117]; W. M. Yang and Z. G. Wang, Nucl. Phys. B 707, 87 (2005) [hep-ph/0406221].

[12] For a review, J. Hisano, hep-ph/0004266; B. Bajc, P. Fileviez Perez and G. Senjanovic, Phys. Rev. D 66, 075005 (2002) [hep-ph/0204311].

[13] T. Goto and T. Nihei, Phys. Rev. D 59, 115009 (1999) [hep-ph/9808255]; H. Murayama and A. Pierce, Phys. Rev. D 65, 055009 (2002) [hep-ph/0108104].

[14] H. S. Goh, R. N. Mohapatra, S. Nasri and S. P. Ng, Phys. Lett. B 587, 105 (2004) [hep-ph/0311330].

[15] T. Fukuyama, A. Ilakovac, T. Kikuchi, S. Meljanac and N. Okada, JHEP 0409, 052 (2004) [hep-ph/0406068].

[16] K. Kaneyuki [T2K Collaboration], Nucl. Phys. Proc. Suppl. 145, 178 (2005); Y. Hayato [T2K Collaboration], Nucl. Phys. Proc. Suppl. 147, 9 (2005).

[17] T. Fukuyama, A. Ilakovac, T. Kikuchi, S. Meljanac and N. Okada, Eur. Phys. J. C 42, 191 (2005) [hep-ph/0401213]; T. Fukuyama, A. Ilakovac, T. Kikuchi, S. Meljanac and N. Okada, J. Math. Phys. 46, 033505 (2005) [hep-ph/0405300].

[18] C. S. Aulakh, B. Bajc, A. Melfo, G. Senjanovic and F. Vissani, Phys. Lett. B 588, 196 (2004) [hep-ph/0306242]; B. Bajc, A. Melfo, G. Senjanovic and F. Vissani, Phys. Rev. D 70, 035007 (2004) [hep-ph/0402122].

[19] S. Eidelman et al. [Particle Data Group], Phys. Lett. B 592, 1 (2004).

[20] O. V. Tarasov, A. A. Vladimirov and A. Y. Zharkov, Phys. Lett. B 93, 429 (1980);

S. G. Gorishnii, A. L. Kataev and S. A. Larin, Sov. J. Nucl. Phys. 40, 329 (1984) [Yad. Fiz. 40, 517 (1984)]; S. G. Gorishnii, A. L. Kataev, S. A. Larin and L. R. Surguladze, Mod. Phys. Lett. A 5, 2703 (1990).

[21] H. Leutwyler, hep-ph/0011140.

[22] M. Ishitsuka, T. Kajita, H. Minakata and H. Nunokawa, hep-ph/0504026; K. Hagiwara, N. Okamura and K. i. Senda, hep-ph/0504061.

[23] M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45 (1986).

[24] V. A. Kuzmin, V. A. Rubakov and M. E. Shaposhnikov, Phys. Lett. B 155, 36 (1985);

J. A. Harvey and M. S. Turner, Phys. Rev. D 42, 3344 (1990).

[25] W. Buchmuller, P. Di Bari and M. Plumacher, Annals Phys. 315, 305 (2005) [hep-ph/0401240]; W. Buchmuller, R. D. Peccei and T. Yanagida, hep-ph/0502169.

[26] M. Tegmark et al. [SDSS Collaboration], Phys. Rev. D 69, 103501 (2004) [astro-ph/0310723].

[27] H. B. Nielsen and Y. Takanishi, Phys. Lett. B 507, 241 (2001) [hep-ph/0101307].

[28] T. Hambye and G. Senjanovic, Phys. Lett. B 582, 73 (2004) [hep-ph/0307237].

[29] Similar numbers are also obtained in the context of other SO(10) models with 126 Higgs fields; see T. Fukuyama and N. Okada, JHEP 0211, 011 (2002) [hep-ph/0205066]; T. Fukuyama, T. Kikuchi and T. Osaka, JCAP 0506, 005 (2005) [hep-ph/0503201].

[30] S. Antusch and S. F. King, Phys. Lett. B 597, 199 (2004) [hep-ph/0405093].

[31] H. S. Goh, R. N. Mohapatra and S. Nasri, Phys. Rev. D 70, 075022 (2004) [hep-ph/0408139].

[32] J. R. Ellis, J. E. Kim and D. V. Nanopoulos, Phys. Lett. B 145, 181 (1984).

[33] M. Viel, J. Lesgourgues, M. G. Haehnelt, S. Matarrese and A. Riotto, Phys. Rev. D 71, 063534 (2005) [astro-ph/0501562]; M. Ibe, K. Tobe and T. Yanagida, Phys. Lett. B 615, 120 (2005) [hep-ph/0503098].

[34] M. Fujii and T. Yanagida, Phys. Lett. B 549, 273 (2002) [hep-ph/0208191]; M. Fujii, M. Ibe and T. Yanagida, Phys. Rev. D 69, 015006 (2004) [hep-ph/0309064].

[35] R. Allahverdi and A. Mazumdar, hep-ph/0505050.

[36] G. Lazarides and Q. Shafi, Phys. Lett. B 258, 305 (1991); G. F. Giudice, M. Peloso, A. Riotto and I. Tkachev, JHEP 9908, 014 (1999) [hep-ph/9905242]; T. Asaka, K. Hamaguchi, M. Kawasaki and T. Yanagida, Phys. Lett. B 464, 12 (1999) [hep-ph/9906366]; T. Asaka, H. B. Nielsen and Y. Takanishi, Nucl. Phys. B 647, 252 (2002) [hep-ph/0207023]; A. Mazumdar, Phys. Lett. B 580, 7 (2004) [hep-ph/0308020].