arXiv:1107.3829v2 [hep-ph] 9 Oct 2011

A_4 Flavor Models in Split Seesaw Mechanism

Adisorn Adulpravitchai^∗ and Ryo Takahashi^†

Max-Planck-Institut für Kernphysik, Postfach 10 39 80, 69029 Heidelberg, Germany

Abstract

A seesaw mechanism in an extra-dimension, known as the split seesaw mechanism, provides a natural way to realize a splitting mass spectrum of right-handed neutrinos. It leads to one keV sterile neutrino as a dark matter candidate and two heavy right-handed neutrinos being responsible for leptogenesis to explain the observed baryon asymmetry of the Universe. We study models based on A_4 flavor symmetry in the context of the split seesaw mechanism. It is pointed out that most of known A_4 flavor models with three right-handed neutrinos being A_4 triplet suffer from a degeneracy problem for the bulk mass terms, which disturbs the split mechanism for right-handed neutrino mass spectrum. Then we construct a new A_4 flavor model to work in the split seesaw mechanism. In the model, the experimentally observed neutrino masses and mixing angles can be realized from both type I+II seesaw contributions. The model predicts the μ − τ symmetry in the neutrino mass matrix at the leading order, resulting in the vanishing θ_{13} and maximal θ_{23}. The flavor symmetry A_4 is broken via the flavon vacuum alignment which can be obtained from the orbifold compactification. The model can be consistent with all data of neutrino oscillation experiments, cosmological discussions of dark matter abundance, leptogenesis, and recent astrophysical data.

∗E-mail: adisorn.adulpravitchai@mpi-hd.mpg.de
†E-mail: ryo.takahashi@mpi-hd.mpg.de

1 Introduction

Extra-dimensional theory is a fascinating approach that affords a compelling candidate solution to the hierarchy problem [1]. Indeed, the discovery of an evidence of extra-dimension as well as the Higgs particle and supersymmetry (SUSY) is one of the important missions of the CERN Large Hadron Collider (LHC) experiment. In the extra-dimensional theory, there are also some alternatives to the ordinary electroweak symmetry breaking (EWSB) mechanism in the standard model (SM), such as the gauge-Higgs unification (GHU) [2], the little Higgs [3], the Higgsless [4], and the Dirichlet Higgs [5] models, and so on. Furthermore, extra-dimensional models can give phenomenologically interesting features and predictions for physics beyond the SM, for example, the presences of Kaluza-Klein particles and a candidate for dark matter (DM) [6] from the Universal Extra-Dimensions (UED) model [7], and deviations of couplings of the Higgs [5, 8].

The elucidation of the origin of DM, which governs about 23% of the Universe [9], is one of important goals of the particle physics today. A large number of DM candidates have been discussed in literature.^∗ One of the interesting candidates for DM is a keV sterile neutrino since some astrophysical data possibly support the existence [11, 12]. In extentions of the SM, the right-handed neutrinos can be added. The models with three right-handed neutrinos whose masses are below the EW scale have been proposed in [13, 14, 15]. In particular, the ref. [15] has pointed out that the model with one keV sterile (right-handed) neutrino and two GeV range of ones can explain simultaneously the DM and baryon asymmetry of the Universe (BAU) in addition to the results of neutrino oscillation experiments. This framework is known as νMSM [14, 15]. Furthermore, the keV sterile neutrino has been also considered in a gauge extension of the SM (left-right symmetric framework) [16]. A realization of splitting pattern of right-handed neutrino mass spectrum including keV mass state in the context of flavor symmetry has been also discussed in [17, 18, 19]. In [17], it has been shown that the degeneracy of two singlet Majorana neutrinos and the lightness (keV scale) of the third one in νMSM can be a consequence of a lepton number symmetry, which is broken in both the Yukawa and Majorana mass sectors. In [18], a keV sterile neutrino as a candidate for DM is induced from softly breaking of L_e − L_μ − L_τ flavor symmetry. In [19], a realization of the keV sterile neutrino arises from the Froggatt-Nielsen mechanism [20]. Other interesting direction to realize the keV sterile neutrino DM and BAU has been discussed in the split seesaw mechanism [21]. This mechanism can realize a splitting mass spectrum of the right-handed neutrinos in the context of extra-dimension and account for the smallness of active neutrino masses without fine-tuning. In the mechanism, the lightest right-handed neutrino with keV mass

∗See ref. [10], for a recent review, and references therein.

becomes DM candidate and the other two right-handed neutrinos make a source of BAU via leptogenesis [22].

Regarding with properties of active neutrinos, various neutrino oscillation experiments have shown that the neutrino mixing pattern is peculiar, namely, there are two large mixing angles and one small one [23]. A lot of works have been proposed to explain such a peculiar mixing pattern, e.g. μ − τ symmetric texture [24], tri-bimaximal mixing [25], golden ratios [26], and etc.. A proposed mixing pattern can be explained by imposing a non- Abelian discrete flavor symmetry with its breaking in a specific direction. For example, μ−τ symmetry can be explained by the group S_3 ≃ D_3 [27] or D_4 [28]. The tri-bimaximal mixing can be obtained from A_4 [29] or S_4 [30]. The golden ratios have been discussed with A_5 [31] and D_{10} [32].^† Such the non-Abelian discrete symmetries might arise from the breaking of the gauge symmetries [34] or from the orbifold compactification in extra-dimensions [35]. Moreover, the vacuum alignment of the flavon field can be achieved without dealing with a relatively complicated scalar potential for A_4 [36] and S_4 [37] symmetries in the extradimensional theory.

In this paper, we study models based on a flavor symmetry in the context of the split seesaw mechanism which can lead to a splitting mass spectrum of the right-handed neutrinos.^‡ The paper is organized as following: In section 2, a brief review of the split seesaw mechanism is given. In section 3, we discuss the A_4 flavor models in the split seesaw mechanism. Then it will be shown how the desired flavon vacuum alignment can be obtained. We also give a comment on the leptogenesis. Section 4 is devoted to the conclusion.

2 Split Seesaw Mechanism

In this section, we give a brief review of the split seesaw mechanism [21]. The relevant terms in the Lagrangian for the canonical type I seesaw mechanism [39] reads

L = iN̄_iγ^μ∂_μN_i + ( λ_{iα}N̄_iL_α ϕ − 1 2 M_{R,ij}N̄^c_i N_j + h.c. ) , (2.1)

where N_i (i=1,2,3), L_α (α = e, μ, τ), and ϕ are the right-handed neutrinos, lepton doublets, and the SM Higgs doublet, respectively. The i corresponds to the generation of the rightneutrinos, and here we introduce three right-handed neutrinos to the SM. After integrating

†Our references for flavor models based on non-Abelian discrete symmetry are not complete. See e.g. [33] for more complete list.

‡The ref. [38] has studied the realization of eV scale sterile neutrinos within both seesaw mechanism and flavor symmetry. The work has shown that light sterile neutrinos can be accommodated in A_4 flavor models.

out the heavy right-handed neutrinos, the light neutrino mass matrix is given by

M_ν = λ^T M^{−1}_R λ⟨ϕ^0⟩^2, (2.2)

where the neutrino masses depend on the Yukawa coupling λ, the right-handed neutrino mass scale, and the vacuum expectation value (VEV) of the SM Higgs field. The seesaw mechanism can lead to small active neutrino mass with the order one Yukawa coupling and heavy right-handed neutrino mass. Moreover, the decay of the right-handed neutrino can also explain the BAU, if the mass of the right-handed neutrino is at O(10^{11−12}) GeV [40]. This process is well known as leptogenesis.

Now, let us move on to an extra-dimensional theory compactified on the orbifold S^1/(Z_2 × Z^′_2) with an extra-dimensional coordinate, y ≡ x^5. Note that the original model of split seesaw mechanism [21] has considered S^1/Z_2. An additional Z^′_2 in our case is imposed in order to break the flavor symmetry as we will discuss in section 3.4. However, the introduction of the additional Z^′_2 does not change an essential point of the splitting mechanism. The circle S^1 has a radius R. The orbifold S^1/Z_2 is obtained by modding out the Z_2 transformation, which imposes the equivalence relation, y ∼ −y. The orbifold S^1/(Z_2 × Z^′_2) is obtained by modding out further the Z^′_2 transformation. It imposes the equivalence relation, y^′ ∼ −y^′, where y^′ ≡ y + πR/2. The fundamental region of this orbifold is given by y ∈ [0, ℓ ≡ πR/2]. The size of the extra-dimension ℓ and the five dimensional fundamental scale M are related to the 4D reduced Planck scale as M^2_{pl} = M^3ℓ. The orbifold gives two fixed points (branes). One of the branes (y = 0) is the SM brane where the SM particles reside, while the other (y = ℓ) is the hidden brane.

Next, a Dirac spinor, Ψ(y, x) = (χ_α, ψ̄^{α̇})^T , is introduced in the bulk with a bulk mass term m, S = ∫ d^4xdyM(iΨ̄Γ^A∂_AΨ + mΨ̄Ψ), (2.3)

where A = 0, 1, 2, 3, 5, and the five-dimensional gamma matrices Γ^A are defined as following

Γ^μ = ( 0 σ^μ σ̄^μ 0 ) , Γ^5 = −i ( 1 0 0 −1 ) . (2.4)

Note that the mass scale M in (2.3) is inserted so that the mass dimension of Ψ is 3/2 as in the 4D case. The zero mode of Ψ follows the Dirac equation as

(iΓ^5∂_5 + m)Ψ^{(0)} = 0, (2.5)

leading to the wavefunction profile of the zero mode in the bulk as e^{∓my} for χ and ψ̄. In order to get the chiral fermion in 4D, we promote that the field is transformed under the orbifold parities as

Z_2 : Ψ → P Ψ = +Ψ, Z^′_2 : Ψ → P^′Ψ = +Ψ, (2.6) where P = −iΓ_5 and P^′ = 1. As the results, only ψ̄ can have a zero mode. Note that the bulk mass term m also has to carry negative Z_2 parity, so that the action is invariant under the above parity transformations. The bulk mass term having the negative parity can be realized from the kink profile of scalar field along the extra-dimensional direction. After canonically normalizing the fermion in 4D, the zero mode of Ψ_R = (0, ψ̄)^T can be written in term of canonically normalized field ψ^{(4D)}_R (x) as

Ψ^{(0)}_R (y, x) = √ 2m e^{2mℓ} − 1 1 √ M e^{my} ψ^{(4D)}_R (x), (2.7)

where ψ^{(4D)}_R (x) is identified with the right-handed neutrino in 4D. The point is that the extra-dimensional wavefunction profile of Ψ^{(0)}_R (y, x) with real positive m localizes on the hidden brane since the profile is expressed by the exponential function, e^{my}. Then ψ^{(4D)}_R (x) couples to particles in the SM brane through exponentially suppressed couplings when mℓ ≫ 1. Now let us show the action for the three right-handed neutrinos, S = ∫ d^4x dy { M ( iΨ̄^{(0)}_{iR} Γ^A∂_AΨ^{(0)}_{jR} + m_iΨ̄^{(0)}_{iR} Ψ^{(0)}_{iR} )

+δ(y) (κ_{ij} 2 v_{B−L}Ψ̄^{(0)c}_{iR} Ψ^{(0)}_{jR} + λ̃_{iα}Ψ̄^{(0)}_{iR} L_αϕ + h.c. )} , (2.8)

where we work in the basis of the diagonal bulk mass term m_i. The Majorana mass of the right-handed neutrino arises from the breaking of U(1)_{B−L} symmetry at a high scale. Note that v_{B−L} determines the B − L breaking scale. Inserting the result of (2.7) into (2.8), the effective 4D mass and Yukawa coupling matrices are obtained [41],

M_{R,ij} = κ_{ij} f_if_j v_{B−L}, (2.9) λ_{iα} = λ̃_{iα}f_i, (2.10)

where f_i ≡ 1 √ M √ 2m_i e^{2mi ℓ} − 1 . (2.11)

For the sake of the following discussion, we define a diagonal matrix F_{ij} as

F_{ij} ≡ δ_{ij}f_j . (2.12)

The effective 4D mass and Yukawa coupling matrices given in (2.9) and (2.10) can be rewritten in term of the matrix F_{ij} as M_{R,ij} = F_{il}κ_{lm}F_{mj} v_{B−L}, (2.13) λ_{iα} = F_{in}λ̃_{nα}. (2.14)

After the seesaw mechanism, the light neutrino mass matrix reads

M_ν = λ^T M^{−1}_R λ⟨ϕ^0⟩^2 = λ̃^T κ^{−1}λ̃

⟨ϕ^0⟩^2 v_{B−L} , (2.15)

where the factor f is canceled out in the seesaw formula. By assigning the appropriate values for m_i, we can obtain one keV neutrino and two heavy ones naturally. For example, if we assume that the right-handed neutrino mass matrix is diagonal, we can realize a splitting mass spectrum of right-handed neutrinos, including e.g. both keV and very heavy mass scales, without fine-tuning as

(M_{R,1}, M_{R,2}, M_{R,3}) = (1 keV, 10^{11} GeV, 10^{12} GeV), (2.16)

for (m_1ℓ, m_2ℓ, m_3ℓ) ≃ (24.2, 3.64, 2.26) where we take M = 5 × 10^{17} GeV, ℓ^{−1} = 10^{16} GeV, v_{B−L} = 10^{15} GeV, κ_{ii} = 1 as reference values, and M_{R,i} is an effective right-handed neutrino mass. Therefore, the lightest right-handed neutrino with the mass of order keV scale can be a candidate for DM and heavy right-handed neutrinos with the masses of order O(10^{11−12}) GeV can lead to the BAU via leptogenesis if the reheating temperature is larger than O(10^{11}) GeV or O(10^{12}) GeV unless the heavier guys are not extremely degenerated like in (2.16). These are the essential points of the split seesaw mechanism.

3 A_4 Flavor Models in Split Seesaw Mechanism

An introduction of non-Abelian discrete flavor symmetry might be still one of fascinating approaches to explain the currently observed patterns of neutrino mixing angles rather than an approach that the current data are solely explained by determining relevant Yukawa couplings without symmetry and/or dynamics. Therefore, we attempt to embed such the symmetry into the split seesaw mechanism. The A_4 flavor symmetry is well motivated for the three generations of the SM fermions, as it is the smallest non-Abelian discrete group which has the triplet representation.

3.1 Embedding A_4 Flavor Models into Split Seesaw Mechanism

A large number of flavor models based on the A_4 symmetry are widely discussed in literatures. Then an useful classification for A_4 flavor models has been recently presented in [42]. We discuss the embedding A_4 flavor models into split seesaw mechanism with this Barry-Rodejohann (BR) classification for A_4 models, and show a simplified BR classification in Tab. 1.^§ That is classified by differences of particle assignments under A_4 symmetry for the lepton doublets L, right-handed charged leptons E, and right-handed neutrinos Ψ_R (the Higgs triplets Δ are included in the original BR classification).

§See [42] for the references of corresponding flavor models.

Type L_α E_α Ψ_{iR} A 3 1, 1^′, 1^{′′} · · · B 3 1, 1^′, 1^{′′} 3 C 3 3 · · · D 3 3 3 E 3 3 1, 1^′, 1^{′′} F 1, 1^′, 1^{′′} 3 3 G 3 1, 1^′, 1^{′′} 1, 1^′, 1^{′′} H 3 1, 1, 1 · · · I 3 1, 1, 1 1, 1, 1 J 3 1, 1, 1 3

Table 1: Simplified Barry-Rodejohann (BR) classification for A_4 flavor models

We are taking note of the right-handed neutrino mass spectrum in the split seesaw mechanism. Therefore, we discuss flavor models of Type B, D, E, F, G, I, and J because the models of Type A, C, and H do not contain the right-handed neutrinos. Moreover, it is remarked that the models of Type B, D, F, and J, which have assigned the righthanded neutrinos into the triplet Ψ_R = (Ψ_{1R}, Ψ_{2R}, Ψ_{3R})^T , cannot work in the context of split seesaw mechanism because the bulk mass term are degenerated,

mΨ̄_RΨ_R = m(Ψ̄_{1R}Ψ_{1R} + Ψ̄_{2R}Ψ_{2R} + Ψ̄_{3R}Ψ_{3R}). (3.1)

Such a degenerated bulk mass spectrum cannot lead to a splitting mass spectrum of righthanded neutrinos as shown in (2.16). Therefore, we can conclude that the suitable A_4 model for the split seesaw mechanism is that the three right-handed neutrinos should not be in the same multiplet. This is one of key observations in this work.

The model of Type E has been proposed by Ma [43] and numerical analyses in the model has been presented in [44]. This model is a simple extension of the SM to a model with A_4 flavor symmetry and three right-handed neutrinos represented by singlets under the symmetry. Therefore, we will consider the model further in the next subsection. The model of Type G has been proposed in [45]. The work has pointed out that possible mass spectrum of active neutrinos under the flavor charge assignment are m_2 ≫ m_1 = m_3 = 0 or m_3 ≫ m_1 = m_2. It is seen from the current neutrino experiments that they are ruled out. Therefore embedding the model of Type G into the split seesaw mechanism is not attractive. Finally, the model of Type I [46] is the first complete supersymmetric model of flavor based on A_4 symmetry together with the SU(4)_C ⊗ SU(2)_L ⊗ SU(2)_R Pati-Salam gauge symmetry. According to our simple discernment, the model can pass the above degeneracy problem. Since the model is supersymmetric version, which means that the model contains the lightest superparticle as a candidate for DM, embedding the mode

Field L_α E_α Ψ_{1R} Ψ_{2R} Ψ_{3R} ϕ φ_{ν,t} φ_{1l} φ_{2l} φ_{3l} A_4 3 3 1 1^′ 1^{′′} 1 3 1 1^{′′} 1^′ Z^{aux}_2 + − + + + + + − − − Z^{aux}_5 ω̃^3 ω̃^4 1 1 1 1 ω̃^2 ω̃^3 ω̃^3 ω̃^3

Table 2: The particle contents and charge assignment of the model: φ_{ν,t} and φ_{il} are flavons, which are assigned to the triplet and singlets, respectively. Note that ω̃ ≡ e^{2πi/5}.

of Type E proposed by Ma into the split seesaw mechanism is more attractive for our considerations. Therefore, we will consider a simple extension of the SM, which is similar to the model of type E, in the next subsection.

3.2 Basic Model

In this subsection, we consider an A_4 model with right-handed neutrinos assigned to singlets. The particle contents and charge assignment of the model discussed here are similar to the ones proposed by Ma in [43] except that in addition to Z^{aux}_2 in Ma model, we add the auxiliary symmetry Z^{aux}_5 .^¶ The particle contents and charge assignment of the model are given in Tab. 2.

Now, let us first discuss the neutrino sector, the action is given in (2.8). The κ and λ̂ at the brane are given by

κ = a 0 0 0 0 b 0 b 0 , λ̃ = 1 Λ y^ν_1 0 0 0 y^ν_2 0 0 0 y^ν_3

1 1 1 1 ω ω^2 1 ω^2 ω u_1 0 0 0 u_2 0 0 0 u_3

, (3.2)

and the bulk mass m becomes diagonal, m = Diag{m_1, m_2, m_3}, under the above charge assignment, where Λ is a cut-off of the theory. The coupling λ̃_{iα} arise after the flavon φ_{ν,t} obtaining VEV as ⟨φ_{ν,t}⟩ = (u_1, u_2, u_3)^T , [ y^ν_1 Ψ̄^{(0)}_{1R}

(Lφ_ν ) Λ + y^ν_2 Ψ̄^{(0)}_{2R} (Lφ_ν )^{′′} Λ + y^ν_3Ψ̄^{(0)}_{3R}

(Lφ_ν )^′ Λ ] ϕ → λ̃_{iα}Ψ̄^{(0)}_{iR} L_αϕ. (3.3)

The neutrino Dirac mass matrix is given by

M_D = λ⟨ϕ^0⟩ = F λ̃⟨ϕ^0⟩ = 1 Λ F y^ν_1 0 0 0 y^ν_2 0 0 0 y^ν_3

1 1 1 1 ω ω^2 1 ω^2 ω u_1 0 0 0 u_2 0 0 0 u_3 v_{ew}, (3.4)

¶The auxiliary symmetry Z^{aux}_5 plays an essential role in constraining the terms in the flavon scalar potential which will be shown in the following subsection.

where ⟨ϕ^0⟩ = v_{ew}. The mass matrix of right-handed neutrinos in this model reads

M_R = F κF = af^2_1 0 0 0 0 bf_2f_3 0 bf_2f_3 0 v_{B−L}, (3.5)

which leads to the mass eigenvalues as

M_{R,1} = af^2_1 v_{B−L}, M_{R,2} = M_{R,3} = bf_2f_3v_{B−L}. (3.6)

Inserting (3.2) into (2.15), the mass matrix of light neutrinos is given by

M_ν = λ^T κ^{−1}λ

⟨ϕ^0⟩^2 v_{B−L} = u_1

Λ 0 0 0^{u2}_Λ 0 0 0^{u3}_Λ x y y y x y y y x u_1

Λ 0 0 0^{u2}_Λ 0 0 0^{u3}_Λ v^{2ew} v_{B−L} , (3.7)

where x ≡ (y^ν_1 )^2 a + 2y^ν_2 y^ν_3 b , y ≡ (y^ν_1 )^2 a − y^ν_2 y^ν_3 b . (3.8)

As discussed in [43], the limit where u_1 = u_2 = u_3 = u, the A_4 symmetry is broken to Z_3 in the neutrino sector and the eigenvalues of M_ν are

(x + 2y) v^2_{ew} v_{B−L} ( u Λ )_2 , (x − y) v^2_{ew} v_{B−L} ( u Λ )_2 , (x − y) v^2_{ew} v_{B−L} ( u Λ )_2

. (3.9)

The neutrino mass matrix can be diagonalized by the tri-bimaximal mixing matrix. However, this case is not realistic since the first eigenvalue corresponds to the eigenstate 1√ 3 (1, 1, 1). Therefore, we have to consider the other case, that is, u_1 ≠ u_2 = u_3 = u. In this case, the mass matrix still leads to θ_{13} = 0 and θ_{23} = π/4, while θ_{12} is determined by the parameters in the neutrino mass matrix. Using the reparametrization as u_1 = ru and u_2 = u_3 = u, we can rewrite (3.7) as

M_ν = r^2x ry ry ry x y ry y x m_ν with m_ν ≡ v^{2ew} v_{B−L} ( u Λ )_2

. (3.10)

This mass matrix predicts θ_{13} = 0 and θ_{23} = π/4, and the other observables are described by model parameters as follows

Δm^2_1 ≡ |m_2|^2 − |m_1|^2 = (x + r^2x + y)δ_ν m^2_ν , (3.11)

Δm^2_{31} ≡ |m_3|^2 − |m_1|^2 = [ (x − y)^2 −

[(1 + r^2)x + y − δ_ν ]^2 4 ] m^2_ν , (3.12)

tan^2 θ_{12} =

[(1 − r^2)x + y − δ_ν ]^2 8r^2y^2

, (3.13)

where δ_ν ≡ √ (1 − r^2)^2x^2 + 2(1 − r^2)xy + (1 + 8r^2)y^2, (3.14) with real r, x, and y. Now, let us fit the experimental data of neutrino oscillation, Δm^2_1, Δm^2_{31}, and θ_{12} in this model. The best fit values [23] for the normal mass hierarchy are

Δm^2_1 = 7.64 × 10^{−5} eV^2, Δm^2_{31} = 2.45 × 10^{−3} eV^2, sin^2 θ_{12} = 0.312. (3.15)

For example, the following values can reproduce the experimental values:^‖

(xm_ν , ym_ν, r) = (−2.23 × 10^{−2} eV, 2.76 × 10^{−2} eV, ± 0.204). (3.16)

Note that the model can also fit with the tri-bimaximal mixing, sin^2 θ_{12} = 1/3. For the charged lepton sector, the action is described by

S_l = ∫ d^4xdyδ(y) ( (ϵϕ^∗) [ y^e_1(EL) φ_{1l} Λ + y^e_2(EL)^′ φ_{2l} Λ + y^e_3(EL)^{′′} φ_{3l} Λ ]) . (3.17)

After the flavons obtain their VEVs, it leads to a diagonal charged lepton mass matrix. We can also reproduce the charged lepton masses by taking appropriate values of y^e_i ⟨φ_{il}⟩/Λ.

Next, let us calculate the left-right mixing in this model, which is an important quantity in the sterile neutrino DM scenario. This scenario is a decaying DM candidate. To be DM, the lifetime of the lightest right-handed neutrino should be greater than the age of the Universe. The lightest right-handed neutrino can radiatively decay into a photon and an active neutrino through the left-right mixing. This radiative decay produces a narrow line in the diffuse X-ray background, which gives a restriction on the magnitude of this mixing angle [47]. The relevant left-right mixing angle is given by

θ^2 = ∑ α |λ_{1α}|^2 M^2_{R,1}

⟨ϕ_0⟩^2 = (2 + r^2)

|y^ν_1 |^2 a m_ν m_s < 1.8 × 10^{−5} ( 1 keV m_s )_5 , (3.18)

where m_s = M_{R,1}. If we use m_s = 5 keV, m_ν = 1.47 × 10^{−3} eV, and r = 0.204, we obtain an upper bound on model parameters as |y^ν_1 |^2/a < 9.63 × 10^{−3}. Note that the value of m_ν = 1.47 × 10^{−3} eV is obtained from v_{ew} = 174 GeV, v_{B−L} = 10^{15} GeV, and u/Λ ≃ 0.22. Using (3.8), (3.16) and the value of m_ν , we obtain |y^ν_1 |^2/a = (x + 2y)/2 ≃ 11.3, which is much larger than the above cosmological bound on a sterile neutrino DM scenario. The upper bound obtained here implies that the coupling to the keV sterile neutrino is too tiny and the only two heavy neutrinos can be taken into an account for the neutrino mass. Therefore, this A_4 model cannot realize a keV sterile neutrino DM scenario via the split seesaw mechanism though it can reproduce realistic mixing angles and two mass squared differences of active neutrinos. In the next subsection, we extend this A_4 flavor model to achieve the sterile neutrino DM scenario from split seesaw mechanism.

‖The model can also fit the inverted mass hierarchy (IH) by taking complex values of r, x, and y.

Field Δ_L φ_{ν,s} φ̃_{ν,t} A_4 1 1 3 Z^{aux}_2 + + + Z^{aux}_5 ω̃^2 ω̃^2 1

Table 3: Additional particle contents

3.3 Extension of the Model

In order to realize the keV sterile neutrino DM scenario in the split seesaw mechanism while conserving the realistic neutrino oscillation data, we extend the A_4 model by including the SU(2)_L triplet Higgs and two gauge singlet flavons. The triplet Higgs and one of flavons are assigned to singlet under A_4 and the other flavon is a triplet. The extended particle contents is given in Tab. 3. Note that the triplet flavon φ̃_{ν,t} will not contribute to the neutrino mass and mixing directly, however, it is crucial to obtain a VEV alignment for the another triplet flavon φ_{ν,t}, which will be discussed in the next subsection.

The neutrino mass in this model is obtained from the type I+II seesaw mechanism. The neutrino sector with the contribution of type II seesaw mechanism [48] is described by

S_ν = S^I_ν + S^{II}_ν , (3.19)

where the type I contribution, S^I_ν , is given in (2.8) and the type II contribution is given by S^{II}_ν = ∫ d^4xdyδ(y) ( ỹ^ν_1 φ_{ν,t} Λ + ỹ^ν_2 φ_{ν,s} Λ ) L^T Δ_LL. (3.20)

As discussed previously, the left-right mixing angle puts the upper bound on the coupling of the left-handed fields to the keV sterile neutrino, |y^ν_1 |^2/a < 9.63 × 10^{−3}, which is too tiny to be account for the neutrino mass scales. Keeping this constraint in mind, we obtain x ≃ 2y^ν_2 y^ν_3 /b and y ≃ −y^ν_2 y^ν_3 /b, resulting in x ≃ −2y. With the constraint on the left-right mixing angle, the type I contribution alone cannot produce the realistic neutrino oscillation data in this A_4 flavor model, therefore, we introduce the type II contribution. For the sake of the discussion, we will assume that r = 0, that is, the VEV alignment of ⟨φ_{ν,t}⟩ is given by ⟨φ_{ν,t}⟩ = (0, u, u)^T . We will show in the next subsection that this VEV alignment can be achieved from the orbifolding. Using x = −2y and r = 0 , the neutrino mass matrix from type I contribution (3.10) becomes

M^I_ν ≃ 0 0 0 0 −2y y 0 y −2y m_ν . (3.21)

After the triplet Higgs obtains a VEV, v_Δ ≡ ⟨Δ_L⟩ ≃ v^2_{ew}μ/M^2_Δ, with the B − L breaking scale μ ∼ v_{B−L} and the heavy triplet mass M_Δ, and the flavor symmetry is broken by VEV of flavons, the neutrino mass from the type II seesaw mechanism is given by

M^{II}_ν = s t t t s 0 t 0 s m^′_ν , (3.22)

where s ≡ ỹ^ν_2 ⟨φ_{ν,s}⟩/Λ u/Λ , t ≡ ỹ^ν_1 , m^′_ν ≡ v_Δ u Λ . (3.23)

Assuming that m^′_ν ≃ m_ν , the neutrino mass matrix reads

M_ν = M^I_ν + M^{II}_ν ≃ s t t t s − 2y y t y s − 2y m_ν . (3.24)

This mass matrix has the μ − τ symmetry resulting in θ_{13} = 0 and θ_{23} = π/4 at the leading order.^{∗∗} The other observables can be calculated at the leading order as

Δm^2_1 ≃ (2s − y) √ 8t^2 + y^2m^2_ν , (3.25)

Δm^2_{31} ≃ (s − 3y)^2 − ( 2s − y − √ 8t^2 + y^2

)_2 4 m^2_ν , (3.26)

tan^2 θ_{12} ≃ ( y + √ 8t^2 + y^2

)_2

8t^2

, (3.27)

with real s, t, and y. Now, we can fit the experimental values (3.15) for the normal mass hierarchy as

(s, t, y) ≃ (−1.09, −2.31, ±2.06) × 10^{−2} eV/m_ν . (3.28)

The model can also fit the tri-bimaximal mixing angle with real s, t, and y, and the inverted mass hierarchy with complex values of the parameters. This A_4 model can reproduce realistic values of mixing angles and two mass squared differences of active neutrinos and be allowed by cosmological constraint on the left-right mixing angle in the context of keV sterile neutrino DM scenario from split seesaw mechanism.

It is well known that the keV sterile neutrino DM should not contribute to the neutrino mass via the type I seesaw mechanism to satisfy the X-ray bound. However, the A_4 flavor symmetry discussed in the previous subsection constrains on the Yukawa structure to be

∗∗The latest T2K results have suggested 0.03(0.04) < sin^2 2θ_{13} < 0.28(0.34) at 90% C.L. for NH (IH) the vanishing Dirac CP phase [49]. Then several theoretical discussions for the results have been presented [50]. Our model can give a non-vanishing contribution due to the next-leading order corrections. On the other hand, the recent MINOS results can be still consistent with the vanishing θ_{13} [51].

a specific form as given in (3.4). This means that the basic A_4 model cannot satisfy the cosmological constraint of the keV sterile neutrino DM while reproducing the observables of active neutrinos (mass squared differences and mixing angles) as we shown. However, once we introduce a contribution from the type II seesaw mechanism to the Majorana mass matrix of light neutrinos (3.22), the situation is changed, that is, the type II contribution can make the active neutrino observables realistic while realizing the keV sterile neutrino DM scenario. This is because the type II contribution to the Majorana mass matrix of light neutrinos is irrelevant to the sterile neutrino sector. This kind of scenario would be applied to any models (even with a flavor symmetry) where one of the three right-handed neutrinos is DM of keV mass (e.g. νMSM).

3.4 Flavor Symmetry Breaking from Orbifolding

In this subsection, we show how the desired flavon VEV alignment can be obtained in the extra-dimensional context. The general discussion how to obtain the vacuum alignment for the flavon by orbifolding has been discussed before in [36] for A_4 in a different A_4 basis (see [37] for S_4 case).^{††}

Let us consider a flavon field in the bulk. The desired flavon VEV alignment can be obtained by properly choosing the orbifold parity P^′ and projecting out zero modes. Of course, there is a constraint on the choices of the orbifold parity, namely, it has to be chosen from elements of order two of A_4 group, otherwise, it does not preserve the product rule of the group. The elements of order two of A_4 group are as follows: S, T^2ST , and T ST^2. To obtain the desired vacuum alignment, we choose the triplet flavon to transform under the orbifold parity Z^′_2 as P^′ = S.

We consider a bulk triplet flavon, φ_ν (y, x) = ((φ_ν )_1, (φ_ν )_2, (φ_ν )_3)^T , transformed under the orbifold parities as

Z_2 : φ_ν → P φ_ν = ηφ_ν , Z^′_2 : φ_ν → P^′φ_ν = η^′φ_ν , (3.29)

where

P = 1, P^′ = S =

1 0 0 0 −1 0 0 0 −1

. (3.30)

Note that the flavor symmetry with this assignment is broken at the hidden (y = ℓ) brane, not at the SM (y = 0) brane. However, the flavor symmetry is also broken at the SM brane in a low energy regime since non-zero modes in the triplet whose mass is the

††See [52] for an alternative mechanism to flavor symmetry breaking in extra-dimensional setup. The work has proposed a general way to break flavor symmetry by imposing non-vanishing Dirichlet boundary condition on the bulk flavon(s), which can also achieve an arbitral VEV alignment.

compactification scale are absent. The VEV alignment of flavon depends on the parity η^′. When the parities η = +1 and η^′ = +1 are given for φ̃_{ν,t}, the zero modes become φ̃_{ν,t} = ((φ̃_{ν,t})_1, 0, 0)^T . When the parities η = +1 and η^′ = −1 are for φ_{ν,t}, the zero modes read φ_{ν,t} = (0, (φ_{ν,t})_2, (φ_{ν,t})_3)^T . In general, (φ_{ν,t})_2 does not need to equal to (φ_{ν,t})_3. But we show that (φ_{ν,t})_2 = ±(φ_{ν,t})_3 can be obtained from the minimization of the 4D flavon scalar potential in the following discussion.

At low energy, the effective (4D) flavon scalar potential is described by the zero modes of the flavon,

V^{(4D)}_f = m^2_1 2 (φ̃_{ν,t})^2_1 + m^2(|(φ_{ν,t})_2|^2 + |(φ_{ν,t})_3|^2) + [μ_{123}((φ̃_{ν,t})_1(φ_{ν,t})^∗_2(φ_{ν,t})_3 + h.c.]

+m^2_0|(φ_{ν,s})|^2 + m̃^2_1|(φ_{1l})|^2 + m̃^2|(φ_{2l})|^2 + m̃^2_3|(φ_{3l})|^2 + ∑ i,j λ_{ij} X_iX_j, (3.31)

where X = ((φ̃_{ν,t})^2_1, (|(φ_{ν,t})_2|^2 + |(φ_{ν,t})_3|^2), |(φ_{ν,s})|^2, |(φ_{1l})|^2, |(φ_{2l})|^2, |(φ_{3l})|^2)^T and λ_{ij} are dimensionless couplings. Note that the normalization constant of the wave function and the cut-off are already included into the flavon scalar potential parameters and we assume that all singlet flavons are the bulk fields.

The VEV alignment can be obtained by the minimization of the flavon scalar potential, ∂V^{(4D)}_f /(∂φ_i) = 0, where φ_i are flavons in the potential. We can see that the condition (φ_{ν,t})_2 = ±(φ_{ν,t})_3 can be achieved if μ_{123} and (φ̃_{ν,t})_1 are non-zero. This is the reason we introduce φ̃_{ν,t} even it does not give the contributions to the neutrino mass and mixing at the leading order.

3.5 Leptogenesis

At the end of this paper, we comment on the realization of BAU via leptogenesis in our A_4 model.

In our model, the two heavier right-handed neutrinos are not the only source for the BAU via leptogenesis, but we also have the contribution from the triplet Higgs [53]. Leptogenesis can be realized either by the decay of the heavier right-handed neutrinos or the triplet Higgs. The CP asymmetry in the decay of those right-handed neutrinos to the leptons and SM Higgs is given by

ϵ_{ΨkR} = ∑ α Γ(Ψ_{kR} → L_i + H) − Γ(Ψ_{kR} → L̄_i + H^†) Γ(Ψ_{kR} → L_i + H) + Γ(Ψ_{kR} → L̄_i + H^†)

, (3.32)

where k = 2 and 3 because the decay of heavier neutrinos is CP asymmetric in the split seesaw mechanism. As usual, this asymmetry is due to the interference of the tree level diagram and the three one-loop diagrams shown in Fig. 1. The left two diagrams are the

L_l H L_l H H H Ψ_{jR} Δ_L Ψ_{kR} Ψ_{kR} Ψ_{jR} Ψ_{kR} H L_i H L_i L_l L_i Figure 1: One-loop diagrams of the right-handed neutrino decay generating the CP asymmetry.

usual vertex and self-energy contributions, respectively, and give

ϵ^I_{ΨkR} = 1 8π ∑ j≠k Im[(λλ^†)^2_{kj}] ∑ i |λ_{ki}|^2 √ x_j [ 1 − (1 + x_j ) log ( x_j + 1 x_j ) + 1 1 − x_j ] , (3.33)

where x_j ≡ M^2_{R,j} /M^2_{R,k}.^{‡‡} The right diagram in Fig. 1 is an additional contribution to the CP asymmetry in our model, which is given by [53, 54] as ϵ^{II}_{ΨkR} = 3 8π M_{R,k}v_Δ v^2_{ew} ∑ j,l Im[λ^∗_{kj}λ^∗_{kl}Y^∗_{Δjl}] ∑ i |λ_{ki}|^2 y_k [ 1 − y_k log ( y_k + 1 y_k )] , (3.34)

where Y_Δ ≡ M^{II}_ν /v_Δ and y_k ≡ M^2_Δ/M^2_{R,k}. Note that there is also a decay process to generate the asymmetry, which is the decay of the triplet Higgs to two leptons. However, it is not important for our case as commented below.

There are four limiting cases for leptogenesis in the type I+II seesaw scenario [53]: [i] M_{R,k} ≪ M_Δ with a dominant contribution of the right-handed neutrinos to the light neutrino masses, [ii] M_{R,k} ≪ M_Δ with a dominant triplet contribution to the light neutrino masses, [iii] M_{R,k} ≫ M_Δ with a dominant right-handed neutrino contribution to the neutrino masses, and [iv] M_{R,k} ≫ M_Δ with dominance of the triplet contribution to the neutrino masses, where M_{R,k} is the mass of the heavier right-handed neutrino. The limit [i] is almost equivalent to the ordinary leptogenesis scenario in the framework of type I seesaw mechanism, and thus this case has been extensively studied in the literatures. In the limit [ii], a constraint on the neutrino mass does not induce a violation of the out-of-equilibrium condition, Γ_{MR,k} < H(T )|_{T =MR,k} , where H(T ) is the Hubble parameter and T is the cosmic temperature, since the couplings responsible for the neutrino masses are not responsible for the tree level decay. As a result, there is no upper bound on the neutrino masses as in the usual type I leptogenesis, which is an interesting feature of the limit [ii]. The decay process of triplet Higgs to two leptons become important for the limits [iii] and [iv]. Our model naively corresponds to a mixed scenario of limits [i] and [ii], that is, M_{R,k} ≪ M_Δ with

‡‡The mass spectrum of the right-handed neutrinos in our model is given in (3.6), which is degenerate at the leading order. However, the next leading correction, whose magnitude is typically O((u/Λ)^2M_{R,3}), weaken this degeneracy to be |M_{R,3} − M_{R,2}| ≫ Γ_{Ψ3R} . Therefore, the hierarchical formulae for the computation of the CP asymmetry reviewed in this section are valid for our model.

comparable contributions of the right-handed neutrinos and triplet Higgs to the light neutrino mass because of (3.6), (3.10), (3.23), (3.28) and the assumption m^′_ν ≃ m_ν . Because of the presence of additional contributions from the triplet Higgs decay to CP asymmetry, the bounds on the decay asymmetry and on M_{R,2} become weaker than the ones obtained in [54], which discussed the limit [i]. Therefore, of course, our model with contributions from type I and II seesaw mechanisms can also realize the mixed scenario of type I+II leptogenesis. Solving the exact Boltzmann equation and searching for all allowed regions of model parameters are out of our scope in this paper.

4 Conclusion

We have studied models based on A_4 flavor symmetry in the context of the split seesaw mechanism. The split seesaw mechanism, which has been proposed an extra-dimensional theory, can provide a natural way to realize a splitting mass spectrum of right-handed neutrinos. It leads to one keV sterile neutrino as a DM candidate favored by recent cosmological observations and two heavy right-handed neutrinos being responsible for leptogenesis to explain the observed BAU.

First, we have pointed out that most of known A_4 flavor models with three right-handed neutrinos being A_4 triplet suffer from a degeneracy problem for the bulk mass term, which disturbs the split mechanism for right-handed neutrino mass spectrum.

Next, we have constructed a new A_4 flavor model to work in the split seesaw mechanism. The model is an extention of the model proposed by Ma. The three right-handed neutrinos are assigned into A_4 (non-trivial) singlets, and the neutrino masses and mixing angles can be realized from both type I+II seesaw contributions in the model. The model predicts the μ − τ symmetry in the neutrino mass matrix at the leading order, resulting in the vanishing θ_{13} and maximal θ_{23}. The flavor symmetry A_4 is broken via the flavon vacuum alignment which can be obtained from the orbifold compactification. The BAU can also be realized in the mixed scenario of type I+II leptogenesis.

Acknowledgement

We are grateful to Takehiko Asaka, Peihong Gu, Claudia Hagedorn, Andreas Hohenegger, Martin Holthausen, Alexander Kartavtsev, Manfred Lindner, Kristian McDonald, and Werner Rodejohann for fruitful discussions. This work has been supported by the DFG Sonderforschungsbereich Transregio 27 Neutrinos and beyond Weakly interacting particles in Physics, Astrophysics and Cosmology.

Appendix

Group Theory of A_4

We give a brief knowledge of group theory of A_4 in this Appendix.

The order of A_4 group is 12. It contains 12 group elements which can be obtained from the combinations of the two group generators, S and T , which obey the generator relations, S^2 = 1, T^3 = 1, and (ST )^3 = 1.

The group contains three singlets and one triplet as its irreducible representations. The singlets transform under the group generators as

1 : S = 1, T = 1, 1^′ : S = 1, T = e^{i2π/3} = ω, 1^{′′} : S = 1, T = e^{i4π/3} = ω^2,

and the triplet transforms as

3 : S =

1 0 0 0 −1 0 0 0 −1 , T = 0 1 0 0 0 1 1 0 0 .

The products of singlets are given as 1^′ × 1^′ = 1^{′′}, 1^′ × 1^{′′} = 1, 1^{′′} × 1^{′′} = 1^{′′} etc.. When we represent the triplet as 3_a = (a_1, a_2, a_3)^T and 3_b = (b_1, b_2, b_3)^T , the product of two triplets gives 3_a × 3_b = 1 + 1^′ + 1^{′′} + 3 + 3, where

1 = a_1b_1 + a_2b_2 + a_3b_3, 1^′ = a_1b_1 + ω^2a_2b_2 + ωa_3b_3, 1^{′′} = a_1b_1 + ωa_2b_2 + ω^2a_3b_3, 3 = (a_2b_3, a_3b_1, a_1b_2)^T , 3 = (a_3b_2, a_1b_3, a_2b_1)^T .

References

[1] N. Arkani-Hamed, S. Dimopoulos and G. R. Dvali, Phys. Lett. B 429 (1998) 263 [arXiv:hep-ph/9803315]; I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. R. Dvali, Phys. Lett. B 436 (1998) 257 [arXiv:hep-ph/9804398]; L. Randall and R. Sundrum, Phys. Rev. Lett. 83 (1999) 3370 [arXiv:hep-ph/9905221].

[2] D. B. Fairlie, Phys. Lett. B 82 (1979) 97; D. B. Fairlie, J. Phys. G 5 (1979) L55;

N. S. Manton, Nucl. Phys. B 158 (1979) 141; Y. Hosotani, Phys. Lett. B 126 (1983) 309.

[3] N. Arkani-Hamed, A. G. Cohen and H. Georgi, Phys. Lett. B 513 (2001) 232 [arXiv:hep-ph/0105239].

[4] C. Csaki, C. Grojean, H. Murayama, L. Pilo and J. Terning, Phys. Rev. D 69 (2004) 055006 [arXiv:hep-ph/0305237].

[5] N. Haba, K. Oda and R. Takahashi, Acta Phys. Polon. B 42 (2011) 33 [arXiv:0910.3356 [hep-ph]]; N. Haba, K. Oda and R. Takahashi, JHEP 1007 (2010) 079 [Erratumibid. 1011 (2010) 071] [arXiv:1005.2306 [hep-ph]]; K. Nishiwaki and K. Oda, arXiv:1011.0405 [hep-ph]; N. Haba, K. Oda and R. Takahashi, JHEP 1105 (2011) 125 [arXiv:1102.1970 [hep-ph]].

[6] F. Zwicky, Helv. Phys. Acta 6 (1933) 110.

[7] I. Antoniadis, Phys. Lett. B 246 (1990) 377; T. Appelquist, H. C. Cheng and B. A. Dobrescu, Phys. Rev. D 64 (2001) 035002 [arXiv:hep-ph/0012100].

[8] Y. Hosotani, K. Oda, T. Ohnuma and Y. Sakamura, Phys. Rev. D 78 (2008) 096002 [arXiv:0806.0480 [hep-ph]]; Y. Hosotani and Y. Kobayashi, Phys. Lett. B 674 (2009) 192 [arXiv:0812.4782 [hep-ph]]; N. Haba, K. Oda and R. Takahashi, Nucl. Phys. B 821 (2009) 74; [Erratum-ibid. 824 (2010) 331], [arXiv:0904.3813 [hep-ph]]; N. Haba, K. Oda and R. Takahashi, Acta Phys. Polon. B 41 (2010) 1291 [arXiv:0910.4528 [hep-ph]].

[9] E. Komatsu et al. [WMAP Collaboration], Astrophys. J. Suppl. 192 (2011) 18 [arXiv:1001.4538 [astro-ph.CO]].

[10] G. Bertone, D. Hooper and J. Silk, Phys. Rept. 405 (2005) 279 [arXiv:hep-ph/0404175]; G. D’Amico, M. Kamionkowski and K. Sigurdson, arXiv:0907.1912 [astro-ph.CO]; K. Garrett and G. Duda, Adv. Astron. 2011 (2011) 968283 [arXiv:1006.2483 [hep-ph]].

[11] A. Kusenko and G. Segre, Phys. Lett. B 396 (1997) 197 [arXiv:hep-ph/9701311];

G. M. Fuller, A. Kusenko, I. Mocioiu and S. Pascoli, Phys. Rev. D 68 (2003) 103002 [arXiv:astro-ph/0307267]; P. L. Biermann and A. Kusenko, Phys. Rev. Lett. 96 (2006) 091301 [arXiv:astro-ph/0601004]; M. Mapelli, A. Ferrara and E. Pierpaoli, Mon. Not. Roy. Astron. Soc. 369 (2006) 1719 [arXiv:astro-ph/0603237]; J. Stasielak, P. L. Biermann and A. Kusenko, Astrophys. J. 654 (2007) 290 [arXiv:astro-ph/0606435]; E. Ripamonti, M. Mapelli and A. Ferrara, Mon. Not. Roy. Astron. Soc. 375 (2007) 1399 [arXiv:astro-ph/0606483]; F. Munyaneza and P. L. Biermann, Astron. Astrophys. 458 (2006) L9 [arXiv:astro-ph/0609388]; J. Stasielak, P. L. Biermann and A. Kusenko, Acta Phys. Polon. B 38 (2007) 3869 [arXiv:0710.5431 [astroph]]; A. Kusenko, B. P. Mandal and A. Mukherjee, Phys. Rev. D 77 (2008) 123009 [arXiv:0801.4734 [astro-ph]]; M. Loewenstein and A. Kusenko, Astrophys. J. 714 (2010) 652 [arXiv:0912.0552 [astro-ph.HE]]; D. A. Prokhorov and J. Silk, arXiv:1001.0215 [astro-ph.HE].

[12] A. Kusenko, Phys. Rept. 481 (2009) 1 [arXiv:0906.2968 [hep-ph]]. [13] A. de Gouvea, Phys. Rev. D 72 (2005) 033005 [arXiv:hep-ph/0501039]. [14] T. Asaka, S. Blanchet and M. Shaposhnikov, Phys. Lett. B 631 (2005) 151 [arXiv:hep-ph/0503065].

[15] T. Asaka and M. Shaposhnikov, Phys. Lett. B 620 (2005) 17 [arXiv:hep-ph/0505013]. [16] F. Bezrukov, H. Hettmansperger and M. Lindner, Phys. Rev. D 81 (2010) 085032 [arXiv:0912.4415 [hep-ph]].

[17] M. Shaposhnikov, Nucl. Phys. B 763 (2007) 49 [arXiv:hep-ph/0605047]. [18] M. Lindner, A. Merle and V. Niro, JCAP 1101 (2011) 034 [arXiv:1011.4950 [hep-ph]]. [19] A. Merle and V. Niro, arXiv:1105.5136 [hep-ph]. [20] C. D. Froggatt and H. B. Nielsen, Nucl. Phys. B 147 (1979) 277. [21] A. Kusenko, F. Takahashi and T. T. Yanagida, Phys. Lett. B 693, 144 (2010) [arXiv:1006.1731 [hep-ph]].

[22] M. Fukugita and T. Yanagida, Phys. Lett. B 174 (1986) 45. [23] T. Schwetz, M. Tortola and J. W. F. Valle, arXiv:1103.0734 [hep-ph]. [24] T. Fukuyama and H. Nishiura, arXiv:hep-ph/9702253.

[25] P. F. Harrison, D. H. Perkins and W. G. Scott, Phys. Lett. B 530 (2002) 167 [arXiv:hep-ph/0202074]; P. F. Harrison and W. G. Scott, Phys. Lett. B 535 (2002) 163 [arXiv:hep-ph/0203209].

[26] A. Datta, F. S. Ling and P. Ramond, Nucl. Phys. B 671 (2003) 383 [arXiv:hep-ph/0306002]; Y. Kajiyama, M. Raidal and A. Strumia, Phys. Rev. D 76 (2007) 117301 [arXiv:0705.4559 [hep-ph]]; W. Rodejohann, Phys. Lett. B 671 (2009) 267 [arXiv:0810.5239 [hep-ph]].

[27] For example, see W. Grimus and L. Lavoura, JHEP 0508 (2005) 013 [arXiv:hep-ph/0504153].

[28] W. Grimus and L. Lavoura, Phys. Lett. B 572 (2003) 189 [arXiv:hep-ph/0305046];

W. Grimus, A. S. Joshipura, S. Kaneko, L. Lavoura and M. Tanimoto, JHEP 0407 (2004) 078 [arXiv:hep-ph/0407112]; H. Ishimori, T. Kobayashi, H. Ohki, Y. Omura, R. Takahashi, M. Tanimoto, Phys. Lett. B662 (2008) 178-184 [arXiv:0802.2310 [hep-ph]]; H. Ishimori, T. Kobayashi, H. Ohki, Y. Omura, R. Takahashi, M. Tanimoto, Phys. Rev. D77 (2008) 115005 [arXiv:0803.0796 [hep-ph]]; A. Adulpravitchai, A. Blum, C. Hagedorn, JHEP 0903 (2009) 046 [arXiv:0812.3799 [hep-ph]]; C. Hagedorn, R. Ziegler, Phys. Rev. D82 (2010) 053011 [arXiv:1007.1888 [hep-ph]].

[29] For example, see E. Ma, Phys. Rev. D 70 (2004) 031901 [arXiv:hep-ph/0404199];

[30] For example, see C. S. Lam, Phys. Rev. D 78 (2008) 073015 [arXiv:0809.1185 [hepph]]; F. Bazzocchi and S. Morisi, Phys. Rev. D 80 (2009) 096005 [arXiv:0811.0345 [hep-ph]];

[31] L. L. Everett and A. J. Stuart, Phys. Rev. D 79 (2009) 085005 [arXiv:0812.1057 [hepph]]; F. Feruglio and A. Paris, JHEP 1103 (2011) 101 [arXiv:1101.0393 [hep-ph]].

[32] A. Adulpravitchai, A. Blum and W. Rodejohann, New J. Phys. 11 (2009) 063026 [arXiv:0903.0531 [hep-ph]].

[33] G. Altarelli and F. Feruglio, Rev. Mod. Phys. 82 (2010) 2701 [arXiv:1002.0211 [hepph]]; H. Ishimori, T. Kobayashi, H. Ohki, Y. Shimizu, H. Okada and M. Tanimoto, Prog. Theor. Phys. Suppl. 183 (2010) 1 [arXiv:1003.3552 [hep-th]].

[34] B. A. Ovrut, J. Math. Phys. 19 (1978) 418; G. Etesi, J. Math. Phys. 37 (1996) 1596 [hep-th/9706029]; M. Koca, M. Al-Barwani and R. Koc, J. Phys. A 30 (1997) 2109; M. Koca, R. Koc, H. Tutunculer, Int. J. Mod. Phys. A18 (2003) 4817 [hep-ph/0410270]; A. Adulpravitchai, A. Blum, M. Lindner, JHEP 0909 (2009) 018 [arXiv:0907.2332 [hep-ph]]; J. Berger, Y. Grossman, JHEP 1002 (2010) 071 [arXiv:0910.4392 [hep-ph]]; C. Luhn, JHEP 1103 (2011) 108 [arXiv:1101.2417 [hepph]].

[35] T. Watari, T. Yanagida, Phys. Lett. B544 (2002) 167 [hep-ph/0205090]; T. Watari, T. Yanagida, Phys. Lett. B532 (2002) 252 [hep-ph/0201086]; G. Altarelli, F. Feruglio, Y. Lin, Nucl. Phys. B775 (2007) 31 [hep-ph/0610165]; T. Kobayashi, H. P. Nilles,

F. Ploger, S. Raby, M. Ratz, Nucl. Phys. B768 (2007) 135 [hep-ph/0611020]; A. Adulpravitchai, A. Blum, M. Lindner, JHEP 0907 (2009) 053 [arXiv:0906.0468 [hep-ph]]; H. Abe, K. -S. Choi, T. Kobayashi, H. Ohki, M. Sakai, [arXiv:1009.5284 [hep-th]].

[36] T. Kobayashi, Y. Omura and K. Yoshioka, Phys. Rev. D 78 (2008) 115006 [arXiv:0809.3064 [hep-ph]]; T. J. Burrows, S. F. King, Nucl. Phys. B835 (2010) 174 [arXiv:0909.1433 [hep-ph]]; T. J. Burrows, S. F. King, Nucl. Phys. B842 (2011) 107 [arXiv:1007.2310 [hep-ph]].

[37] A. Adulpravitchai and M. A. Schmidt, JHEP 1101 (2011) 106 [arXiv:1001.3172 [hepph]].

[38] J. Barry, W. Rodejohann and H. Zhang, arXiv:1105.3911 [hep-ph].

[39] P. Minkowski, Phys. Lett. B67 (1977) 421; T. Yanagida, in Proceedings of the Workshop on Unified Theories and Baryon Number in the Universe, eds. O. Sawada and A. Sugamoto (KEK report 79-18, 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. Senjanovic, Phys. Rev. Lett. 44 (1980) 912.

[40] T. Endoh, S. Kaneko, S. K. Kang, T. Morozumi and M. Tanimoto, Phys. Rev. Lett.

89 (2002) 231601 [arXiv:hep-ph/0209020]; M. Raidal and A. Strumia, Phys. Lett. B 553, 72 (2003) [arXiv:hep-ph/0210021].

[41] A. Hebecker and J. March-Russell, Nucl. Phys. B 613 (2001) 3 [arXiv:hep-ph/0106166].

[42] J. Barry and W. Rodejohann, Phys. Rev. D 81 (2010) 093002 [Erratum-ibid. D 81 (2010) 119901] [arXiv:1003.2385 [hep-ph]].

[43] E. Ma, Mod. Phys. Lett. A 20 (2005) 2601 [arXiv:hep-ph/0508099].

[44] L. Lavoura and H. Kuhbock, Mod. Phys. Lett. A 22 (2007) 181 [arXiv:hep-ph/0610050].

[45] P. H. Frampton and S. Matsuzaki, arXiv:0806.4592 [hep-ph].

[46] S. F. King and M. Malinsky, Phys. Lett. B 645 (2007) 351 [arXiv:hep-ph/0610250].

[47] A. D. Dolgov and S. H. Hansen, Astropart. Phys. 16 (2002) 339 [arXiv:hep-ph/0009083]; K. Abazajian, G. M. Fuller and W. H. Tucker, Astrophys. J. 562 (2001) 593 [arXiv:astro-ph/0106002]; A. Boyarsky, O. Ruchayskiy,

M. Shaposhnikov, Ann. Rev. Nucl. Part. Sci. 59 (2009) 191-214. [arXiv:0901.0011 [hep-ph]].

[48] G. Lazarides, Q. Shafi and C. Wetterich, Nucl. Phys. B 181 (1981) 287; R. N. Mohapatra and G. Senjanovic, Phys. Rev. D 23 (1981) 165; C. Wetterich, Nucl. Phys. B 187 (1981) 343.

[49] K. Abe et al. [T2K Collaboration], arXiv:1106.2822 [hep-ex].

[50] H. J. He and F. R. Yin, arXiv:1104.2654 [hep-ph]; Z. z. Xing, arXiv:1106.3244 [hepph]; N. Qin and B. Q. Ma, arXiv:1106.3284 [hep-ph]; Y. j. Zheng and B. Q. Ma, arXiv:1106.4040 [hep-ph]; S. F. King, arXiv:1106.4239 [hep-ph]; E. Ma and D. Wegman, arXiv:1106.4269 [hep-ph]; S. Zhou, arXiv:1106.4808 [hep-ph]; A. B. Balantekin, arXiv:1106.5021 [hep-ph]; T. Araki, arXiv:1106.5211 [hep-ph]; N. Haba and R. Takahashi, arXiv:1106.5926 [hep-ph]; G. L. Fogli, E. Lisi, A. Marrone, A. Palazzo and A. M. Rotunno, arXiv:1106.6028 [hep-ph]; D. Meloni, arXiv:1107.0221 [hep-ph]; S. N. Gninenko, arXiv:1107.0279 [hep-ph]; S. Morisi, K. M. Patel and E. Peinado, arXiv:1107.0696 [hep-ph]; W. Chao and Y. j. Zheng, arXiv:1107.0738 [hep-ph]; H. Zhang and S. Zhou, arXiv:1107.1097 [hep-ph]; X. Chu, M. Dhen and T. Hambye, arXiv:1107.1589 [hep-ph]; P. S. B. Dev, R. N. Mohapatra and M. Severson, arXiv:1107.2378 [hep-ph]; R. d. A. Toorop, F. Feruglio and C. Hagedorn, arXiv:1107.3486 [hep-ph].

[51] http://www-numi.fnal.gov/PublicInfo/forscientists.html

[52] M. Holthausen and R. Takahashi, Phys. Lett. B 691 (2010) 56 [arXiv:0912.2262 [hepph]].

[53] P. J. O’Donnell and U. Sarkar, Phys. Rev. D 49 (1994) 2118 [arXiv:hep-ph/9307279];

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

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