arXiv:1204.4523v2 [hep-ph] 28 May 2012

Charged lepton contributions to bipair neutrino mixing

Teruyuki Kitabayashi^∗, Masaki Yasuè

Department of Physics, Tokai University, 4-1-1 Kitakaname, Hiratsuka, Kanagawa, 259-1292, Japan

Abstract

The bipair neutrino mixing describes the observed solar and atmospheric mixings; however, it predicts vanishing reactor mixing angle, which is inconsistent with the observed data. We explore the ways of minimally modifying the bipair neutrino mixing by including charged lepton contributions. There are two categories of the bipair neutrino mixing which are referred to as case 1 and case 2. It turns out that, without arbitrary phases, a minimal modification is realized by just considering one e - τ contribution from the charged lepton sector in the case 1. On the other hand, not only e - τ contribution but also μ - τ contribution is required to realize a minimal modification in the case 2.

Keywords: bipair neutrino mixing, reactor mixing angle, charged lepton contributions

1. Introduction

The results from the neutrino oscillation experiments have provided us with robust evidence that neutrinos have tiny masses and their flavor states are mixed with each other [1, 2, 3, 4]. The recent global analysis [5] shows that the best-fit values of the mixing angles are obtained as

sin^2 θ_{12} = 0.312 (0.280 − 0.347), sin^2 θ_{23} = 0.42 (0.36 − 0.60), sin^2 θ_{13} = 0.025 (0.012 − 0.041), (1)

where θ_{12}, θ_{23} and θ_{13} stand for the solar, atmospheric and reactor neutrino mixing angle, respectively. The values in the parentheses denote the 2σ range.

Various possibilities of realizing the observed mixing angles have been discussed [6]. There is a theoretical prediction of these mixing angles based on the bipair neutrino mixing scheme [7], which yields

sin^2 θ_{12} = 0.293, sin^2 θ_{23} = 0.414, sin^2 θ_{13} = 0, (2)

for case 1 (BP1) and

sin^2 θ_{12} = 0.293, sin^2 θ_{23} = 0.586, sin^2 θ_{13} = 0, (3)

for case 2 (BP2). There are other neutrino mixings that predict sin^2 θ_{13} = 0 such as the tribimaximal mixing (TB) [8], transposed tribimaximal mixing (TTB) [9], bimaximal mixing (BM) [10], two golden ratio schemes (GR1, GR2) [11, 12] and hexagonal (HG) mixing [13].

The predictability of the mixing scheme will be more transparent when it is expressed in terms of ratios: r_{ij} = sin^2 θ^{MS}_{ij} sin^2 θ_{ij}

, (ij = 12, 23) (4)

∗Corresponding author Email addresses: teruyuki@keyaki.cc.u-tokai.ac.jp (Teruyuki Kitabayashi), yasue@keyaki.cc.u-tokai.ac.jp (Masaki Yasuè)

Preprint submitted to Physics Letters B May 29, 2012

where θ^{MS}_{ij} in the numerator denotes the predicted mixing angle in the mixing scheme MS = BP 1, BP 2, T B, T T B, BM, GR1, GR2 and HG, while θ_{ij} in the denominator denotes the best-fit value of the observed mixing angle in Eq.(1). Numerically, we obtain

(r^{BP 1}_{12} , r^{BP 1}_{23} ) = (0.94, 0.99), (r^{BP 2}_{12} , r^{BP 2}_{23} ) = (0.94, 1.4), (5)

for the bipair neutrino mixing and

(r^{T B}_{12} , r^{T B}_{23} ) = (1.06, 1.19), (r^{T T B}_{12} , r^{T T B}_{23} ) = (1.60, 1.59), (r^{BM}_{12} , r^{BM}_{23} ) = (1.60, 1.19), (r^{GR1}_{12} , r^{GR1}_{23} ) = (0.89, 1.19), (r^{GR2}_{12} , r^{GR2}_{23} ) = (1.11, 1.19), (r^{HG}_{12} , r^{HG}_{23} ) = (0.80, 1.19), (6)

for other mixings. The bipair neutrino mixing BP1 turns out to be a better candidate as far as the solar and atmospheric neutrino mixings are concerned.

Since the tribimaximal mixing scheme can arise from a certain symmetry argument, this scheme has been extensively studied [6]. Although the bipair neutrino mixing scheme does not originate from any symmetry argument imposed either on the neutrino mass matrix or on the Lagrangian, it seems that the predicted values of the solar and atmospheric mixing angles in the case 1 of the bipair neutrino mixing as well as the tribimaximal mixing are remarkably well compatible with the observed data. Namely, the case 1 of the bipair neutrino mixing becomes consistent with the recent global analysis of the neutrino mixings [5] although another global analysis slightly disfavors the case 1 [14].

The bipair neutrino mixing, and also others such as TB, TTB, etc., predict sin^2 θ_{13} = 0, which is inconsistent with the observation. Theoretically, it is still useful to consider a model giving sin^2 θ_{13} = 0, which can be regarded as a reference point to discuss effects of sin^2 θ_{13} ≠ 0. It is expected that additional contributions to the mixing angles are produced by the charged lepton contributions if some of the nondiagonal matrix elements of charged lepton mass matrix are non-zero so that the reactor mixing angle can be sifted to the allowed region [15].

In this paper, we explore the ways of minimally modifying the bipair neutrino mixing by including charged lepton contributions. We show that, without arbitrary phases, a minimal modification is realized by just considering one e - τ contribution from the charged lepton sector in the case 1. The charged lepton contributions give the shift of the reactor mixing angle while the solar and atmospheric mixing angles remain intact. On the other hand, not only e - τ contribution but also μ - τ contribution is required to realize a minimal modification in the case 2. The charged lepton contributions give the shifts of the atmospheric and reactor mixing angles while the solar mixing angle remains intact.

2. bipair neutrino mixing

We give a brief review of the bipair neutrino mixing scheme. The mixing angles θ_{12}, θ_{23} and θ_{13} describe the Pontecorvo-Maki-Nakagawa-Sakata mixing matrix U [16]. In the limit of sin^2 θ_{13} = 0, the standard parametrization of the mixing matrix U is given by the Particle Data Group [17], U = U^0P :

U^0 = c_{12} s_{12} 0 −c_{23}s_{12} c_{23}c_{12} s_{23} s_{23}s_{12} −s_{23}c_{12} c_{23} , (7)

where c_{ij} = cos θ_{ij} and s_{ij} = sin θ_{ij} (i, j = 1, 2, 3). We will also use the notation of t_{ij} = tan θ_{ij} . The phase matrix P contains two Majorana CP violating phases.

The bipair neutrino mixing U_{BP} is determined by a mixing matrix U^0 with two pairs of identical magnitudes of matrix elements. There are two possibilities of the bipair texture [7].

2.1. Case 1

The first possibility shows |U^0_{12}| = |U^0_{32}| and |U^0_{22}| = |U^0_{23}|. These relations in turn provide useful relationship among the atmospheric neutrino mixing and the solar neutrino mixing as s^2_3 = t^2_{12} and t^2_3 = c^2_{12}.

The case 1 of the bipair neutrino mixing is parameterized by only one mixing angle θ_{12}:

U^{BP 1}_ν = c s 0 −t^2 t t st −s t/c , (8)

where c = c_{12}, s = s_{12} and t = t_{12}. The mixing angles are predicted to be s^2_{12} = 1 − 1/ √ 2 = 0.293 and s^2_3 = t^2_{12} = √ 2 − 1 = 0.414. The case 1 of the bipair neutrino mixing well describes the observed solar and atmospheric neutrino mixing angles.

2.2. Case 2

The second possibility shows |U^0_{12}| = |U^0_{22}| and |U^0_{32}| = |U^0_{33}|. The atmospheric neutrino mixing is related to the solar neutrino mixing as c^2_3 = t^2_{12} and t^2_3 = 1/c^2_{12}. The case 2 of the bipair neutrino mixing is parameterized by

U^{BP 2}_ν = c s 0 −st s t/c t^2 −t t . (9)

The mixing angles are predicted to be s^2_{12} = 1 − 1/ √ 2 = 0.293 and s^2_3 = 1 − t^2_{12} = 2 − √ 2 = 0.586. In this case, although it seems that the atmospheric mixing angle is marginally allowed by the global analysis, the solar and atmospheric mixing angles are consistent with the 2σ data.

3. Charged lepton contributions

The additional contributions to the mixing angles are produced by the charged lepton contributions. The 3 × 3 lepton mixing matrix is given by U^†_ℓ U_ν , where U_ℓ and U_ν arise from the diagonalization of the charged lepton mass matrix M_ℓ and the neutrino mass matrix M_ν , respectively. These lepton mass matrices satisfy the relations of M_ℓ = U_ℓM^{diag}_ℓ U^†_R and M_ν = U_ν M^{diag}_ν U^T_ν where M^{diag}_ℓ and M^{diag}_ν are the diagonal mass matrix of the charged lepton and of the neutrino, U_R transforms between the Lagrangian and the mass basis for the right-handed charged lepton field.

We employ the Dev, Gupta and Gautam (DGG) parametrization [18] to reduce the number of complex phases in the mixing matrix to simplify the analysis. A general 3 × 3 matrix U = e^{iΦ}P ŨQ contains three moduli and six phases, where P = diag.(1, e^{ϕ1} , e^{ϕ2} ) and Q = diag.(1, e^{ρ1} , e^{ρ2} ) are phase matrices, Ũ is a matrix containing 3 angles and one phase [19]. In the DGG framework, we consider the following Hermitian product for the charged leptons

M_ℓM^†_ℓ = U_ℓM^{diag}_ℓ U^†_RU_RM^{diag}_ℓ U^†_ℓ = e^{iϕℓ} P_ℓŨ_ℓQ_ℓ(M^{diag}_ℓ )^2Q^†_ℓŨ^†_ℓ P^†_ℓ e^{−iϕℓ} = P_ℓŨ_ℓ(M^{diag}_ℓ )^2Ũ^†_ℓ P^†_ℓ . (10)

Similarly, for the neutrinos, we obtain M_ν M^†_ν = P_νŨ_ν (M^{diag}_ν )^2Ũ^†_ν P^†_ν . We can use P_ℓŨ_ℓ for charged leptons and P_νŨ_ν for neutrinos. As a result, we obtain U = Ũ_ℓP^†_ℓ P_νŨ_ν , which contains 6 phases. Three phases from charged leptons can eliminate three of 6 phases, which can be identified with two phases from P_ℓ and one phase from P_ν . Since P_ℓ is reduced to the unit matrix, the lepton mixing matrix is finally given by

Ũ = Ũ^†_ℓ P̃ Ũ_ν , (11)

where Ũ_ℓ and Ũ_ν contain three real parameters and one phase each while P̃ = diag.(1, 1, e^{iϕ}) contains one phase ϕ. The mixing matrix Ũ is expressed in terms of six real parameters and three phases.

The charged lepton mixing matrix Ũ_ℓ is parametrized by some manners [15]. We adapt the Cabibbo- Kobayashi-Maskawa like parametrization of the matrix Ũ_ℓ, which is represented by small parameters having magnitude of the order of Wolfenstein parameter λ ∼ 0.227 or less [20]. In the small angle approximation, the charged lepton mixing matrix becomes

Ũ_ℓ =

1 ϵ_{12} e^{−iδ} ϵ_{13} −ϵ_{12} 1 ϵ_{23} −e^{iδ}ϵ_{13} −ϵ_{23} 1 , (12)

where ϵ_{12,13,23} < 0.227 and δ denotes an arbitrary phase.

The neutrino mixing matrix is taken to be Ũ_ν = U^{BP 1}_ν or Ũ_ν = U^{BP 2}_ν to study the charged lepton contributions to the mixing angles in the bipair neutrino mixing. As the definition of the bipair neutrino mixing, there is no phase parameter in U^{BP 1}_ν in Eq.(8) and U^{BP 2}_ν in Eq.(9). The lepton mixing matrix Ũ = Ũ_ℓP̃ Ũ^{BP 1}_ν (and also Ũ = Ũ_ℓP̃ Ũ^{BP 2}_ν ) has three real parameters ϵ_{12,23,13} and two phases δ, ϕ. The number of parameters in the bipair neutrino mixing is reduced via the conditions of the lepton mixing angles, which are given by

sin^2 θ_{12} =

|Ũ_{12}|^2 |Ũ_{11}|^2 + |Ũ_{12}|^2

, sin^2 θ_{23} =

|Ũ_{23}|^2 |Ũ_{23}|^2 + |Ũ_{33}|^2

, sin^2 θ_{13} = |Ũ_{13}|^2. (13)

3.1. Case 1

We take Ũ_ν = U^{BP 1}_ν and obtain the lepton mixing matrix as

Ũ = c s 0 −t^2 t t e^{iϕ}st −e^{iϕ}s e^{iϕ}t/s + t^2ϵ_{12} − s̃tϵ_{13} −tϵ_{12} + s̃ϵ_{13} −tϵ_{12} −^{s̃}_{c2} ϵ_{13} cϵ_{12} − e^{iϕ}stϵ_{23} sϵ_{12} + e^{iϕ}sϵ_{23} −e^{iϕ t}_c ϵ_{23} e^{iδ} cϵ_{13} − t^2ϵ_{23} e^{iδ} sϵ_{13} + tϵ_{23} tϵ_{23} , (14)

where we define s̃ = e^{−i(δ−ϕ)}s. From Eq.(13), the lepton mixing angles are obtained as

sin^2 θ_{12} = ( 1 − 2^{5/4}ϵ_{12} + 2ϵ_{13} cos(δ − ϕ) ) sin^2 θ^{BP 1}_{12} ,

sin^2 θ_{23} = ( 1 − 2^{5/4}ϵ_{23} cos ϕ ) sin^2 θ^{BP 1}_{23} ,

sin^2 θ_{13} = ( ϵ^2_{12} + 2^{5/4}ϵ_{12}ϵ_{13} cos(δ − ϕ) ) sin^2 θ^{BP 1}_{23} + 2ϵ^2_{13} sin^2 θ^{BP 1}_{12} . (15)

The expressions of sin^2 θ_{12} and sin^2 θ_{23} are derived up to the first order of the small ϵ_{ij} . The small parameters ϵ_{12}, ϵ_{23} and ϵ_{13} satisfy the following relations

ϵ_{12} = 1 2^{1/4} ϵ_{13} cos(δ − ϕ) + 1 2^{5/4} ( 1 − 1 r^{BP 1}_{12} ) , ϵ_{23} cos ϕ = 1 2^{5/4} ( 1 − 1 r^{BP 1}_{23} ) . (16)

Since the predicted solar and atmospheric mixing angles are close to the best-fit values of the observed data, to have minimal modification, we assume that the solar and atmospheric mixing angles are not modified by the charged lepton contributions. We take

sin^2 θ_{12} = sin^2 θ^{BP 1}_{12} , sin^2 θ_{23} = sin^2 θ^{BP 1}_{23} , (17)

in Eq.(15) or, equivalently, 1 r^{BP 1}_{12}

= 1, 1 r^{BP 1}_{23}

= 1, (18) in Eq.(16) and obtain the following relations

ϵ_{12} = 1 2^{1/4} ϵ_{13} cos(δ − ϕ), ϵ_{23} = 0. (19)

The charged lepton contributions to the mixing angles are parameterized by one real parameter ϵ_{13} and two phases δ, ϕ.

The mixing angles in the case 1 of the bipair neutrino mixing are obtained as

sin^2 θ_{12} = sin^2 θ^{BP 1}_{12} , sin^2 θ_{23} = sin^2 θ^{BP 1}_{23} ,

sin^2 θ_{13} = ( 2 + 1 √ 2 ) ϵ^2_{13} cos^2(δ − ϕ) sin^2 θ^{BP 1}_{23} + 2ϵ^2_{13} sin^2 θ^{BP 1}_{12} . (20)

Without arbitrary phases δ and ϕ, a minimal modification is realized by just considering one e - τ contribution from the charged lepton sector, which is denoted by ϵ_{13} in the case 1 of the bipair neutrino mixing.

For illustration, we take the arbitrary phases δ and ϕ to satisfy cos(δ−ϕ) = 1. If the remaining parameter is taken to be ϵ_{13} = 0.121, we obtain sin^2 θ_{12} = 0.293, sin^2 θ_{23} = 0.414 and sin^2 θ_{13} = 0.025 to be compatible with the best-fit values of the observed data.

We note that if we use the other best-fit value of the atmospheric mixing sin^2 θ_{23} = 0.52 in the Ref.[14] in stead of sin^2 θ_{23} = 0.42 in Eq.(1) from the Ref.[5], the predicted atmospheric mixing angle is not close to the best-fit value, we can not take ϵ_{23} = 0 and the atmospheric mixing angle should be modified by the charged lepton contributions. In this case, to take ϵ_{23} cos ϕ = −0.108 leads to sin^2 θ_{23} = 0.52 from Eq.(15). On the other hand, we can also see in Eq.(15) that the deviation of the atmospheric mixing angle from the best-fit value depends only on the small ϵ_{23} cos ϕ while the solar and reactor mixing angles are independent of this ϵ_{23}.

3.2. Case 2

We take Ũ_ν = U^{BP 2}_ν and obtain the lepton mixing matrix as

Ũ = c s 0 −st s t/c e^{iϕ}t^2 −e^{iϕ}t e^{iϕ}t + stϵ_{12} − t̃tϵ_{13} −sϵ_{12} + t̃ϵ_{13} −^t_c ϵ_{12} − t̃ϵ_{13} cϵ_{12} − e^{iϕ}t^2ϵ_{23} sϵ_{12} + e^{iϕ}tϵ_{23} −e^{iϕ}tϵ_{23} e^{iδ}cϵ_{13} − stϵ_{23} e^{iδ}sϵ_{13} + sϵ_{23}^t_c ϵ_{23} , (21)

where we define t̃ = e^{−i(δ−ϕ)}t. From Eq.(13), the lepton mixing angles are obtained as

sin^2 θ_{12} = ( 1 − 2ϵ_{12} + 2^{5/4}ϵ_{13} cos(δ − ϕ) ) sin^2 θ^{BP 2}_{12} ,

sin^2 θ_{23} = ( 1 − 2^{3/4}ϵ_{23} cos ϕ ) sin^2 θ^{BP 2}_{23} ,

sin^2 θ_{13} = √ 2 ( ϵ^2_{13} + 2^{5/4}ϵ_{12}ϵ_{13} cos(δ − ϕ) ) sin^2 θ^{BP 2}_{12} + ϵ^2_{12} sin^2 θ^{BP 2}_{23} . (22)

The expressions of sin^2 θ_{12} and sin^2 θ_{23} are derived up to the first order of the small ϵ_{ij} . The small parameters ϵ_{12}, ϵ_{23} and ϵ_{13} satisfy the following relations

ϵ_{12} = 2^{1/4}ϵ_{13} cos(δ − ϕ) + 1 2 ( 1 − 1 r^{BP 2}_{12} ) , ϵ_{23} cos ϕ = 1 2^{3/4} ( 1 − 1 r^{BP 2}_{23} ) . (23)

As same as the case 1, since the predicted solar mixing angles is close to the best-fit value of the observed data, we assume that the solar mixing angle is not modified by the charged lepton contributions in order to have minimal modification. We take

sin^2 θ_{12} = sin^2 θ^{BP 2}_{12} , (24)

Figure 1: Predicted reactor neutrino mixing angle sin^2 θ_{13} as a function of the small parameter ϵ_{13} in the case 1 (solid curve) and in the case 2 (dashed curve) of the bipair neutrino mixing. The two horizontal dotted lines correspond to the 2σ upper and lower bounds of sin^2 θ_{13} [5].

in Eq.(22) or, equivalently, 1 r^{BP 2}_{12}

= 1, (25)

in Eq.(23) and obtain the following relation

ϵ_{12} = 2^{1/4}ϵ_{13} cos(δ − ϕ). (26)

On the other hand, since the predicted atmospheric mixing angle is not close to the best-fit value, we can not take ϵ_{23} = 0 and the atmospheric mixing angle should be modified by the charged lepton contributions. The charged lepton contributions to the mixing angles are parameterized by two real parameters ϵ_{13}, ϵ_{23} and two phases δ, ϕ.

The mixing angles in the case 2 of the bipair neutrino mixing are obtained as

sin^2 θ_{12} = sin^2 θ^{BP 2}_{12} ,

sin^2 θ_{23} = ( 1 − 2^{3/4}ϵ_{23} cos ϕ ) sin^2 θ^{BP 2}_{23} ,

sin^2 θ_{13} = √ 2 ( 1 + 2^{3/2} cos^2(δ − ϕ) ) ϵ^2_{13} sin^2 θ^{BP 2}_{12} + √ 2ϵ^2_{13} cos^2(δ − ϕ) sin^2 θ^{BP 2}_{23} . (27)

Without arbitrary phases δ and ϕ, a minimal modification is realized by not only e - τ contribution but also μ - τ contribution, which are denoted by ϵ_{13} and ϵ_{23} in the case 2 bipair neutrino mixing.

For illustration, we take the arbitrary phases to satisfy cos(δ − ϕ) = 1. We obtain sin^2 θ_{12} = 0.293, sin^2 θ_{23} = 0.42, sin^2 θ_{13} = 0.025 for ϵ_{13} = 0.102 and ϵ_{23} cos ϕ = 0.168. These results are well compatible with the best-fit values of the observed data. The case 2 of the bipair neutrino mixing scheme, which was slightly unfavorable, can be favorable if the charged lepton contributions are included.

To compare the predicted reactor neutrino mixing angle sin^2 θ_{13} in the case 1 of the bipair neutrino mixing with that in the case 2, we show sin^2 θ_{13} in the case 1 (solid curve) and in the case 2 (dashed curve) as a function of the small parameter ϵ_{13} in Figure 1. The two horizontal dotted lines correspond to the 2σ upper and lower bounds of sin^2 θ_{13} [5]. We observe that the allowed regions of the small parameter ϵ_{13} are 0.08 ≲ ϵ_{13} ≲ 0.16 in the case 1 and 0.07 ≲ ϵ_{13} ≲ 0.13 in the case 2.

4. Summary

In the bipair neutrino mixing, the predicted solar and atmospheric neutrino mixing angles are consistent with the observed data while the predicted reactor angle is inconsistent with its observed value. We have explored the ways of minimally modifying the bipair neutrino mixing by including charged lepton contributions. To study the additional contributions to the mixing angles, which are produced by the charged lepton contributions, we have employed the DGG parametrization.

In the case 1 of the neutrino mixing, the predicted solar and atmospheric mixing angles are close to the best-fit values of the observed data. To have minimal modification, we have assumed that the solar and atmospheric mixing angles are not modified by the charged lepton contributions. Without arbitrary phases, a minimal modification is realized by just one e - τ contribution from the charged lepton sector.

In the case 2 of the neutrino mixing, since the predicted solar mixing angles is close to the best-fit value of the observed data, we have assumed that the solar mixing angle is not modified by the charged lepton contributions. On the other hand, since the predicted atmospheric mixing angle is not close to the bestfit value, the atmospheric mixing angle should be modified by the charged lepton contributions. Without arbitrary phases, a minimal modification is realized by not only e - τ contribution but also μ - τ contribution.

References

[1] Y. Fukuda, et al. (Super-Kamiokande Collaboration), Phys. Rev. Lett. 81, (1998) 1562; Phys. Rev. Lett. 82, (1999) 2430;

T. Kajita, Nucl. Phys. B. Proc. Suppl. 77, (1999) 123; See also, T. Kajita and Y. Totsuka, Rev. Mod. Phys. 73, (2001) 85.

[2] J. N. Bahcall, W. A. Fowler, I. Iben and R. L. Sears, Astrophys. J. 137, (1963) 344;

J. Bahcall, Phys. Rev. Lett. 12, (1964) 300; R. Davis Jr., Phys. Rev. Lett. 12, (1964) 303;

R. Davis Jr., D. S. Harmer and K. C. Hoffman, Phys. Rev. Lett. 20, (1968) 1205; J. N. Bahcall, N. A. Bahcall and G. Shaviv, Phys. Rev. Lett. 20, (1968) 1209; J. N. Bahcall and R. Davis Jr., Science 191, (1976) 264;

Y. Fukuda, et al. (Super-Kamiokande Collaboration), Phys. Rev. Lett. 81, (1998) 1158; Phys. Rev. Lett. 81, (1998) 4279, Erratum;

B. T. Clevel, et al. (Super-Kamiokande Collaboration), Astrophys. J. 496, (1998) 505; W. Hampel, et al. (GNO Collaboration), Phys. Lett. B 447, (1999) 127;

Q. A. Ahmed, et al. (SNO Collaboration), Phys. Rev. Lett. 87, (2001) 071301; Phys. Rev. Lett. 89, (2002) 011301. [3] See for example, K. Eguchi, et al. (KamLAND Collaboration), Phys. Rev. Lett. 90, (2003) 021802;

S. Abe, et al. (KamLAND Collaboration), Phys. Rev. Lett. 100, (2008) 221803; F. P. An, et al., Phys. Rev. Lett. 108, (2012) 171803.

[4] See for example, K. Abe, et. al. (T2K Collaboration), Phys. Rev. Lett. 107, (2011) 041801;

P. Adamson, et. al. (MINOS Collaboration), Phys. Rev. Lett. 107, (2011) 021801. [5] G. L. Fogi, E. Lisi, A. Marrone, A. Palazzo and A. M. Rounno, Phys. Rev. D 84, (2011) 053007. [6] For a recent review, G. Altarelli and F. Feruglio, Rev. Mod. Phys. 82, (2010) 2701. [7] T. Kitabayashi and M. Yasuè, Phys. Lett. B 696, (2011) 478. [8] P.F. Harrison, D.H. Perkins and W.G. Scott, Phys. Lett. B 530, (2002) 167;

Z.-Z. Xing, Phys. Lett. B 533, (2002) 85;

P.F. Harrison and W.G. Scott, Phys. Lett. B 535, (2002) 163. [9] H. Fritzsch and Z. -Z. Xing, Phys. Lett. B 372, (1996) 265.

[10] V. D. Barger, S. Pakvasa, T. J. Weiler and K. Whisnant, Phys. Lett. B 437, (1998) 107. [11] Y.Kajiyama, M. Raidal and A. Strumia, Phys. Rev. D 76, (2007) 117301. [12] W. Rodejohann, Phys. Lett. B 671, (2009) 267.

[13] C. Giunti, Nucl. Phys. B. Proc. Suppl. 117, (2003) 24; Z. -Z. Xing, J. Phys. G 29, (2003) 2227;

C. H. Albright, A. Duech and W. Rodejohann, Eur. Phys. J. C 70, (2010) 1099. [14] T. Schwetz, M. Tórtola and J. W. F. Valle, New. J. Phys. 13, (2011) 109401. [15] For examples, W. Rodejohann, Phys. Rev. D 69, (2004) 033005;

P. H. Frampton, S. T. Petcov and W. Rodejohann, Nucl. Phys. B 687, (2004) 31; G. Altarelli, F. Feruglio and I. Masina, Nucl. Phys. B 689, (2004) 157; S. Antusch and S. F. King, Phys. Lett. B 591, (2004) 104; A. Romanino, Phys. Rev. D 70, (2004) 013003; S. Dev, S. Gupta and R. R. Gautam in Ref.[18].

See also, H. Fritzsch and Z. -Z. Xing in Ref.[9]; Phys. Lett. B 440, (1998) 313; Phys. Rev. D 61, (2000) 073016; Prog. Part. Nucl. Phys. 45, (2000) 1;

M. Fukugita, M. Tanimoto and T. Yanagida, Phys. Rev. D 57, (1998) 4429;

M. Tanimoto, Phys. Rev. D 59, (1998) 017304; Z. -Z. Xing, arXiv:1203.1672v2 [hep-ph].

[16] B. Pontecorvo, JETP (USSR) 34, (1958) 247;

Z. Maki, M. Nakagawa and S. Sakata, Prog. Theor. Phys. 28, (1962) 870. [17] K. Nakamura, et.al. (Particle Data Group), J. Phys. G 37, (2010) 075021. [18] S. Dev, S. Gupta and R. R. Gautam, Phys. Lett. B 704, (2011) 527.

See also, T. Baba and M. Yasuè in Ref.[19].

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

See also, T. Baba and M. Yasuè, Prog. Theor. Phys. 123, (2010) 659. [20] For example, P. H. Frampton, S. T. Petcov and W. Rodejohann, in Ref.[15];

S. Dev, S. Gupta and R. R. Gautam in Ref.[18].