arXiv:hep-ph/0504172 v5 1 Sep 2005

TOKAI-HEP/TH-0502

Neutrino Mass Textures with Maximal CP Violation

Ichiro Aizawa,^∗ Teruyuki Kitabayashi,^† and Masaki Yasuè^‡

Department of Physics, Tokai University, 1117 Kitakaname, Hiratsuka, Kanagawa 259-1292, Japan

(Dated: April, 2005)

We show three types of neutrino mass textures, which give maximal CP-violation as well as maximal atmospheric neutrino mixing. These textures are described by six real mass parameters: one specified by two complex flavor neutrino masses and two constrained ones and the others specified by three complex flavor neutrino masses. In each texture, we calculate mixing angles and masses, which are consistent with observed data, as well as Majorana CP phases.

PACS numbers: 12.60.-i, 13.15.+g, 14.60.Pq, 14.60.St

I. INTRODUCTION

To discuss whether CP violation in neutrino oscillations [1] exists in Nature is the next research subject in neutrino physics [2], whose properties have been clarified by various experiments [3, 4] since the Super-Kamiokande’s confirmation of the neutrino oscillations [5]. To describe CP violation, the PMNS neutrino mixing matrix [6], U_{P MNS} , includes CP violating phases denoted by δ and β_{1,2,3}, which are parameterized in U_{P MNS} = U_ν K with

U_ν = c_{12}c_{13} s_{12}c_{13} s_{13}e^{−iδ} −c_{23}s_{12} − s_{23}c_{12}s_{13}e^{iδ} c_{23}c_{12} − s_{23}s_{12}s_{13}e^{iδ} s_{23}c_{13} s_{23}s_{12} − c_{23}c_{12}s_{13}e^{iδ} −s_{23}c_{12} − c_{23}s_{12}s_{13}e^{iδ} c_{23}c_{13}, , K = diag(e^{iβ1} , e^{iβ2} , e^{iβ3} ), (1)

where c_{ij} = cos θ_{ij} and s_{ij} = sin θ_{ij} (i, j=1,2,3) are the mixing angles for three massive neutrinos of (ν_1, ν_2, ν_3) whose masses are, respectively, denoted by (m_1, m_2, m_3). The CP violating Majorana phases are specified by two combinations of β_{1,2,3} such as β_i − β_3 (i=1,2,3). The mixing angles of θ_{12}, θ_{23} and θ_{13} are, respectively, identified with the observed mixing angles of θ_⊙ for the solar neutrino mixing, θ_{atm} for the atmospheric neutrino mixing and θ_{CHOOZ} for the ν_e-ν_τ mixing. The observed results indicate that these mixing angles are constrained to be [4]:

0.70 < sin^2 2θ_⊙ < 0.95, 0.92 < sin^2 2θ_{atm}, sin^2 θ_{CHOOZ} < 0.05. (2)

Furthermore, massive neutrinos satisfy that

5.4 × 10^{−5}eV^2 < Δm^2_⊙ < 9.5 × 10^{−5}eV^2, 1.2 × 10^{−3}eV^2 < Δm^2_{atm} < 4.8 × 10^{−3}eV^2, (3)

where Δm^2_⊙ = m^2 − m^2_1 (> 0) and Δm^2_{atm} = |m^2_3 − m^2|. It is then widely recognized that the atmospheric and solar neutrino mixings are nearly maximal and that the mass hierarchy of Δm^2_{atm} ≫ Δm^2_⊙ exists.

There have been various discussions to ensure the appearance of the observed bilarge neutrino mixing and mass hierarchy [7] such as those based on the μ-τ symmetry [8, 9, 10, 11]. However, the effect of CP violation, namely, the effect of complex flavor neutrino masses in the neutrino mixing itself is not fully understood [12]. If CP violation is included in our discussions, it is not obvious what type of a neutrino mass texture is generally required to explain the observed properties of neutrino oscillations although there have been several specific textures proposed so far [13, 14, 15]. Of course, the mixing angles are modified by the inclusion of the imaginary parts of flavor neutrino masses in addition to their ordinary real parts. In fact, our recent discussions [16] have found the novel property that the effect of imaginary parts of flavor neutrino masses is indispensable to describe the atmospheric neutrino mixing.

∗Electronic address: 4aspd001@keyaki.cc.u-tokai.ac.jp †Electronic address: teruyuki@keyaki.cc.u-tokai.ac.jp ‡Electronic address: yasue@keyaki.cc.u-tokai.ac.jp

In other words, the atmospheric neutrino mixing based on real flavor neutrino masses cannot be determined by the limit of vanishing imaginary parts of complex flavor neutrino masses.

Let us first summarize our results found in Ref.[16]. Our complex flavor neutrino mass matrix of M_ν is parameterized by

M_ν = M_{ee} M_{eμ} M_{eτ} M_{eμ} M_{μμ} M_{μτ} M_{eτ} M_{μτ} M_{ττ} , (4)

where U^T_{P MNS} M_ν U_{P MNS} =diag.(m_1, m_2, m_3).^1 Consider a Hermitian matrix of M = M^†_ν M_ν , then, we have obtained that^2

tan θ_{23} =

Im (M_{eμ}) Im (M_{eτ} )

. (5)

This relation is only valid if there are complex flavor neutrino masses. It is the announced property that the atmospheric neutrino mixing angle cannot be determined by Eq.(5) in any models without CP violation because no active imaginary parts are present. The CP violating phase of δ is also expressed by M_{eμ} and M_{eτ} as

s_{23}M_{eμ} + c_{23}M_{eτ} = |s_{23}M_{eμ} + c_{23}M_{eτ} | e^{−iδ}. (6)

The simple relation arises in the case of maximal CP violation, which is realized by requiring that

s_{23}Re (M_{eμ}) + c_{23}Re (M_{eτ} ) = 0. (7)

Combining Eqs.(6) and (7), we find that M_{eμ,eτ} are related to each other as

sin 2θ_{23}M_{eτ} = −M^∗_{eμ} + cos 2θ_{23}M_{eμ}, (8)

for Since δ = ±π/2. It should be emphasized that the advantage of the use of M lies in the fact that 1) all phases in M are related to δ and 2) phases in M_ν which are irrelevant for δ are automatically removed. However, some of the information of M_ν including Majorana phases are lost.

In this article, we examine M_ν itself suggested by the texture of M provided that the atmospheric neutrino mixing and CP violation are both maximal,^3 respectively, characterized by δ = ±π/2 and c_{23} = σs_{23} = 1/ √ 2 (σ = ±1)^4 and present three types of textures controlled by a single phase of θ. Two textures with M_{eτ} = −σe^{iθ}M^∗_{eμ} yield tan 2θ_{12} ∝ M_{eμ} + e^{iθ}M^∗_{eμ} and tan 2θ_{13} ∝ M_{eμ} − e^{iθ}M^∗_{eμ} while the other texture with M_{eτ} = −σe^{iθ}M_{eμ} gives tan 2θ_{12} ∝ 1 + e^{iθ} and tan 2θ_{13} ∝ 1 − e^{iθ}. Majorana CP violation in theses three types of textures, respectively, is absent, active if arg(M_{ee}) ≠ θ/2 and active if arg(M_{ee}) ≠ arg(M_{eμ}) + θ/2.

II. TEXTURES WITH MAXIMAL CP VIOLATION

Maximal CP violation and maximal atmospheric neutrino mixing arise if the condition of

M_{eτ} = −σM^∗_{eμ} (9)

is satisfied in Eq.(8), which is expressed in terms of the flavor neutrino masses: M^∗_{ee}M_{eτ} + M^∗_{eμ}M_{μτ} + M^∗_{eτ} M_{ττ} = −σ ( M_{ee}M^∗_{eμ} + M_{eμ}M^∗_{μμ} + M_{eτ} M^∗_{μτ} ) . (10)

There are many candidates of M_ν that satisfy Eq.(10) [18]. Among others, we show the following simpler relations for M_ν itself with a phase of θ in z = e^{iθ}:

1 It is understood that the charged leptons and neutrinos are rotated, if necessary, to give diagonal charged-current interactions and to define the flavor neutrinos of ν_e, ν_μ and ν_τ .

2 This relation is most easily seen by expressing M_{eμ,eτ} in terms of the neutrino masses, the neutrino mixing angles and the Dirac phase. 3 The similar but more general analysis focusing on the quark sector has been given in Ref.[17].

4 The sign of s_{23} affects the value of tan 2θ_{13} via Y in Eq.(A4) for a given M_ν because the change of the sign may cause cancellation in Y giving smaller sin^2 θ_{13} .

• M_{eτ} = −σzM^∗_{eμ} and M_{ττ} = zM^∗_{μμ} giving

M^{(1)}_ν = M_{ee} M_{eμ} −σzM^∗_{eμ} M_{eμ} M_{μμ} M_{μτ} −σzM^∗_{eμ} M_{μτ} zM^∗_{μμ} , (11)

where M_{ee,μτ} = zM^∗_{ee,μτ} are required, • M_{μτ} = −σM_{ee}, M_{eτ} = −σzM^∗_{eμ} and M_{ττ} = zM^∗_{μμ} giving

M^{(2)}_ν = M_{ee} M_{eμ} −σzM^∗_{eμ} M_{eμ} M_{μμ} −σM_{ee} −σzM^∗_{eμ} −σM_{ee} zM^∗_{μμ} , (12)

• M_{μτ} = −σM_{ee}, M_{eτ} = −σzM_{eμ} , M_{μμ} = zκM_{eμ} and M_{ττ} = κ^∗M_{eμ} for an arbitrary complex number κ giving

M^{(3)}_ν = M_{ee} M_{eμ} −σzM_{eμ} M_{eμ} zκM_{eμ} −σM_{ee} −σzM_{eμ} −σM_{ee} κ^∗M_{eμ} . (13)

These textures have six real parameters for a given z. The texture of M^{(1)}_ν is characterized by two constrained parameters and two complex parameters and those of M^{(2,3)}_ν are characterized by three complex parameters. The interesting cases correspond to the simplest choice of z = ±1 and z = ±i, where M^{(1)}_ν with z = 1 yields texture discussed in Ref.[15, 16].

Hereafter, we use the following notations and relations for ω and ω^′ representing general complex variables:

ω_± = ω ± zω^∗ 2 , ω^′_+ ω_+ = Re (ω^∗ω^′ + z^∗ωω^′) 2 |ω_+|^2 , ω^′_− ω_+ = i Im (ω^∗ω^′ + z^∗ωω^′) 2 |ω_+|^2 , ω_+ = Re (ω, θ) + iIm (ω, θ) = ±e^{iθ/2} |ω_+| , ω_− = Re (ω, θ + π) + iIm (ω, θ + π) = ±ie^{iθ/2} |ω_−| ,

Re(ω, θ) =

(1 + cos θ) Re (ω) + sin θIm (ω) 2 , Im(ω, θ) = (1 − cos θ) Im (ω) + sin θRe (ω) 2 , (14) and 1 + z zω + ω^∗ = 2Re ((1 + z) ω) |zω + ω^∗|^2 , 1 − z zω + ω^∗ = i 2Im ((1 − z) ω) |zω + ω^∗|^2 . (15)

The ratios of particular combinations of ω, ω^′ and z turn out to be either real or pure imaginary. It should be noted that Re(ω, θ) becomes Re(ω) with Im(ω, θ) = 0 giving ω_+ = Re(ω) for z = 1 while Im(ω, θ) becomes Im(ω) and Re(ω, θ) = 0 giving ω_+ = iIm(ω) for z = −1. Similarly, for z = ±i, we find the relation of Re(ω, θ) = ±Im(ω, θ) giving ω_+ = e^{±iπ/4}(Re(ω) ± Im(ω))/ √ 2. Once having explicit forms of the neutrino mass textures, we can compute neutrino oscillation parameters as shown in the Appendix A. Using the relations found in the Appendix A, we obtain results with maximal CP violation (δ = ±π/2) and maximal atmospheric neutrino mixing (c_{23} = σs_{23} = 1/ √ 2 with σ = ±1).^5 For M^{(1)}_ν , parameters used to compute masses from Eq.(A5) and mixing angles from Eqs.(A7)-(A9) are given by X = √ 2 (M_{eμ})_+

c_{13} , Y = √ 2σ (M_{eμ})_− ,

λ_1 = s^2_{13} cos 2θ_{13} ( (M_{ee})_+ + (M_{μμ})_+ + σ (M_{μτ} )_+ ) + (M_{ee})_+ ,

λ_2 = (M_{μμ})_+ − σ (M_{μτ} )_+ , λ_3 = (M_{μμ})_+ + σ (M_{μτ} )_+ , (16)

5 In the subsequent discussions, the freedom associated with M_{τ τ} − M_{μμ} is not explicitly used. It can be determined by Eq.(A9) for cos 2θ_{23} = 0.

where we have used the property of M_{ee,μτ} = (M_{ee,μτ} )_+. The mixing angles of θ_{12,13} are calculated to be:

tan 2θ_{12} = 2 √ 2 cos 2θ_{13} (M_{eμ})_+ c_{13} [ (1 − 3s^2_{13}) (M_{μμ})_+ − c^2_{13} ( σ (M_{μτ} )_+ + (M_{ee})_+ )] , (17)

tan 2θ_{13}e^{iδ} = 2 √ 2σ (M_{eμ})_− (M_{μμ})_+ + σ (M_{μτ} )_+ + (M_{ee})_+

. (18)

Because of Eq.(14), Eqs.(17) and (18) give the correct expressions for the mixing angles. As a result, the assumed condition of e^{iδ} = ±i is consistent with Eq.(18) and the appearance of the required maximal CP violation is assured. The neutrino masses are calculated to be:

m_1e^{−2iβ1} = (M_{μμ})_+ − σ (M_{μτ} )_+ −

1 + cos 2θ_{12} sin 2θ_{12} √ 2 (M_{eμ})_+ c_{13} , m_2e^{−2iβ2} = (M_{μμ})_+ − σ (M_{μτ} )_+ +

1 − cos 2θ_{12} sin 2θ_{12} √ 2 (M_{eμ})_+ c_{13} ,

m_3e^{−2iβ3} = c^2_{13} ( (M_{μμ})_+ + σ (M_{μτ} )_+ ) + s^2_{13} (M_{ee})_+ cos 2θ_{13}

, (19)

from Eq.(A10). Since (M_{ij})_+ for i, j=e, μ, τ have a common phase of θ/2 as in Eq.(14), three phases of −2β_{1,2,3} are determined to be θ/2, which can be removed by the appropriate rotation of neutrinos. No Majorana CP violation is active.

It can be argued that M^{(1)}ν itself is equivalent with M^{(1)}ν with θ = 0. By using Eq.(14) for ω_± written in terms of |ω_±|, tan 2θ_{12,13} can be transformed into

tan 2θ_{12} = 2 √ 2 cos 2θ_{13}| (M_{eμ})_+ |

c_{13} [ (1 − 3s^2_{13}) | (M_{μμ})_+ | − c^2_{13} ( σ| (M_{μτ} )_+ | + | (M_{ee}) ) + | ], (20)

tan 2θ_{13}e^{iδ} = 2 √ 2σ i| (M_{eμ})_− | | (M_{μμ})_+ | + σ| (M_{μτ} )_+ | + | (M_{ee})_+ |

. (21)

(22) These are equivalent to the expressions with |(M_{ee,eμ,μμ,μτ} )_+| = Re(M_{ee,eμ,μμ,μτ} ) and |(M_{eμ})_−| = Im(M_{eμ}). Since all θ-dependence can be removed in mixing angles and masses, M^{(1)}_ν itself is considered to be equivalent with M^{(1)}_ν with θ = 0. Because of ω = e^{iθ/2}(|ω_+| + i|ω_−|) for any complex values of ω, we obtain that M^{(1)}_ν = e^{iθ/2}(|M^{(1)}_{ν+} | + i|M^{(1)}_{ν−} |), where |M^{(1)}_{ν±} | is a mass matrix with |(M_{ij})_±| in its element. Our observation indicates that, after θ/2 is rotated away, M^{(1)}_ν becomes |M^{(1)}_{ν+} | + i|M^{(1)}_{ν−}|, which only contributes to the non-vanishing δ. Therefore, M^{(1)}_ν with θ = 0 is a general form of the texture M^{(1)}_ν .

For M^{(2)}ν , X = √ 2 (M_{eμ})_+

c_{13} , Y = √ 2σ (M_{eμ})_− ,

λ_1 = s^2_{13} cos 2θ_{13}

(M_{μμ})_+ + M_{ee}, λ_2 = (M_{μμ})_+ + M_{ee}, λ_3 = (M_{μμ})_+ − M_{ee}, (23)

are given. The masses and mixing angles are calculated to be:

tan 2θ_{12} = 2 √ 2 cos 2θ_{13} (M_{eμ})_+ c_{13} (1 − 3s^2_{13}) (M_{μμ})_+

, tan 2θ_{13}e^{iδ} = 2 √ 2σ (M_{eμ})_− (M_{μμ})_+

, (24) and m_1e^{−2iβ1} = (M_{μμ})_+ −

1 + cos 2θ_{12} sin 2θ_{12} √ 2 (M_{eμ})_+

c_{13} + M_{ee}, m_2e^{−2iβ2} = (M_{μμ})_+ +

1 − cos 2θ_{12} sin 2θ_{12} √ 2 (M_{eμ})_+

c_{13} + M_{ee}, m_3e^{−2iβ3} = c^2_{13} (M_{μμ})_+

cos 2θ_{13} − M_{ee}, (25) from Eq.(A10). The three Majorana phases can take any values in this texture and the Majorana CP violation is active if arg(M_{ee}) ≠ θ/2.

For M^{(3)}_ν , the results can be obtained by the replacement of (M_{eτ} )_± → (1±z)M_{eμ}/2 and (M_{μμ})_+ → (zκ+κ^∗)M_{eμ}/2 in M^{(2)}_ν . The mixing angles are given by

tan 2θ_{12} = 2 √ 2 cos 2θ_{13} (1 + z) c_{13} (1 − 3s^2_{13}) (zκ + κ^∗)

, tan 2θ_{13}e^{iδ} = 2 √ 2σ 1 − z zκ + κ^∗ , (26)

which become consistent relations owing to Eq.(15). Masses are given by Eq.(25) with the appropriate replacement. As a result, three Majorana phases depend on phases of M_{eμ} and M_{ee} and the Majorana CP violation is active if arg(M_{ee}) ≠ arg(M_{eμ}) + θ/2 because (1 + z)M_{eμ} = ±e^{arg(Meμ)+iθ/2}|(1 + z)M_{eμ}| and (zκ + κ^∗)M_{eμ} = ±e^{arg(Meμ)+iθ/2}|(zκ + κ^∗)M_{eμ}|.

III. OBSERVED NEUTRINO PROPERTIES

To see the compatibility of the textures with the observed properties of neutrino oscillations, we examine whether sin^2 2θ_{12} ≫ sin^2 θ_{13} [19] as well as Δm^2_{atm} ≫ Δm^2_⊙ is realized or not. In the following discussions, we require √ 2^<_∼ | tan 2θ_{12}|^<_∼ 2 √ 2 equivalent to 2/3^<_∼ sin^2 2θ_{12}^<_∼ 8/9 and | tan 2θ_{13}|^<_∼ 1/2 equivalent to sin^2 θ_{13}^<_∼ 0.05. It is convenient to express tan 2θ_{12} in terms of x as tan 2θ_{12} = 2 √ 2/x, giving sin^2 2θ_{12} = 8/(8 + x^2) and 1^<_∼ x^<_∼ 2.

For M^{(1)}_ν with θ = 0, the mixing angles are given by

tan 2θ_{12} ≈ 2 √ 2 Re (M_{eμ}) Re (M_{μμ}) − σRe (M_{μτ} ) − Re (M_{ee})

, (27)

tan 2θ_{13}e^{iδ} = 2 √ 2σ iIm (M_{eμ}) Re (M_{μμ}) + σRe (M_{μτ} ) + Re (M_{ee})

, (28)

where the expression of tan 2θ_{12} is obtained by taking the approximation sin^2 θ_{13} ≈ 0 and this approximation is used in other textures, and the masses are

m_1e^{−2iβ1} ≈ Re (M_{μμ}) − σRe (M_{μτ} ) −

1 + cos 2θ_{12} sin 2θ_{12} √ 2Re (M_{eμ}) ,

m_2e^{−2iβ2} ≈ Re (M_{μμ}) − σRe (M_{μτ} ) +

1 − cos 2θ_{12} sin 2θ_{12} √ 2Re (M_{eμ}) ,

m_3e^{−2iβ3} ≈ Re (M_{μμ}) + σRe (M_{μτ} ) . (29)

It is evident that β_{1,2,3} = 0 indicating no Majorana CP violation. From Eqs.(27) and (28), we find that the condition of √ 2^<_∼ | tan 2θ_{12}|^<_∼ 2 √ 2 and | tan 2θ_{13}|^<_∼ 1/2 is satisfied by

2 |Re (M_{eμ})|^>_∼ |Re (M_{μμ}) − σRe (M_{μτ} ) − (ReM_{ee})|^>_∼ |Re (M_{eμ})| , |Re (M_{μμ}) + σRe (M_{μτ} ) + Re (M_{ee})|^>_∼ 4 √ 2 |Im (M_{eμ})| . (30)

It turns out that there are sufficient freedoms to explain the mass hierarchy of Δm^2_{atm} ≫ Δm^2_⊙ while Eq.(30) is satisfied.

For M^{(2)}ν , the mixing angles are given by

tan 2θ_{12} ≈ 2 √ 2 (M_{eμ})_+ (M_{μμ})_+

, tan 2θ_{13}e^{iδ} = 2 √ 2σ (M_{eμ})_− (M_{μμ})_+

. (31)

The masses are

m_1e^{−2iβ1} ≈ (M_{μμ})_+ −

1 + cos 2θ_{12}

sin 2θ_{12} √ 2 (M_{eμ})_+ + M_{ee},

m_2e^{−2iβ2} ≈ (M_{μμ})_+ +

1 − cos 2θ_{12}

sin 2θ_{12} √ 2 (M_{eμ})_+ + M_{ee},

m_3e^{−2iβ3} ≈ (M_{μμ})_+ − M_{ee}, (32) which are further transformed into m_1e^{−2iβ1} ≈ − √ 8 + x^2 − x 2 (M_{eμ})_+ + M_{ee}, m_2e^{−2iβ2} ≈ √ 8 + x^2 + x 2 (M_{eμ})_+ + M_{ee},

m_3e^{−2iβ3} ≈ x (M_{eμ})_+ − M_{ee}, (33)

where x = (M_{μμ})_+/(M_{eμ})_+.

From Eq.(31), we find that the condition of √ 2^<_∼ | tan 2θ_{12}|^<_∼ 2 √ 2 and | tan 2θ_{13}|^<_∼ 1/2 is satisfied by 2 | |(Meμ)_+ | |^>∼ | |(Mμμ)_+ | |^>∼ | |(Meμ)_+ | | , | |(Mμμ)_+ | |^>∼ 4 √ 2 | |(Meμ)_− | | . (34)

Because

Δm^2_⊙ = √ 8 + x^2 [(2Re (M_{ee}) + xRe (M_{eμ}, θ)) Re (M_{eμ}, θ) + (2Im (M_{ee}) + xIm (M_{eμ}, θ)) Im (M_{eμ}, θ)] ,

Δm^2_{atm} = √ 8 + x^2 + 3x 4 | | | [ 4Re (M_{ee}) + (√ 8 + x^2 − x ) Re (M_{eμ}, θ) ] Re (M_{eμ}, θ) + [ 4Im (M_{ee}) + (√ 8 + x^2 − x ) Im (M_{eμ}, θ) ] Im (M_{eμ}, θ) | | | , (35)

the hierarchy of Δm^2_{atm} ≫ Δm^2_⊙ can be realized by requiring that

(2Re (M_{ee}) + xRe (M_{eμ}, θ)) Re (M_{eμ}, θ) + (2Im (M_{ee}) + xIm (M_{eμ}, θ)) Im (M_{eμ}, θ) ≈ 0. (36)

Three neutrino masses are, then, approximated to be:

m^2_1 ≈ m^2 ≈

8 + x^2 4 ( Re (M_{eμ}, θ)^2 + Im (M_{eμ}, θ)^2 )

+ 1 4 [ (2Re (M_{ee}) + xRe (M_{eμ}, θ))^2 + (2Im (M_{ee}) + xIm (M_{eμ}, θ))^2 ] , m^2_3 ≈

9x^2 4 ( Re (M_{eμ}, θ)^2 + Im (M_{eμ}, θ)^2 )

+ 1 4 [ (2Re (M_{ee}) + xRe (M_{eμ}, θ))^2 + (2Im (M_{ee}) + xIm (M_{eμ}, θ))^2 ] , (37)

which are masses of degenerate neutrinos because of x = O(1). As a result, Δm^2_{atm} becomes

Δm^2_{atm} ≈ 2 ( x^2 − 1 ) ( Re (M_{eμ}, θ)^2 + Im (M_{eμ}, θ)^2 ) , (38)

indicating that

Re (M_{eμ}, θ)^2 + Im (M_{eμ}, θ)^2 ≈ O(10^{−3}) eV^2. (39)

The size of the neutrino masses varies with the common magnitude of (2Re(M_{ee}) + xRe(M_{eμ}, θ))^2 + (2Im(M_{ee}) + xIm(M_{eμ}, θ))^2.

For M^{(3)}_ν with the appropriate replacement in M^{(2)}_ν , the mixing angles are given by

tan 2θ_{12} ≈ 2 √ 2 1 + z zκ + κ^∗ , tan 2θ_{13}e^{iδ} = 2 √ 2iσ 1 − z zκ + κ^∗ . (40)

The similar discussion to obtain the hierarchy of Δm^2_{atm} ≫ Δm^2_⊙ yields

(4Re (M_{ee}) + xRe ((1 + z)M_{eμ})) Re ((1 + z)M_{eμ}) + (4Im (M_{ee}) + xIm ((1 + z)M_{eμ})) Im ((1 + z)M_{eμ}) ≈ 0, (41)

and Δm^2_{atm} is given by Δm^2_{atm} ≈ x^2 − 1 2 |(1 + z)M_{eμ}|^2 , (42)

where x = (zκ + κ^∗)/(1 + z). Corresponding to Eq.(34), we obtain that

2 |1 + z|^>_∼ |zκ + κ^∗|^>_∼ |1 + z| , |zκ + κ^∗|^>_∼ 4 √ 2 |1 − z| . (43)

The size of |M_{eμ}| is of order of √ Δm^2_{atm}.

IV. SUMMARY AND DISCUSSIONS

Examining the condition of tan θ_{23} = Im(M_{eμ})/Im(M_{eτ} ) for M = M^†_ν M_ν satisfied by any textures, we have found three types of textures of M_ν that provide maximal CP violation and maximal atmospheric neutrino mixing. The key condition on the appearance of maximal CP violation is sin 2θ_{23}M_{eτ} = −M^∗_{eμ} + cos 2θ_{23}M_{eμ}, yielding Eq.(10) for maximal atmospheric neutrino mixing. The three types of textures suggested by Eq.(10), which are controlled by one phase of θ as z = e^{iθ}, are described by

M^{(1)}_ν = M_{ee} M_{eμ} −σzM^∗_{eμ} M_{eμ} M_{μμ} M_{μτ} −σzM^∗_{eμ} M_{μτ} zM^∗_{μμ} , M^{(2)}_ν = M_{ee} M_{eμ} −σzM^∗_{eμ} M_{eμ} M_{μμ} −σM_{ee} −σzM^∗_{eμ} −σM_{ee} zM^∗_{μμ} ,

M^{(3)}_ν = M_{ee} M_{eμ} −σzM_{eμ} M_{eμ} zκM_{eμ} −σM_{ee} −σzM_{eμ} −σM_{ee} κ^∗M_{eμ} , (44)

where M_{ee,μτ} = (M_{ee,μτ} )_+ is imposed on M^{(1)}_ν . It is found that M^{(1)}_ν with θ = 0 represents a general texture of this type. The three Majorana phases are calculable in principle and shows that the Majorana CP violation is

• absent for M^{(1)}_ν ,

• present if arg(M_{ee}) ≠ θ/2 for M^{(2)}_ν ,

• present if arg(M_{ee}) ≠ arg(M_{eμ}) + θ/2 for M^{(3)}_ν .

To obtain these specific textures depends on how the CP violating Dirac phase of δ is parameterized in U_{P MNS} . For instance, another parameterization of the Kobayashi-Maskawa type [20] gives tan θ_{23} = −Im(M_{eτ} )/Im(M_{eμ}) for Eq.(5), c_{23}M_{eμ} − s_{23}M_{eτ} = |c_{23}M_{eμ} − s_{23}M_{eτ} | e^{−iδ} for Eq.(6) and tan θ_{23} = Re(M_{eμ})/Re(M_{eτ} ) for Eq.(7) [16]. As a result, Eq.(9) is replaced by M_{eτ} = σM^∗_{eμ}. However, it is obvious that, for the obtained textures, the diagonalization is only possible by U_{P MNS} of Eq.(1). Namely, if we have a given texture, then the form of U_{P MNS} is completely determined [17].

The mixing angles of θ_{12,13} are given by

tan 2θ_{12} ≈ 2 √ 2 (M_{eμ})_+ (M_{μμ})_+ − σ (M_{μτ} )_+ − (M_{ee})_+ , tan 2θ_{13}e^{iδ} = 2 √ 2σ (M_{eμ})_− (M_{μμ})_+ + σ (M_{μτ} )_+ + (M_{ee})_+

, (45)

for M^{(1)}_ν , where (M_{ij} )_+ and (M_{ij} )_− (i, j=e, μ, τ ) are, respectively, reduced to Re(M_{ij} ) and iIm(M_{ij} ) at θ = 0, by

tan 2θ_{12} ≈ 2 √ 2 (M_{eμ})_+ (M_{μμ})_+

, tan 2θ_{13}e^{iδ} = 2 √ 2σ (M_{eμ})_− (M_{μμ})_+

, (46)

for M^{(2)}_ν , and by

tan 2θ_{12} ≈ 2 √ 2 1 + z zκ + κ^∗ , tan 2θ_{13}e^{iδ} = 2 √ 2iσ 1 − z zκ + κ^∗ . (47)

for M^{(3)}_ν , where δ = ±π/2. The pure imaginary value of e^{iδ} ensured by Eq.(10) is assured by the fact that (ω^′)_−/(ω)_+ and (1 − z)/(zω + ω^∗) become pure imaginary for any complex values of ω and ω^′. We have then demonstrated that there are indeed consistent flavor neutrino masses that reproduce sin^2 2θ_{12} ≫ sin^2 θ_{13} ≈ 0 and Δm^2_{atm} ≫ Δm^2_⊙. For M^{(2,3)}_ν , neutrinos turn out be degenerate ones. It is further recognized that M^{(1,2)}_ν exhibit a novel feature that tan 2θ_{12} is proportional to (M_{eμ})_+ while tan 2θ_{13} is proportional to (M_{eμ})_−. It can be stated in the simplest case of z = ±1 that

• tan 2θ_{12} is proportional to Re(M_{eμ}) for z = 1 and Im(M_{eμ}) for z = −1,

• tan 2θ_{13} is proportional to Im(M_{eμ}) for z = 1 and Re(M_{eμ}) for z = −1.

This feature is absence in models without CP violation.

Although we have not specified a mechanism to create flavor neutrino masses, it is conceivable that these masses are induced by the seesaw mechanism [21] and that the specific structure in phases presented in Eq.(44) may be realized at the seesaw scale of O(10^{12} − 10^{14}) GeV. If this is the case, radiative corrections to yield renormalized values around the weak scale corresponding to the observed values may significantly alter our phase structure, especially the one giving δ = ±π/2, in the textures. However, it is known that such radiative corrections are small in the normal mass hierarchy case [22]. In the inverted mass hierarchy case and near degeneracy case, sizable corrections may arise in certain parameter regions [23]. The form of M^{(1)} in the normal mass hierarchy case is, thus, stable against radiative corrections. On the other hand, M^{(2,3)} leading to the near degeneracy case may receive large radiative corrections, which have to be estimated in a specific model that yields M^{(2,3)} via the seesaw mechanism. Conversely, one can extrapolate the form of M^{(2,3)} at the seesaw scale that indeed yields M^{(2,3)} in Eq.(44) at the weak scale.

APPENDIX A: NEUTRINO MASSES AND MIXING ANGLES

After the direct calculation of U^T_{P MNS} M_νU_{P MNS} , one can obtain constraints:

c_{12}Δ_1 − s_{12}c_{13} ( s_{13}e^{−iδ} X + Δ_2 ) = 0, s_{12}Δ_1 + c_{12}c_{13} ( s_{13}e^{−iδ}X + Δ_2 ) = 0, (A1) c_{12} [ s_{12}λ_1 + c_{12} ( c^2_{13}X − s_{13}e^{iδ}Δ_2 )] − s_{12} [ c_{12}λ_2 + s_{12} ( c^2_{13}X − s_{13}e^{iδ}Δ_2 )] = 0, (A2)

where

Δ_1 = M_{ee}e^{−iδ} − λ_3e^{iδ} 2 sin 2θ_{13} + Y cos 2θ_{13}, Δ_2 = M_{μτ} cos 2θ_{23} − M_{ττ} − M_{μμ} 2 sin 2θ_{23}, (A3) X = c_{23}M_{eμ} − s_{23}M_{eτ}

c_{13}

, Y = s_{23}M_{eμ} + c_{23}M_{eτ} , (A4)

and diagonalized masses:

m_1e^{−2iβ1} = c^2_{12}λ_1 + s^2_{12}λ_2 − 2c_{12}s_{12}X, m_2e^{−2iβ2} = s^2_{12}λ_1 + c^2_{12}λ_2 + 2c_{12}s_{12}X, m_3e^{−2iβ3} = c^2_{13}λ_3 + 2c_{13}s_{13}e^{−iδ}Y + s^2_{13}e^{−2iδ}M_{ee}, (A5)

where

λ_1 = c^2_{13}M_{ee} − 2c_{13}s_{13}e^{iδ} Y + s^2_{13}e^{2iδ}λ_3, λ_2 = c^2_3M_{μμ} + s^2_3M_{ττ} − 2s_{23}c_{23}M_{μτ} , λ_3 = s^2_3M_{μμ} + c^2_3M_{ττ} + 2s_{23}c_{23}M_{μτ} . (A6)

From Eq.(A2) with s_{13}e^{−iδ}X + Δ_2 = 0 in Eq.(A1), θ_{12} is determined by

sin 2θ_{12} (λ_1 − λ_2) + 2 cos 2θ_{12}X = 0, (A7)

and, from Δ_1 = 0 in Eq.(A1), θ_{13} is determined by

sin 2θ_{13} ( M_{ee}e^{−iδ} − λ_3e^{iδ} ) + 2 cos 2θ_{13}Y = 0. (A8)

Also from Eq.(A1), the atmospheric mixing angle is given by

(M_{ττ} − M_{μμ}) sin 2θ_{23} − 2M_{μτ} cos 2θ_{23} = 2s_{13}e^{−iδ} X. (A9)

Eqs.(A7) and (A8) further convert the mass parameters into

m_1e^{−2iβ1} = λ_1 + λ_2 2 − X sin 2θ_{12}

, m_2e^{−2iβ2} = λ_1 + λ_2 2 + X sin 2θ_{12} , m_3e^{−2iβ3} = c^2_{13}λ_3 − s^2_{13}e^{−2iδ}M_{ee}

cos 2θ_{13}

, (A10) and Δm^2_⊙ = 2 sin 2θ_{12}

Re ((λ^∗_1 + λ^∗_2) X) . (A11)

[1] S.M. Bilenky, J. Hosek and S.T. Petcov, Phys. Lett. 94B, 495 (1980); J. Schechter and J.W.F. Valle, Phys. Rev. D 22, 2227 (1980); M. Doi, T. Kotani, H. Nishiura, K. Okuda and E. Takasugi, Phys. Lett. 102B, 323 (1981).

[2] For a recent review, O. Mena, Mod. Phys. Lett. A 20, 1 (2005). See also, J. Burguet-Castell, M.B. Gavela, J.J. Gomez- Cadenas, P. Hernandez and O. Mena, Nucl. Phys. B 646, 301 (2002); W.J. Marciano, “Extra Long Baseline Neutrino Oscillations and CP Violation”, [arXive:hep-ph/0108181]; J. Burguet-Castell and O. Mena, Nucl. Instrum. Methods A 503, 199 (2003); T. Ota and J. Sato, Phys. Rev. D 67, 053003 (2003); T. Ota, J. Phys. G 29, 1869 (2003); M. Aoki, K. Hagiwara and N. Okamura, Phys. Lett. B 554, 121 (2003); M.V. Diwan, Int. J. Mod. Phys. A 18, 4039 (2003); H. Minakata and H. Sugiyama, Phys. Lett. B 580, 216 (2004); O. Mena and S. Parke, Phys. Rev. D 70, 093011 (2004); M. Ishitsuka, T. Kajita, H. Minakata and H. Nunoka, “Resolving Neutrino Mass Hierarchy and CP Degeneracy by Two Identical Detectors with Different Baselines”, [arXive:hep-ph/0504026]; K. Hagiwara, N. Okamura and K. Senda, “Solving the Neutrino Parameter Degeneracy by Measuring the T2K off-axis Beam in Korea”, [arXive:hep-ph/0504061]; A. Takamura and K. Kimura, “Large Non-perturbative Effects of Small Δm^2_1 /Δm^2_{31} and sin θ13 on Neutrino Oscillation and CP Violation in Matter”, [arXive:hep-ph/0506112];

[3] Q.A. Ahmed. et al., [SNO Collaboration], Phys. Rev. Lett. 87, 071301 (2001); Phys. Rev. Lett. 89, 011301 (2002); S. H.

Ahn, et al., [K2K Collaboration], Phys. Lett. B 511, 178 (2001); Phys. Rev. Lett. 90, 041801 (2003); K. Eguchi, et al., [KamLAND collaboration], Phys. Rev. Lett. 90, 021802 (2003); M. Apollonio, et al., [CHOOZ Collaboration], Euro. Phys. J. C 27, 331 (2003).

[4] See for example, R.N. Mohapatra, et al.,“Theory of Neutrinos”, [arXive:hep-ph/0412099]. See also, S. Goswami, Talk given at Neutrino 2004: The 21st International Conference on Neutrino Physics and Astrophysics, Paris, France (June 14-19, 2004); G. Altarelli, Talk given at Neutrino 2004: The 21st International Conference on Neutrino Physics and Astrophysics, Paris, France (June 14-19, 2004); A. Bandyopadhyay, Phys. Lett. B 608, 115 (2005).

[5] Y. Fukuda et al.. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 81, 1158 (1998); [Erratum-ibid 81, 4297 (1998)];

Phys. Rev. Lett. 82, 2430 (1999). See also, T. Kajita and Y. Totsuka, Rev. Mod. Phys. 73, 85 (2001). [6] B. Pontecorvo, Sov. Phys. JETP 7, 172 (1958) [Zh. Eksp. Teor. Piz. 34, 247 (1958)]; Z. Maki, M. Nakagawa and S. Sakata, Prog. Theor. Phys. 28, 870 (1962).

[7] See for example, A. de Gouvea, Mod. Phys. Lett. A 19, 2799 (2004); R.N. Mohapatra, New. J. Phys. 6, 82 (2004); “Can a measurement of theta-13 tell us about quark-lepton unification ?”, [arXive:hep-ph/0504138].

[8] T. Fukuyama and H. Nishiura, in Proceedings of International Workshop on Masses and Mixings of Quarks and Leptons edited by Y. Koide (World Scientific, Singapore, 1997), p.252; “Mass Matrix of Majorana Neutrinos”, [arXive:hep-ph/9702253]; Y. Koide, H. Nishiura, K. Matsuda, T. Kikuchi and T. Fukuyama, Phys. Rev. D 66, 093006 (2002); Y. Koide, Phys. Rev. D 69, 093001 (2004); K. Matsuda and H. Nishiura, Phys. Rev. D 69, 117302 (2004); Phys. Rev. D 71, 073001 (2005); “Large Lepton Mixing and Nonsymmetric Mass Matrices with Flavor 2↔3 Symmetry”, [arXive:hep-ph/0506192].

[9] C.S. Lam, Phys. Lett. B 507, 214 (2001); Phys. Rev. D 71, 093001 (2005); E. Ma and M. Raidal, Phys. Rev. Lett. 87, 011802 (2001); [Erratum-ibid 87, 159901 (2001)]; T. Kitabayashi and M. Yasuè, Phys. Lett. B 524, 308 (2002); Int. J. Mod. Phys. A 17, 2519 (2002); Phys. Rev. D 67, 015006 (2003); I. Aizawa, M. Ishiguro, T. Kitabayashi and M. Yasuè, Phys. Rev. D 70, 015011 (2004); I. Aizawa, T. Kitabayashi and M. Yasuè, Phys. Rev. D 71, 075011 (2005).

[10] W. Grimus and L. Lavoura, JHEP 0107, 045 (2001); Euro. Phys. J. C 594, 324 (2004); W. Grimus, A.S. Joshipura, S. Kaneko, L. Lavoura, H. Sawanaka and M. Tanimoto, JHEP 0407, 078 (2004); Nucl. Phys. B 713, 151 (2005); M. Tanimoto, “Prediction of Ue3 and cos 2θ23 from Discrete Symmetry”, [arXive:hep-ph/0505031].

[11] R.N. Mohapatra and S. Nasri, Phys. Rev. D 71, 033001 (2005); R.N. Mohapatra, S. Nasri and H. Yu, Phys. Lett. B 615, 231 (2005).

[12] See for example, S.T. Petcov. Nucl. Phys. Proc. Suppl. 143, 159 (2005).

[13] See for example, H. Fritzsch and Z.Z. Xing, Phys. Rev. D 61, 073016 (2000); C. Giunti and M. Tanimoto, Phys. Rev.

D 66, 113006 (2002); M. Frigerio and A.Yu. Smirnov, Nucl. Phys. B 640, 233 (2002); Phys. Rev. D 67, 013007 (2003); S.F. King, in Proceedings of 10th International Workshop on Neutrino Telescopes edited by M. Baldo-Ceolin (U. of Padua Publication, Italy, 2003), “Neutrino Mass, Flavor and CP Violation”, [arXive:hep-ph/0306095]; Z.Z. Xing, Int. J. Mod. Phys. A 19, 1 (2004); O.L.G. Peres and A.Yu. Smirnov, Nucl. Phys. B 680, 479 (2004); C.H. Albright, Phys. Lett. B 599, 285 (2004); J. Ferrandis and S. Pakvasa, Phys. Lett. B 603, 184 (2004); S. Zhou and Z.Z. Xing, Euro. Phys. J. C 38, 495 (2005); S.T. Petcov and W. Rodejohann, Phys. Rev. D 71, 073002 (2005); G.C. Branco and M.N. Rebelo, New. J. Phys. 7, 86 (2005); S.S. Masood, S. Nasri and J. Schechter, Phys. Rev. D 71, 093005 (2005); S. Pascoli, S.T. Petcov and T. Schwetz, “The Absolute Neutrino Mass Scale, Neutrino Mass Spectrum, Majorana CP-Violation and Neutrinoless Double-Beta Decay”, [arXive:hep-ph/0505226].

[14] P.F. Harrison and W.G. Scott, Phys. Lett. B 547, 219 (2002); Phys. Lett. B 594, 324 (2004); E. Ma, Mod. Phys. Lett.

A 17, 2361 (2002); Phys. Rev. D 66, 117301 (2002); R.N. Mohapatra, JHEP 0410, 027 (2004); T. Kitabayashi and M. Yasuè, Phys. Lett. B 621, 133 (2005); R.N. Mohapatra and W. Rodejohann, “Broken μ-τ Symmetry and Leptonic CP Violation”, [arXive:hep-ph/0507312]; I. Aizawa, T. Kitabayashi and M. Yasuè, “Determination of Neutrino Mass Texture for Maximal CP Violation”, [arXive:hep-ph/0507332].

[15] K.S. Babu, E. Ma and J.W.F. Valle, Phys. Lett. B 552, 207 (2003); W. Grimus and L. Lavoura, Phys. Lett. B 579, 113 (2004); “S3×Z2 model for neutrino mass matrices”, [arXive:hep-ph/0504153].

[16] I. Aizawa and M. Yasuè, Phys. Lett. B 607, 267 (2005).

[17] Y. Koide, Phys. Lett. B 607, 123 (2005). [18] I. Aizawa, T. Kitabayashi and M. Yasuè, in Ref.[14].

[19] I. Aizawa, T. Kitabayashi and M. Yasuè, Phys. Rev. D 71, 075011 (2005). [20] M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 652 (1973).

[21] P. Minkowski, Phys. Lett. B67, 421 (1977); T. Yanagida, in Proceedings of the Workshop on Unified Theories and Baryon Number in the Universe edited by A. Sawada and A. Sugamoto (KEK Report No.79-18, Tsukuba, 1979), p.95; Prog. Theor. Phys. 64, 1103 (1980); M. Gell-Mann, P. Ramond and R. Slansky, in Supergravity edited by P. van Nieuwenhuizen and D.Z. Freedmann (North-Holland, Amsterdam 1979), p.315; R.N. Mohapatra and G. Senjanović, Phys. Rev. Lett. 44, 912 (1980). See also, P. Minkowski, “Neutrino oscillations, a historical overview and its projection”, [arXive:hep-ph/0505049].

[22] See for instance, S. Antusch, J. Kersten, M. Lindner and M. Ratz, NPB 674, 401 (2003); S. Antusch, J. Kersten, M.

Lindner, M. Ratz and M.A. Schmidt, JHEP 0503, 024 (2005).

[23] For recent studies, see for example, J.W. Mei, PRD 71, 073012 (2005); S. Luo, J.W. Mei and Z.Z. Xing, “Radiative Generation of Leptonic CP Violation”, [arXive:hep-ph/0507065].