arXiv:1210.7448v2 [hep-ph] 17 Dec 2012

Generalized Scaling Ansatz and Minimal Seesaw Mechanism

Masaki Yasuè^∗

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

Generalized scaling in flavor neutrino masses Mij (i, j=e, μ, τ ) expressed in terms of θSC and the atmospheric neutrino mixing angle θ23 is defined by Miτ /Miμ = −κit23 (i=e, μ, τ ) with κe=1, κμ=B/A and κτ =1/B, where t23 = tan θ23, A=cos^2θSC + sin^2θSC t^4_{23} and B=cos^2θSC − sin^2θSC t^2_3. The generalized scaling ansatz predicts the vanishing reactor neutrino mixing angle θ13 = 0. It is shown that the minimal seesaw mechanism naturally implements our scaling ansatz. There are textures satisfying the generalized scaling ansatz that yield vanishing baryon asymmetry of the Universe (BAU). Focusing on these textures, we discuss effects of θ13 ≠ 0 to evaluate a CPviolating Dirac phase δ and BAU and find that BAU is approximately controlled by the factor sin^2 θ13 sin(2δ − ϕ), where ϕ stands for the CP-violating Majorana phase whose magnitude turns out to be at most 0.1.

PACS numbers: 11.30.Er, 14.60.Pq, 98.80.Cq

I. INTRODUCTION

The recent observation of the nonvanishing reactor mixing angle θ_{13} [1] opens a new window to clarify properties of CP violation in neutrino physics. CP violation occurs in neutrino oscillations [2] and in leptogenesis [3] based on the seesaw mechanism [4]. In the seesaw mechanism, neutrinos are almost Majorana particles generated by heavy Majorana neutrinos as heavy as O(10^{10}) GeV and turn out to be extremely light so that they are compatible with experimental observations [5–9]. Effects of CP violation in the lighter Majorana neutrinos are characterized by phases of the Pontecorvo- Maki-Nakagawa-Sakata (PMNS) unitary matrix U_{P MNS} [10], which converts massive neutrinos ν_{1,2,3} into flavor neutrinos ν_{e,μ,τ} . Three phases, one CP-violating Dirac phase δ and two CP-violating Majorana phases ϕ_{2,3} are involved in U_{P MNS} [2]. On the other hand, CP violation in leptogenesis is characterized by phases related to heavy Majorana neutrinos. These two types of CP violation are, in principle, independent of each other. However, they can be correlated if there are some constraints that reduce the number of degrees of freedom, which result in relating two different types of CP-phases. It is known that the minimal seesaw mechanism utilizing two heavy neutrinos [11] involves three physical CP-violating phases in leptogenesis, which are equivalent to δ and ϕ_{2,3}; therefore, CP violation in leptogenesis can be controlled by δ and ϕ_{2,3}.

The observed sin^2 θ_{13} is found to be sin^2 θ_{13} ≈ 0.025 [12, 13] close to sin^2 θ_{13} = 0, which suggests a theoretical principle that sin^2 θ_{13} vanishes as the first approximation and that a certain perturbation induces nonvanish-

∗Electronic address: yasue@keyaki.cc.u-tokai.ac.jp

ing sin^2 θ_{13}. There have been various theoretical ideas that give sin^2 θ_{13} = 0 [14–23]. Among others, the generalized scaling ansatz in flavor neutrino masses, which is an extended version of the scaling ansatz [22], is proposed to discuss a new aspect of neutrinos [23]. The generalized scaling is described by two angles, θ_{SC} and the atmospheric neutrino mixing angle θ_{23}, which provide the following scaling rule among Majorana flavor neutrino masses M_{ij} (i, j = e, μ, τ): M_{iτ} M_{iμ} = −κ_it_{23} (i = e, μ, τ) , (1)

where t_{23} = tan θ_{23}, (κ_e, κ_μ, κ_τ )=(1, B/A, 1/B) and

A = cos^2θ_{SC} + sin^2θ_{SC} t^4_{23}, B = cos^2θ_{SC} − sin^2θ_{SC} t^2_3. (2)

It can be proved that Eq.(1) indices θ_{13} = 0. The condition to obtain θ_{13} = 0 consists of the following two relations [21]:

M_{eτ} = −t_{23}M_{eμ}, (3)

M_{τ τ} = M_{μμ} +

1 − t^2_3 t_{23}

M_{μτ} , (4)

where Eq.(1) turns out to satisfy these relations and the generalized scaling maintains θ_{13} = 0. The angle θ_{SC} itself is defined from M_{μτ} /M_{μμ} = −κ_μt_{23} to be [23]:

sin^2θ_{SC} = c^2_3 (M_{μτ} + t_{23}M_{μμ}) (1 − t^2_3) M_{μτ} + t_{23}M_{μμ}

, (5)

where c_{23} = cos θ_{23}.

In this article, we would like to demonstrate that the generalized scaling rule is naturally realized in the minimal seesaw mechanism and to discuss the creation of the baryon asymmetry of the Universe (BAU) via leptogenesis [24]. In Sec.II, some of seesaw textures that satisfy the generalized scaling ansatz are found to yield the vanishing BAU. In these textures, it is expected that breaking effects of the generalized scaling ansatz initiate creating BAU and simultaneously inducing Dirac CP violation as a result of θ_{13} ≠ 0. In Sec.III, we describe leptogenesis based on the minimal seesaw mechanism and show theoretical arguments to make predictions on possible correlations between BAU and CP-violating phases. In Sec.IV, a numerical analysis is performed to estimate sizes of BAU and of Dirac and Majorana CP-violations, which will be compared with our theoretical predictions. The final section, Sec.V, is devoted to a summary.

II. SEESAW TEXTURES

The minimal seesaw mechanism introduces two heavy Majorana neutrinos N_{1,2} into the standard model. We understand that a 2 × 2 heavy neutrino mass matrix M_R and a charged lepton mass matrix are transformed into diagonal and real ones. After the heavy neutrinos are decoupled, the minimal seesaw mechanism generates a symmetric 3 × 3 light neutrino mass matrix M_ν given by M_ν = −m_DM^{−1}_R m^T_D, where m_D is a 3 × 2 Dirac neutrino mass matrix. We parametrize M_R by

M_R = ( M_1 0 0 M_2 ) (M_2 > M_1), (6)

and m_D by

m_D = √ M_1a_1 √ M_2b_1 √ M_1a_2 √ M_2b_2 √ M_1a_3 √ M_2b_3 , (7)

which results in

M_ν = M_{ee} M_{eμ} M_{eτ} M_{eμ} M_{μμ} M_{μτ} M_{eτ} M_{μτ} M_{τ τ} = − a^2_1 + b^2_1 a_1a_2 + b_1b_2 a_1a_3 + b_1b_3 a_1a_2 + b_1b_2 a^2 + b^2 a_2a_3 + b_2b_3 a_1a_3 + b_1b_3 a_2a_3 + b_2b_3 a^2_3 + b^2_3 , (8) where the minus sign in front of the mass matrix is discarded for the later discussions. One of the masses of ν_{1,2,3} is required to vanish owing to det (M_ν ) = 0.

To obtain the seesaw version of the generalized scaling ansatz, we describe the basic conditions on M_ν Eqs.(3) and (4) in terms of seesaw mass parameters a_{1,2,3} and b_{1,2,3} and search their solutions in much the same way Eq.(1) is derived. These conditions are readily converted into

(a_3 + t_{23}a_2) a_1 + (b_3 + t_{23}b_2) b_1 = 0, (9) (t_{23}a_3 − a_2) (a_3 + t_{23}a_2)

+ (t_{23}b_3 − b_2) (b_3 + t_{23}b_2) = 0. (10)

The minimal seesaw mechanism that keeps θ_{13} vanished should satisfy Eqs.(9) and (10). The simpler solutions to Eqs.(9) and (10) can be either

1. a_3 + t_{23}a_2 = b_3 + t_{23}b_2 = 0 leading to

m_D = √ M_1a_1 √ M_2b_1 √ M_1a_2 √ M_2b_2 √ M_1 (−t_{23}a_2) √ M_2 (−t_{23}b_2) , (11) or 2. a_1 = 0, t_{23}a_3 − a_2 = 0 and b_3 + t_{23}b_2 = 0, leading to m_D = 0 √ M_2b_1 √ M_1a_2 √ M_2b_2 √ M_1a_2/t_{23} √ M_2 (−t_{23}b_2) , (12)

and a solution with b_1 = 0 is

m_D = √ M_1a_1 0 √ M_1a_2 √ M_2b_2 √ M_1 (−t_{23}a_2) √ M_2b_2/t_{23} . (13)

Although there are other solutions,^1 the above solutions suffice to show consistent results with the generalized scaling ansatz.

For Eq.(11) in the case 1, we find that

M_{eτ} = −t_{23} (a_1a_2 + b_1b_2) = −t_{23}M_{eμ}, (14) and M_{μμ} = a^2 + b^2, M_{μτ} = −t_{23} ( a^2 + b^2 ) , M_{τ τ} = t^2_3 ( a^2 + b^2 ) , (15)

from which Eq.(5) leads to

sin^2 θ_{SC} = 0, (16)

corresponding to the inverted mass hierarchy with m_3 = 0 [22]. On the other hand, for Eq.(12) in the case 2, we find that

M_{eτ} = −t_{23}b_1b_2 = −t_{23}M_{eμ}, (17) and M_{μμ} = a^2 + b^2, M_{μτ} = 1 t_{23} a^2 − t_{23}b^2,

M_{τ τ} = 1 t^2_3 a^2 + t^2_3b^2, (18)

from which Eq.(5) leads to

sin^2θ_{SC} =

(a_2/t_{23})^2 (a_2/t_{23})^2 + (t_{23}b_2)^2

. (19)

1 A solution can be supplied by b_1 = −t_{23} a_1, b_2 = t^2_3 /a_3 and b_3 = a_2 with t^2_3 = 1, which describe a μ-τ symmetric seesaw model [25].

Similarly, we obtain that

sin^2θ_{SC} =

(b_2/t_{23})^2 (t_{23}a_2)^2 + (b_2/t_{23})^2

, (20)

for Eq.(13). These definitions of sin^2 θ_{SC} depending upon the types of seesaw textures provide the seesaw version of Eq.(5).

Since the case with m_3 = 0 is described by Eq.(11), Eqs.(12) and (13) should describe the normal mass hierarchy with m_1 = 0. In other words, the inverted mass hierarchy with m_3 = 0 realized at θ_{13} ≠ 0 does not approach the ideal textures Eqs.(12) and Eq.(13) at θ_{13} = 0. This is because, for θ_{13} ≠ 0, we obtain that, for an arbitrary parameter x,

M_{μμ} + 2xM_{μτ} + x^2M_{τ τ} = (a_2 + xa_3)^2 + (b_2 + xb_3)^2, (21)

as well as

M_{μμ} + 2xM_{μτ} + x^2M_{τ τ}

= (−c_{23}s_{12} − s_{23}c_{12}s̃_{13} + x (s_{23}s_{12} − c_{23}c_{12}s̃^∗_{13}))^2 m̃_1 +(c_{23}c_{12} − s_{23}s_{12}s̃_{13} − x (s_{23}c_{12} + c_{23}s_{12}s̃^∗_{13}))^2m̃_2, (22)

where s_{ij} = sin θ_{ij} and c_{ij} = cos θ_{ij} (i, j=1,2,3) for θ_{12} being the solar neutrino mixing angle, s̃_{13} = s_{13}e^{iδ} and m̃_a = m_ae^{−iφa} (a = 1, 2, 3) for φ_a being Majorana phases.^2 At x = 1/t_{23}, Eq.(22) vanishes if θ_{13} = 0; therefore, Eq.(21) vanishes as well. On the other hand, at x = 1/t_{23}, it is Eq.(11) that gives the vanishing of Eq.(21). At θ_{13} = 0, Eq.(11) is, thus, derived. When m_3 ≠ 0, such as in a seesaw mechanism with a 3×3 m_D, is taken, Eqs.(12) and (13) can describe the inverted mass hierarchy.

III. CP VIOLATION AND LEPTOGENESIS

Leptogenesis creates BAU whose estimate contains the factor (m^†_D m_D)_{12} [3] which turns out to be a^∗_1b_1 + a^∗_2b_2 + a^∗_3b_3. It is found that BAU vanishes for the seesaw textures, Eqs.(12) and (13), which yield a^∗_1b_1 +a^∗_2b_2 +a^∗_3b_3 = 0 [26]. If these textures of m_D are adopted, CP violation of leptogenesis and of the Dirac type for flavor neutrinos becomes active only if sources of θ_{13} ≠ 0 are present [27]. For the rest of discussions, we focus our attention on these seesaw textures to discuss how the creation of BAU relates to CP violation for flavor neutrinos. We restrict ourselves to discussions based on Eq.(12), from which results from Eq.(13) can be obtained by the interchange of a_{1,2,3} ↔ b_{1,2,3} unless otherwise specified.

2 The CP-violating Majorana phase ϕ is defined by ϕ = φ_3 − φ_2 for m_1 = 0 and ϕ = φ_2 − φ_1 for m_3 = 0.

To obtain θ_{13} ≠ 0 and the nonvanishing BAU, we include breaking terms of the generalized scaling ansatz, which are denoted by δa_3 and δb_3 to give

a_3 = a_2 t_{23}

+ δa_3, b_3 = −t_{23}b_2 + δb_3. (23)

The angle θ_{SC} is still defined by Eq.(5) and the i = τ part of the generalized scaling rule Eq.(1) gets broken according to

M_{τ τ} + κ_τ t_{23}M_{μτ} = (a_3 + t_{23}a_2) δa_3 + ( b_3 − b_2 t_{23} ) δb_3. (24)

The nonvanishing BAU is generated owing to a^∗_1b_1 + a^∗_2b_2 + a^∗_3b_3 ≠ 0, which is calculated to be:

a^∗_1b_1 + a^∗_2b_2 + a^∗_3b_3 = 1 t_{23} a^∗_2δb_3 − t_{23}δa^∗_3b_2

+δa^∗_3δb_3. (25)

On the other hand, the CP-violating Dirac phase δ, which is contained in a specific version of U_{P MNS} defined by the Particle Data Group [28], is estimated to be [29]

δ = arg [( 1 t_{23} M^∗_{μτ} + M^∗_{μμ} + δM^∗_{τ τ} ) δM_{eτ} + M_{ee}δM^∗_{eτ} −t_{23}M_{eμ}δM_{τ τ} ] , (26)

for the normal mass hierarchy, where δM_{eτ} and δM_{τ τ} calculated from δM_{eτ} = M_{eτ} + t_{23}M_{eμ}, δM_{τ τ} = M_{τ τ} − ( M_{μμ} + 1 − t^2_3

t_{23} M_{μτ} ) , (27)

turn out to be

δM_{eτ} = b_1δb_3, δM_{τ τ} = 1 + t^2_3 t_{23}

(a_2δa_3 − b_2δb_3) + (δa_3)^2 + (δb_3)^2.

(28)

At the same time, θ_{13} is calculated by the following formula [30]:

tan 2θ_{13} = 2c_{23}δM_{eτ} (s^2_3M_{μμ} + c^2_3M_{τ τ} + 2s_{23}c_{23}M_{μτ} ) e^{iδ} − M_{ee}e^{−iδ} . (29)

We can further approximate Eqs.(25), (26) and (29) to see that the breaking δb_3 is a main source to start creating BAU and inducing the nonvanishing δ and θ_{13}. The normal mass hierarchy demands that |M_{μμ,μτ,τ τ} | ≫ |M_{ee,eμ,eτ} |, which are equivalent to | |a2_{,3} | | ≫ | |b2_{1,2,3} | |. For the region where second order terms with respect to δa_3 and δb_3 are safely neglected, we obtain that

a^∗_1b_1 + a^∗_2b_2 + a^∗_3b_3 ≈ 1 t_{23} a^∗_2δb_3, (30)

δ ≈ arg ( a^{∗2}_2 b_1δb_3 ) , (31) as well as

tan 2θ_{13} ≈ 2c_{23}s^2_3 | | | | b_1δb_3 a^2 | | | | , (32)

for sin^2 θ_{SC} ≈ 1. Therefore, we understand that the main source of CP-violations and θ_{13} ≠ 0 is the single breaking term δb_3. It should be noted that, for the b_1 = 0 texture,

a^∗_1b_1 + a^∗_2b_2 + a^∗_3b_3 ≈ 1 t_{23} b_2δa^∗_3, (33)

is derived in place of Eq.(30).

We describe various seesaw parameters to estimate BAU from leptogenesis based on the minimal seesaw mechanism. The recipes to calculate BAU are given as follows [31, 32]:

1. The heavy neutrinos are taken to satisfy the hierarchical mass pattern of M_1 ≪ M_2, where the CP-asymmetry from N_2 is washed out;

2. The CP-asymmetry from the decay of N_1 is given by the flavor-dependent ε^α (α = e, μ, τ):

ε^α = 1 8πv^2 Im [( m^†_D ) 1α (m_D)_{α2} ( m^†_Dm_D ) 12 ] ( m^†_Dm_D ) 11 ·f ( M_2 M_1 ) , (34)

where v ≃ 174 GeV and f (x) = x [ 1 − ( 1 + x^2 ) ln ( 1 + x^2

x^2 ) + 1 1 − x^2 ] , (35) leading to f (x) ≈ −3/2x, for x ≫ 1, which is the present case;

3. The washout effect on ε^α is controlled by η ( m^α_{1ef f} ) , which takes the form η (x) = ( 8.25 × 10^{−3} eV x + ( x 2 × 10^{−4} eV )_{1.16})−1 , (36) where m^α_{1ef f} = ( m^†_D ) 1α (m_D )_{α1} M_1

, (37)

represents an effective mass;

4. For 10^9 ≲ M_1 ≲ 10^{12} to be taken as our adopted range of M_1, the created lepton asymmetry Y_L, which becomes flavor-dependent, is calculated to be: Y_L ≈ 1 g_∗ 12 37 [ (ε^e + ε^μ) η ( 417 589 ( |a_1|^2 + |a_2|^2 ))

+ε^τ η ( 390 589 |a_3|^2 )] , (38)

where g_∗ is the effective thermodynamical number of the relativistic degree of freedom that is estimated to be 106.75 for the standard model at a cosmic temperature greater than 300 GeV and

ε^e = −

3M_1 16πv^2

Im [a^∗_1b_1 (a^∗_1b_1 + a^∗_2b_2 + a^∗_3b_3)] |a_1|^2 + |a_2|^2 + |a_3|^2 , ε^μ = −

3M_1 16πv^2

Im [a^∗_2b_2 (a^∗_1b_1 + a^∗_2b_2 + a^∗_3b_3)] |a_1|^2 + |a_2|^2 + |a_3|^2

, (39)

ε^τ = −

3M_1 16πv^2

Im [a^∗_3b_3 (a^∗_1b_1 + a^∗_2b_2 + a^∗_3b_3)] |a_1|^2 + |a_2|^2 + |a_3|^2 . The obtained Y_L is related to the baryon asymmetry Y_B : Y_B ≈ −0.54Y_L and the final baryon-photon ratio η_B (= (n_B − n¯_B)/n_γ ) is estimated to be η_B = 7.04Y_B.

To make theoretical predictions on η_B , let us choose the flavor-independent estimation of η_B , where η_B is proportional to Im[(a^∗_1b_1 + a^∗_2b_2 + a^∗_3b_3)^2]. To see the dependence of η_B on δ and ϕ, we evaluate δb_3 appearing in Eq.(30). For the normal mass hierarchy, using the relations of a_2 ≈ σ_{μμ} √ M_{μμ}, a_3 ≈ σ_{τ τ} √ M_{τ τ} b_1 = σ_{ee} √ M_{ee}, b_2 = M_{eμ} σ_{ee} √ M_{ee} , b_3 = M_{eτ} σ_{ee} √ M_{ee} , (40)

where σ_{ee,μμ,τ τ} = ±1 and σ_{τ τ} = σ_{μμ} is required for δa_3 to vanish at θ_{13} = 0, we find that Eq.(28) yields δb_3 ≈ σ_{ee}s_{13}c_{13} s_{12}c_{23} e^{iδ}m̃_3 √ m̃_2

, (41)

from δM_{eτ} expressed in terms of m_{2,3} [29]. As a result,

a^∗_1b_1 + a^∗_2b_2 + a^∗_3b_3 ≈ σ_{ee}σ_{μμ} s_{13}c_{13} s_{12} √ m_3 m_2 m_3e^i(^{δ− ϕ2} ),

(42)

is derived from Eq.(30). Since η_B ∝ Im[(a^∗_1b_1 + a^∗_2b_2 + a^∗_3b_3)^2], we reach η_B ∝ sin^2 θ_{13} sin (2δ − ϕ), which is the relation for the a_1 = 0 texture. On the other hand, for the b_1 = 0 texture, we similarly find that η_B ∝ − sin^2 θ_{13} sin (2δ − ϕ) from Eq.(33). Including M_1, we conclude that

η_B ∝ ξ_B M_1 sin^2 θ_{13} sin (2δ − ϕ) , (43)

FIG. 1: (a) Δm^2_1 as a function of sin^2 θSC , where the grey rectangle denotes the experimentally allowed region of Δm^2_1, and (b) |(Mτ τ /Mμτ ) + κτ t23| as a function of sin^2 θSC , where sin^2 θSC is restricted to reproduce the observed Δm^2_1, neither of which depends on the texture type.

serves as a good prediction of η_B , where ξ_B = 1 (ξ_B = −1) for the a_1 = 0 (b_1 = 0) texture.

We also derive the relation between δ and ϕ from the i = μ part of Eq.(1) equivalent to Eq.(5), which can be rephrased in terms of m_{2,3} as follows: ( As_{23}c_{13}c_{23}c_{13} + Bt_{23}s^2_3c^2_{13} ) m_3e^{−iϕ} = [A (c_{23}c_{12} − s_{23}s_{12}s̃^∗_{13}) (s_{23}c_{12} + c_{23}s_{12}s̃^∗_{13})

−Bt_{23}(c_{23}c_{12} − s_{23}s_{12}s̃^∗_{13})^2 ] m_2. (44)

Therefore, we find that ϕ = 0 at θ_{13} = 0. For θ_{13} ≠ 0, the right-handed side of Eq.(44) can be approximated to be (1 − t_{23}t_{12}s̃^∗_{13})t^3_{23}c^2_{12}m_2, from which we derive

tan ϕ ≈ −t_{23}t_{12}s_{13} sin δ, (45)

numerically leading to tan ϕ ≈ −0.1 sin δ for the observed data. We expect that the magnitude of ϕ is at most 0.1.

Since we would like to discuss effects of the CPviolating Dirac phase δ on the creation of Y_L, we may consider the renormalization effects that modify the magnitude of δ when δ is promoted into Y_L. It has been discussed that the renormalization effect is rather insignificant for neutrinos in the normal mass hierarchy [33], where we reside now.

IV. NUMERICAL ANALYSIS

We perform numerical calculation of η_B by adopting the following parameters obtained from neutrino oscilla-

FIG. 2: Y^{(0)}_B , the appropriately normalized YB /M1, as a function of sin^2 θ13 and δ for (a) the a1 = 0 texture and (b) the b1 = 0 texture.

tions [12]:

Δm^2_1 [10^{−5} eV^2] = 7.62 ± 0.19,

Δm^2_{31} [10^{−3} eV^2] = 2.55^{+0.06}_{−0.09} , (46)

sin^2 θ_{12} = 0.320^{+0.016}_{−0.017} , sin^2 θ_{23} = 0.427^{+0.034}_{−0.027} ,

sin^2 θ_{13} = 0.0246^{+0.0029}_{−0.0028} , (47)

where Δm^2_{ij} = m^2_i − m^2_j for m_i specifying a mass of ν_i (i = 1, 2, 3). There is another similar analysis that has reported the slightly smaller values of sin^2 θ_{23} = 0.365 − 0.410 [13]. The created η_B should be consistent with the WMAP observed data [34] of

η_B = (6.2 ± 0.15) × 10^{−10}. (48)

To study the dependence of η_B on θ_{13}, δ and ϕ, we use Y^{(0)}_B as an appropriately normalized Y_B /M_1, which be-

FIG. 3: Y^{(0)}_B , the appropriately normalized YB /M1, as a function of δ for (a) the a1 = 0 texture and (b) the b1 = 0 texture.

FIG. 4: The same as in FIG.3 but for ϕ.

comes

Y^{(0)}_B ∝ ξ_B sin^2 θ_{13} sin (2δ − ϕ) . (49)

We have searched acceptable parameter regions by changing M_1 up to 10^{12} GeV for the a_1 = 0 texture and up to 5 × 10^{11} GeV for the b_1 = 0 texture to see how BAU is created and how BAU depends on θ_{13} and δ. The neutrino masses, mixing angles and η_B are constrained by their experimental data, Eqs.(46), (47) and (48), unless they are specified. Our theoretical predictions, which have been obtained by using certain approximations, are to be compared with numerical results obtained without such approximations. The results of our numerical analysis are shown in FIG.1-FIG.9:

1. In FIG.1 (a) for sin^2 θ_{13} ≤ 0.04, the angle θ_{SC} should satisfy 0.87 ≲ sin^2 θ_{SC} ≲ 0.99 to cover the observed range of Δm^2_1.

2. FIG.1 (b) for sin^2 θ_{13} ≤ 0.04 shows what extent the

FIG. 5: Y^{(th)}_B = sin(2δ − ϕ) with ϕ = − tan^{−1}(0.1 sin δ) as a function of (a) δ and (b) ϕ for the a1 = 0 texture, where figures for the b1 = 0 texture are obtained by plotting Y^{(th)}_B = − sin(2δ − ϕ) with ϕ = − tan^{−1}(0.1 sin δ).

FIG. 6: ϕ as a function of δ for (a) numerical calculation of ϕ and (b) ϕ = − tan^{−1} (0.1 sin δ)

general scaling rule of M_{τ τ} /M_{μτ} = −κ_τ t_{23} is satisfied and this scaling rule turns out to be satisfied within 70%.

3. FIG.2 shows how Y^{(0)}_B , the appropriately normalized Y_B /M_1, evolves with sin^2 θ_{13} and δ:

(a) The feature that Y^{(0)}_B increases as sin^2 θ_{13} increases appears for both textures although it starts decreasing around sin^2 θ_{13} ≈ 0.015 for the b_1 = 0 texture and the predicted proportionality of Y^{(0)}_B to sin^2 θ_{13} in Eq.(49) is more visible for the a_1 = 0 texture;

(b) The oscillating Y^{(0)}_B with δ is compatible with the prediction of Eq.(49), which is also compared with the results of FIG.3 and FIG.4;

(c) Leptogenesis starts creating BAU if 0 ≲ δ ≲ π/2 (mod π) for the a_1 = 0 texture and if

FIG. 7: ηB as a function of M1 and δ for (a) the a1 = 0 texture and (b) the b1 = 0 texture.

−π/2 ≲ δ ≲ 0 (mod π) for the b_1 = 0 texture.

4. When θ_{13} is restricted to the observed values, FIG.3 and FIG.4 can be used to examine the oscillating behavior found in FIG.2. The gross features of the oscillating behavior of Y^{(0)}_B in FIG.3 and of the Lissajous-like behavior of Y^{(0)}_B in FIG.4 can be accounted by the prediction of Eq.(49) as long as tan ϕ ≈ −0.1 sin δ from Eq.(45) is used to calculate ϕ. Namely, two graphs of Y^{(th)}_B = sin(2δ − ϕ) with tan ϕ = −0.1 sin δ plotted in FIG.5 for the a_1 = 0 texture depict similar shapes to those in FIG.3 (a) and FIG.4 (a). For the b_1 = 0 texture, Y^{(th)}_B = − sin(2δ − ϕ) with tan ϕ = −0.1 sin δ similarly accounts for the behavior of Y^{(0)}_B .

5. FIG.6 compares the result of the calculated ϕ as a function of δ with our prediction of ϕ =

FIG. 8: δ as a function of M1 to reproduce the observed ηB for (a) the a1 = 0 texture and (b) the b1 = 0 texture.

FIG. 9: The same as in FIG.8 but for |Mee|.

− tan^{−1} (0.1 sin δ), where we understand that our prediction plotted in FIG.6 (b) can simulate ϕ.

6. The minimum value of M_1 to reproduce the observed η_B can be determined by FIG.7 and, more explicitly, by FIG.8 to be:

(a) 1.5×10^{11} GeV (1.8×10^{11} GeV) if 0 < δ < π/2 (−π < δ < −π/2) for the a_1 = 0 texture;

(b) 6.5×10^{10} GeV (4.5×10^{10} GeV) if π/2 < δ < π (−π/2 < δ < 0) for the b_1 = 0 texture.

Since BAU inversely depends on | a^2_1 | + | a^2 | + | a^2_3 | , larger amount of η_B is expected for | a^2_{1,2,3} | ≪ | b^2_{,3} | corresponding to the b_1 = 0 texture that certainly allows M_1 to take smaller values as in (b).

7. When η_B and θ_{13} are consistent with the observed values, the correlation of δ with M_1 is shown in FIG.8, where its behavior can also be explained by the prediction of η_B ∝ ξ_B M_1 sin^2 θ_{13} sin(2δ − ϕ) with tan ϕ ≈ −0.1 sin δ.

(a) For the a_1 = 0 texture (ξ_B = 1), δ tends to approach 0 and π/2 as M_1 increases and this behavior is consistent with the prediction of the factor M_1 sin(2δ − ϕ) with |ϕ| ≲ 0.1, which tends to stay at the appropriate value corresponding to the observed η_B and which requires that |sin(2δ − ϕ)| gets smaller as M_1 gets larger and either δ ≈ 0 or δ ≈ π/2 (mod π) is a target value.

(b) For the b_1 = 0 texture (ξ_B = −1), the same reasoning leads to the behavior that δ tends to approach π/2 and π (mod π) as M_1 increases.

(c) Near the threshold to start creating the observed η_B , δ points to the value such that |sin(2δ − ϕ)| with |ϕ| ≲ 0.1 is nearly maximal and δ ≈ π/4 (mod π) is selected for the a_1 = 0 texture as can be read off from FIG.8 (a) while δ ≈ −π/4 (mod π) is selected for the b_1 = 0 texture as in FIG.8 (b).

8. |M_{ee}| to be measured by neutrinoless double beta decay [35] is computed to show FIG.9 when η_B and θ_{13} are consistent with the observed values, which describes the correlation of |M_{ee}| with M_1. We find that

(a) 1.2 meV ≲ |M_{ee}| ≲ 4.0 meV;

(b) |M_{ee}| starting around 3 meV increases up to around 4 meV or decreases down to around 1.5 meV as M_1 increases.

The behavior of |M_{ee}| is consistent with the known estimation of |M_{ee}| = | c^2_{13}s^2_{12}m_2e^{i(ϕ−2δ)} + s^2_{13}m_3 | once the constraint that M_1 sin 2δ is nearly constant is taken into account. For the a_1 = 0 texture, at δ = 0, δ = π/4 and δ = π/2 selected as the key values in list #6, scales of 4.3 meV, 3.3 meV (around the threshold) and 1.7 meV can be, respectively, calculated for ϕ = 0. Then, we expect that |M_{ee}| starting around 3.3 meV increases toward 4.3 meV or decreases toward 1.7 meV as shown in FIG.9 (a). The same explanation is possible for the b_1 = 0 texture in FIG.9 (b).

V. SUMMARY

We have found minimal seesaw models compatible with the generalized scaling ansatz of Eq.(1). The angle θ_{SC} is determined to be sin^2θ_{SC} = c^2_3 (M_{μτ} + t_{23}M_{μμ}) / [( 1 − t^2_3 ) M_{μτ} + t_{23}M_{μμ} ] , which satisfies 0.87 ≲ sin^2 θ_{SC} ≲ 0.99, where Δm^2_1 can stay in the observed range. The first seesaw texture is described by m_D = √ M_1a_1 √ M_2b_1 √ M_1a_2 √ M_2b_2 √ M_1 (−t_{23}a_2 + δa_3) √ M_2 (−t_{23}b_2 + δb_3) , (50) where sin^2 θ_{SC} = 0 is derived. The second seesaw textures consist of

m_D = 0 √ M_2b_1 √ M_1a_2 √ M_2b_2 √ M_1 (a_2/t_{23} + δa_3) √ M_2 (−t_{23}b_2 + δb_3) , (51)

where sin^2θ_{SC} = (a_2/t_{23})^2/ [ (a_2/t_{23})^2 + (t_{23}b_2)^2 ] , and

m_D = √ M_1a_1 0 √ M_1a_2 √ M_2b_2 √ M_1 (−t_{23}a_2 + δa_3) √ M_2 (b_2/t_{23} + δb_3) , (52)

where sin^2θ_{SC} = (b_2/t_{23})^2/ [ (t_{23}a_2)^2 + (b_2/t_{23})^2 ] . However, the second textures in the inverted mass hierarchy with m_3 = 0 cannot be connected to those at θ_{13} = 0 but are connected to the first texture with either a_1 = 0 or b_1 = 0. Therefore, the second textures should yield the normal mass hierarchy.

It is demonstrated that BAU vanishes for the second textures in the exact scaling limit. For the a_1 = 0 texture, the onset of CP-violations and θ_{13} ≠ 0 is signaled by the nonvanishing δb_3. Namely, BAU depends on a^∗_2δb_3, the CP-violating Dirac phase is approximated to be arg ( a^{∗2}_2 b_1δb_3 ) and θ_{13} is evaluated to give tan 2θ_{13} ≈ 2c_{23}s^2_3 | |b_1δb_3/a^2 | |. A similar conclusion is derived for the b_1 = 0 texture.

Our main prediction is η_B ∝ M_1 sin^2 θ_{13}sin(2δ−ϕ) for the a_1 = 0 texture and η_B ∝ −M_1 sin^2 θ_{13} sin (2δ − ϕ) for the b_1 = 0 texture together with tan ϕ ≈ −t_{23}t_{12}s_{13} sin δ. The features of η_B found in the numerical analysis based on the flavor-dependent leptogenesis turn out to be consistent with our predictions based on the simplified flavorindependent one:

1. The proportionality of η_B to sin^2 θ_{13} shows up and is more visible for the a_1 = 0 texture;

2. When θ_{13} is constrained to be the observed value, the oscillating η_B with δ and ϕ is well observed for both textures and is consistent with the prediction once the relation of tan ϕ ≈ −0.1 sin δ is included.

Leptogenesis starts creating the sufficient amount of BAU compatible with the WMAP observation if

1. M_1 ≳ 1.5 × 10^{11} GeV with 0 < δ < π/2 and M_1 ≳ 1.8 × 10^{11} GeV with −π < δ < −π/2 for the a_1 = 0 texture;

2. M_1 ≳ 6.5 × 10^{10} GeV with π/2 < δ < π and M_1 ≳ 4.5 × 10^{10} GeV with −π/2 < δ < 0 for the b_1 = 0 texture.

The M_1 dependence of δ to reproduce the observed η_B is determined by the constraint that M_1 sin(2δ−ϕ) is nearly constant. For M_1 to initiate leptogenesis, |sin(2δ − ϕ)| ≈

1 with |ϕ| ≲ 0.1 is required and δ is predicted to be near π/4 (mod π). On the other hand, for the larger M_1, sin(2δ − ϕ) ≈ 0 is required to lead to δ ≈ 0, π/2 (mod π). These two values are smoothly connected from δ ≈ π/4 (mod π) in the intermediate range of M_1. For |M_{ee}|, it is found that 1.2 meV ≲ |M_{ee}| ≲ 4.0 meV. The M_1 dependence of |M_{ee}|, which is a function of 2δ − ϕ, is understood in a similar way.

ACKNOWLEGMENTS The author would like to thank T. Kitabayashi for reading manuscript and useful comments.

[1] K. Abe et al. [T2K Collaboration], Phys. Rev. Lett. 107, 041801 (2011); P. Adamson et al. [MINOS Collaboration], Phys. Rev. Lett. 107, 181802 (2011); Phys. Rev. Lett. 106, 181801 (2011); Y. Abe et al. [Double Chooz Collaboration], Phys. Rev. Lett. 108, 131801 (2012); F. P. An et al. [Daya Bay Collaboration], Phys. Rev. Lett. 108 171803 (2012); J.K. Ahn et al. [RENO Collaboration], Phys. Rev. Lett. 108, 191802 (2012).

[2] S.M. Bilenky, J. Hosek and S.T. Petcov, Phys. Lett. B 94 (1980) 495; J. Schechter and J.W.F. Valle, Phys. Rev. D 22 (1980) 2227; M. Doi, T. Kotani, H. Nishiura, K. Okuda and E. Takasugi, Phys. Lett. B 102 (1981) 323; Ya.B. Zeldovich and M.Yu. Khlopov, Pis’ma Zh. Eksp. Teor. Fiz. 34 (1981) 148.

[3] M. Fukugita and T. Yanagida, Phys. Lett. B 174 (1986) 45. [4] P. Minkowski, Phys. Lett. B 67 (1977) 421; T. Yanagida, in Proceedings of the Workshop on the Unified Theory and Baryon Number in the Universe, KEK, 1979, edited by O. Sawada and A. Sugamoto (KEK report 79-18, 1979), p.95; Prog. Theor. Phys. 64 (1980) 1870; M. Gell-Mann, P. Ramond, and R. Slansky, in Supergravity, Proceedings of the Supergravity Workshop, Stony Brook, 1979, edited by P. van Nieuwenhuizen and D.Z. Freedmann (North-Holland, Amsterdam 1979), p.315; S.L. Glashow, in Proceedings of the 1979 Cargèse Summer Institute on Quarks and Leptons, Cargèse, 1979, edited by M. Lèvy, J.-L. Basdevant, D. Speiser, J. Weyers, R. Gastmans, and M. Jacob (Plenum Press, New York, 1980), p.687; R.N. Mohapatra and G. Senjanovic̀, Phys. Rev. Lett. 44 (1980) 912. See also, P. Minkowski, in Proceedings of the XI International Workshop on Neutrino Telescopes in Venice, Venice, 2005, edited by M. Baldo Ceolin (Papergraf S.p.A, Italy, 2005), p.7.

[5] Y. Fukuda et al., [Super-Kamiokande Collaboration], Phys. Rev. Lett. 81 (1998) 1562; Phys. Rev. Lett. 82 (1999) 2430; T. Kajita, Nucl. Phys. Proc. Suppl. 77 (1999) 123. See also, T. Kajita and Y. Totsuka, Rev. Mod. Phys. 73 (2001) 85.

[6] See for example, S.H. Ahn, et al., [K2K Collaboration], Phys. Lett. B 511 (2001) 178; Phys. Rev. Lett. 90 (2003) 041801.

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

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

[9] K. Eguchi et al., [KamLAND collaboration], Phys. Rev.

Lett. 90 (2003) 021802. K. Inoue, New J. Phys. 6 (2004) 147; S. Abe et al., [KamLAND collaboration], Phys. Rev. Lett. 100 (2008) 221803.

[10] B. Pontecorvo, Sov. Phys. JETP 7 (1958) 172 [Zh. Eksp.

Teor. Fiz. 34 (1958) 247]; Z. Maki, M. Nakagawa and S. Sakata, Prog. Theor. Phys. 28 (1962) 870.

[11] T. Endoh, S. Kaneko, S.K. Kang, T. Morozumi, and M. Tanimoto, Phys. Rev. Lett. 89 (2002) 231601; P.H. Frampton, S.L. Glashow, and T. Yanagida, Phys. Lett. B 548 (2002) 119; M. Raidal and A. Strumia, Phys. Lett. B 553 (2003) 72; R.G. Felipe, F.R. Joaquim, and B.M. Nobre, Phys. Rev. D 70 (2004) 085009.

[12] D.V. Forero, M. Tórtola and J.W.F. Valle, Phys. Rev. D 86 (2012) 073012.

[13] G.L. Fogli, E. Lisi, A. Marrone, D. Montanino, A.

Palazzo, and A.M. Rotunno, Phys. Rev. D 86 (2012) 013012; G.L. Fogli, “Global Analysis of Neutrino Oscillations (In the standard 3σ framework)”, Talk given at NEUTRINO 2012, The XXV International Conference on Neutrino Physics and Astrophysics, Kyoto, Japan, June 3-9 2012.

[14] See for example, F. Vissani, “A study of the scenario with nearly degenerate Majorana neutrinos” arXiv:hep-ph/9708483 (Aug., 1997); D.V. Ahluwalia, Mod. Phys. Lett. A 13 (1998) 2249; V. Barger, P. Pakvasa, T.J. Weiler and K. Whisnant, Phys. Lett. B 437 (1998) 107; A.J. Baltz, A.S. Goldhaber and M. Goldhaber, Phys. Rev. Lett. 81 (1998) 5730; M. Jezabek and Y. Sumino, Phys. Lett. B 440 (1998) 327; R.N. Mohapatra and S. Nussinov, Phys. Lett. B 441 (1998) 299.

[15] 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.

[16] H. Fritzsch and Z.-Z. Xing, Phys. Lett. B 372 (1996) 265. [17] T. Kitabayashi and M. Yasuè, Phys. Lett. B 696 (2011) 478; Phys. Lett. B 713 (2012) 713.

[18] Y. Kajiyama, M. Raidal and A. Strumia, Phys. Rev. D 76 (2007) 117301; W. Rodejohann, Phys. Lett. B 671 (2009) 267; A. Adulpravitchai, A. Blum and W. Rodejohann, New J. Phys. 11 (2009) 063026; G.-J. Dinga, L.L. Everett, and A.J. Stuart, ‘Nucl. Phys. B 857 (2012) 219.

[19] 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, Euro. Phys. J. C 70 (2010) 1099.

[20] T. Fukuyama and H. Nishiura, in Proceedings of International Workshop on Masses and Mixings of Quarks and Leptons, Shizuoka, 1997 edited by Y. Koide (World Scientific, Singapore, 1997), p.252; “Mass Matrix of Majorana Neutrinos”, arXiv:hep-ph/9702253; R.N. Mohapatra and S. Nussinov, Phys. Rev. D 60 (1999) 013002; Z.Z. Xing, Phys. Rev. D 61 (2000) 057301; Phys. Rev. D 64 (2001) 093013; Phys. Rev. D 64 (2001) 093013; E. Ma and M. Raidal, Phys. Rev. Lett. 87 (2001) 011802; [Erratum-ibid 87 (2001) 159901]; C.S. Lam, Phys. Lett. B 507 (2001) 214; W. Grimus and L. Lavoura, JHEP 0107 (2001) 045; T. Kitabayashi and M. Yasuè, Phys. Lett. B 524 (2002) 308; P.F. Harrison and W.G. Scott, Phys. Lett. B 547 (2002) 219; T. Ohlsson and G. Seidl, Nucl. Phys. B 643 (2002) 247.

[21] T. Kitabayashi and M. Yasuè, in Ref.[20]; W. Grimus, A.S. Joshipura, S. Kaneko, L. Lavoura, H. Sawanaka and M. Tanimoto, Nucl. Phys. B 713 (2005) 151; K. Yuda and M. Yasuè, Phys. Lett. B 693 (2010) 571.

[22] R. N. Mohapatra and W. Rodejohann, Phys. Lett. B 644 (2007) 59; A. Blum, R. N. Mohapatra, and W. Rodejohann, Phys. Rev. D 76 (2007) 053003; A.S. Joshipura and W. Rodejohann, Phys. Lett. B 678 (2009) 276; S. Goswami, S. Khan and W. Rodejohann, Phys. Lett. B 680 (2009) 255; S. Verma, Phys. Lett. B 714 (2012) 92; B. Adhikary, M. Chakraborty and A. Ghosal, Phys. Rev. D 86 (2012) 013015.

[23] M. Yasuè, Phys. Lett. B 718 (2012) 153.

[24] For the original scaling ansatz, see A. S. Joshipura, and W. Rodejohann, in Ref.[22].

[25] W. Grimus and L. Lavoura, J. Phys. G 30 (2004) 1073;

R.N. Mohapatra, S. Nasiri and H. Yu, Phys. Lett. B 615 (2005) 231.

[26] For the tribimaximal neutrino mixing, see S. Chang, S.K.

Kang and K. Siyeon, Phys. Lett. B 597 (2004) 78. [27] A. Anisimov, S. Blanchet and P. Di Bari, JCAP 0804 (2008) 033.

[28] S. Eidelman et al. (Particle Data Group), J. Phys. G 37 (2010) 075021. See also, L.-L. Chau and W.-Y. Keung, Phys. Rev. Lett. 53 (1984) 1802.

[29] M. Yasuè, “Phases of Flavor Neutrino Masses and CP Violation”, arXiv:1207.2318 [hep-ph] to appear in Phys. Lett. B.

[30] I. Aizawa and M. Yasuè, Phys. Lett. B 607 (2005) 256;

T. Kitabayashi and M. Yasuè, Phys. Lett. B 621 (2005) 133.

[31] L. Covi, E. Roulet and F. Vissani, PLB 384 (1996) 169. [32] A. Abada et al., JCAP 0604 (2006) 004: E. Nardi, Y.

Nir, E. Roulet and J. Racker, JHEP 0601 (2006) 164; A. Abada, S. Davidson, A. Ibarra, F. X. Josse-Michaux, M. Losada and A. Riotto, JHEP 0609 (2006) 010.

[33] See for example, S. Antusch, J. Kersten, M. Lindner and M. Ratz, NPB 674 (2003) 401; S. Antusch, J. Kersten, M. Lindner, M. Ratz and M.A. Schmidt, JHEP 0503 (2005) 024; R.N. Mohapatra, M.K. Parida and G. Rajasekaran, Phys. Rev. D 71 (2005) 057301; J.W. Mei and Z.Z. Xing, Phys. Rev. D 69 (2004) 073003; J.W. Mei, Phys. Rev. D 71 (2005) 073012; S. Luo, J.W. Mei and Z.Z. Xing, Phys. Rev. D 72 (2005) 053014; S. Luo and Z.Z. Xing, Phys. Lett. B 632 (2006) 341.

[34] E. Komatsu et. al., Astrophys. J. Suppl 180 (2009) 330. [35] For a recent review, see S. R. Elliott, Mod. Phys. Lett.

A 27 (2012) 1230009.