arXiv:hep-ph/0206245 v2 29 Aug 2002

A Predictive Ansatz for Neutrino Mixing and Leptogenesis

Zhi-zhong Xing Institute of High Energy Physics, Chinese Academy of Sciences, P.O. Box 918 (4), Beijing 100039, China (Electronic address: xingzz@mail.ihep.ac.cn)

Abstract

We propose a non-SO(10) modification of the Buchmüller-Wyler ansatz for neutrino mixing and leptogenesis, in which charged lepton, Dirac and Majorana neutrino mass matrices have fewer free parameters. Predictions of this new ansatz for three light neutrino masses, three lepton flavor mixing angles, the neutrinoless double-β decay and the cosmological matter-antimatter asymmetry are all in very good agreement with current experimental and observational data.

PACS number(s): 14.60.Pq, 13.10.+q, 25.30.Pt

Typeset using REVTEX

I. INTRODUCTION

The atmospheric and solar neutrino oscillations observed in the Super-Kamiokande [1] and SNO [2] experiments have provided rather convincing evidence that neutrinos are massive and lepton flavors are mixed. To interpret the smallness of neutrino masses and the largeness of lepton flavor mixing angles, as indicated by current solar and atmospheric neutrino data, many theoretical models and phenomenological ansätze have been proposed [3]. Among them, the one proposed by Buchmüller and Wyler [4] is of particular interest, because (a) it is based on the simplest SO(10) lepton-quark mass relations [5] and the seesaw mechanism [6]; (b) it leads to quite specific predictions for the light neutrino masses, lepton flavor mixing angles, CP violation, and the neutrinoless double-β decay; and (c) it is able to predict the cosmological matter-antimatter asymmetry via a very attractive mechanism - leptogenesis [7].

The present paper aims to propose a non-SO(10) modification of the Buchmüller-Wyler ansatz, in order to account for current experimental data in a more accurate and more flexible way. To see why our effort makes sense, let us consider the following relation obtained by Buchmüller and Wyler [4]:

ϵ^2 ≈

(1 + tan^2 θ_{atm})^3 | tan^2 θ_{sun} − cot^2 θ_{sun}| · Δm^2_{sun} Δm^2_{atm}

, (1)

where ϵ is a small expansion parameter of the Dirac neutrino mass matrix; (Δm^2_{sun}, Δm^2_{atm}) and (θ_{sun}, θ_{atm}) are the mass-squared differences and mixing angles of solar and atmospheric neutrino oscillations, respectively. From current Super-Kamiokande [1] and SNO [2] data, one obtains

Δm^2_{sun} = (3.3 − 17) × 10^{−5} eV^2 , tan^2 θ_{sun} = 0.30 − 0.58 (2)

at the 90% confidence level [8]^1; and

Δm^2_{atm} = (1.6 − 3.9) × 10^{−3} eV^2 , sin^2 2θ_{atm} > 0.92 (3)

at the same confidence level [11]. Then it is straightforward to get ϵ > 0.1 from Eqs. (1), (2) and (3). This lower bound of ϵ is not consistent with ϵ ≈ √ m_u/m_c ≈ 0.04 − 0.08 obtained from the SO(10) relation between Dirac neutrino and up-type quark mass matrices (i.e., M_D = M_u [4]). Hence one may wonder whether a modification of the Buchmüller-Wyler ansatz is possible, so as to avoid any inconsistency with data or any fine-tuning of the parameter space.

It is obvious that the Buchmüller-Wyler ansatz will get much flexibility to accommodate the present data on solar and atmospheric neutrino oscillations, if the relevant SO(10)

1The best fit of current solar neutrino data in the large-angle Mikheyev-Smirnov-Wolfenstein (MSW) mechanism [9] yields Δm^2_{sun} = (5 − 7) × 10^{−5} eV^2 and tan^2 θ_{sun} = 0.35 − 0.45 [10].

lepton-quark mass relations are suspended. In this spirit, we propose a non-SO(10) modification of the Buchmüller-Wyler ansatz, in which charged lepton, Dirac and Majorana neutrino mass matrices have fewer free parameters. The predictability of such a new ansatz is expected to be more powerful. It is worthwhile to emphasize that we are following a purely phenomenological approach. We hope that the good agreement of our results with current experimental and observational data may shed light on some appropriate ways of model building, either within or beyond grand unified theories.

The remainder of this paper is organized as follows. In section 2, we specify the textures of charged lepton, Dirac and Majorana neutrino mass matrices, from which one may see both similarities and differences between the new ansatz and its original version. Section 3 is devoted to explicit predictions of this new ansatz for light neutrino masses, lepton flavor mixing angles, CP violation, neutrino oscillations, and the neutrinoless double-β decay. We calculate the lepton asymmetry in section 4, and translate it into the baryon asymmetry via leptogenesis. Finally, a brief summary is given in section 5.

II. LEPTON MASS MATRICES

A simple extension of the standard model is to include one right-handed neutrino in each of three lepton families, while the Lagrangian of electroweak interactions keeps invariant under the SU(2)_L × U(1)_Y gauge transformation [7]. After spontaneous symmetry breaking, the lepton mass term can be written as

− L_m = (e μ τ )_LM_l e μ τ R + (ν_e ν_μ ν_τ )_LM_D ν_e ν_μ ν_τ R + 1 2 (ν^c_e ν^c_μ ν^c_τ )_LM_R ν_e ν_μ ν_τ R + h.c. , (4) where ν^c_α ≡ Cν^T_α with C being the charge-conjugation operator (for α = e, μ, τ ); and M_l, M_D and M_R stand respectively for the charged lepton, Dirac neutrino and Majorana neutrino mass matrices. We expect that the scale of M_l and M_D is characterized by the gauge symmetry breaking scale v ≈ 175 GeV. The scale of M_R may be much higher than v, because right-handed neutrinos are SU(2)_L singlets and their mass term is not subject to the electroweak symmetry breaking. As a consequence, the 3 × 3 light neutrino mass matrix M_ν arises from diagonalizing the 6 × 6 neutrino mass matrix

M_ν = ( 0 M_D M^T_D M_R ) , (5)

and takes the seesaw form [6]

M_ν ≈ − M_DM^{−1}_R M^T_D . (6)

Given specific textures of M_D and M_R, one can calculate the mass eigenvalues of M_ν . The phenomenon of lepton flavor mixing at low energy scales stems from a non-trivial mismatch between diagonalizations of M_l and M_ν . In contrast, the lepton asymmetry at high energy scales depends on complex M_D and M_R [7].

Now let us propose a non-SO(10) modification of the Buchmüller-Wyler ansatz [4] for neutrino mixing and leptogenesis. First of all, we assume M_l and M_D to be symmetric matrices, just like M_R. Second, we assume that the (1,1), (1,3) and (3,1) elements of M_l, M_D and M_R are all vanishing in a specific flavor basis, in analogy to a phenomenologicallyfavored texture of quark mass matrices M_u and M_d [12]. Note that we do not invoke any direct relationship between (M_D, M_l) and (M_u, M_d) (such as M_D = M_u and M_l = M_d in the SO(10) grand unified theory [4]). Instead, we assume that the non-zero elements of M_D and M_l can be expanded in terms of the Wolfenstein parameter λ ≈ 0.22 [13]. It is well known that the mass spectra of charged leptons and quarks are hierarchical [14]: m_e m_τ ∼ λ^6 , m_μ m_τ ∼ λ^2 ; m_u m_t ∼ λ^8 , m_c m_t ∼ λ^4 ; m_d m_b ∼ λ^4 , m_s m_b ∼ λ^2 . (7)

We conjecture that M_D might have a similar hierarchy as M_d, but its dominant mass eigenvalue should be close to the electroweak symmetry breaking scale v ≈ 175 GeV. To be more explicit, we take

M_D = m_0

0 λ̂^3 0 λ̂3 xλ̂2 λ̂2 0 λ̂^2 e^{iζ} ,

M_l = m_τ

0 λ^4 0 λ^4 yλ^2 λ^3 0 λ^3 1 , (8)

where λ̂ ≡ λe^{iω}; (x, y) are real and positive coefficients of O(1); and m_0 ≈ v holds. It is easy to check that three mass eigenvalues of M_D have the hierarchy λ^4 : λ^2 : 1, and those of M_l have the hierarchy shown in Eq. (7). The hierarchical structure of M_l implies that its contribution to lepton flavor mixing is very small and even negligible. Thus we expect that large lepton mixing angles observed in solar and atmospheric neutrino oscillations are essentially attributed to the light neutrino mass matrix M_ν in our ansatz.

Because the (1,1), (1,3) and (3,1) elements of both M_R and M_D have been assumed to be vanishing, M_ν must have the same texture zeros via the seesaw relation in Eq. (6) [15]. To generate a sufficiently large mixing angle in the ν_μ-ν_τ sector to fit current Super-Kamiokande data on atmospheric neutrino oscillations [1], the (2,2), (2,3), (3,2) and (3,3) elements of M_ν should be comparable in magnitude. This requirement is actually strong enough to constrain the texture of M_R in a quite unique way, as first observed by Buchmüller and Wyler [4]. For our purpose, we obtain^2

2Note that M_R is given in terms of λ rather than λ̂. If both M_D and M_R were expanded in terms of λ̂, the resultant texture of M_ν would be unable to generate a large mixing angle in the ν_e-ν_μ sector.

M_R = M_0

0 λ^5 0 λ^5 zλ^4 λ^4 0 λ^4 1 , (9) where z is a real and positive coefficient of O(1), and M_0 ≫ v holds. The texture of M_ν turns out to be

M_ν = m^2_0 M_0

0 λ̂ 0 λ̂ z′ 1 0 1 e^{i2φ} , (10) where z^′ ≡ 2x − ze^{iω} with |z^′| ∼ O(1), and 2φ ≡ 2ζ − 5ω. Note that an overall phase factor e^{i(5ω−π)} has been omitted from the right-hand side of Eq. (10), since it has no contribution to lepton flavor mixing and CP violation at low energy scales.

We remark that the (2,2), (2,3), (3,2) and (3,3) elements of M_ν in Eq. (10) are all of O(1), from which a large mixing angle (around π/4) can be obtained for the ν_μ-ν_τ sector. It is due to such a prerequisite that the hierarchy of M_R can almost uniquely be fixed through the seesaw relation between M_R and M_ν . In other words, we essentially require little information about the ν_e-ν_μ sector of M_ν to arrive at Eq. (9)^3. As the ν_μ-ν_τ sector of M_ν is relatively insensitive to the renormalization effects from one scale to another [16], we expect that our phenomenological constraints on the texture of M_R at high energy scales make sense. To generate a large mixing angle in the ν_e-ν_μ sector to fit current Super-Kamiokande [1] and SNO [2] data on solar neutrino oscillations, the condition | | |z^′e^{i2φ} − 1 | | | ≡ δ ∼ O(λ) (11) must be satisfied [4,17]. Some instructive constraints on the parameter space of x, z, ω and ζ can be drawn from Eq. (11), as one will see below.

It is worthwhile at this point to comment on two major differences of the present ansatz from its original version [4]:

(a) We do not assume any SO(10) lepton-quark mass relations. Therefore the pattern of M_D can be taken as Eq. (8) with a structural hierarchy weaker than before. This modification will lead to a ratio of Δm^2_{sun} to Δm^2_{atm} at the percent level (i.e., ϵ^2 in Eq. (1) is replaced by λ^2), consistent very well with current experimental data. In this sense, we would say that the phenomenological success of this new ansatz may compensate for the theoretical cost for having discarded the simplest SO(10) mass relations.

(b) The number of free parameters in M_D and M_R is reduced from ten [4] to five (x, z, M_0, ω, and ζ). To do so, we have expanded M_D in terms of the complex parameter λ̂ and M_R in terms of the real parameter λ. Such a treatment is plausible, since the Majorana neutrino mass matrix M_R is a priori independent of the Dirac neutrino mass matrix M_D. While |λ̂| = λ holds by definition, it actually reflects the requirement of a large mixing angle in the ν_μ-ν_τ sector of M_ν , which imposes strict constraints on M_D and M_R via the seesaw mechanism. Because of the reduction of free parameters, the new ansatz is expected to have more powerful predictability.

3The ν_e-ν_μ sector of M_ν is generally sensitive to the renormalization effects, in particular when the corresponding mass eigenvalues (m_1 and m_2) are nearly degenerate [16].

III. NEUTRINO MIXING

The symmetric neutrino mass matrix M_ν in Eq. (10) can be diagonalized by a 3 × 3 unitary matrix V ,

V^†M_ν V^∗ = m_1 0 0 0 m_2 0 0 0 m_3 , (12)

where m_1, m_2 and m_3 are physical (real and positive) masses of three light neutrinos. As pointed out above, the contribution of M_l to lepton flavor mixing is expected to be very small and even negligible. Therefore the matrix V , which links the neutrino mass eigenstates (ν_1, ν_2, ν_3) to the neutrino flavor eigenstates (ν_e, ν_μ, ν_τ ), can well describe the dominant effects of lepton flavor mixing at low energy scales. Current experimental data on solar, atmospheric and reactor neutrino oscillations [1,2,18] strongly suggest that |V_{e3}| ≪ 1, |V_{e1}| ∼ |V_{e2}| and |V_{μ3}| ∼ |V_{τ 3}| hold. Then a parametrization of V needs two big mixing angles (θ_x and θ_y) and one small mixing angle (θ_z ) [19], in addition to a few complex phases. After some lengthy but straightfoward calculations, we obtain^4

V ≈ c_xe^{i(α−γ+π/2)} s_xe^{i(α−γ)} s_z e^{iα} −s_xc_ye^{i(β+γ+π/2)} c_xc_y e^{i(β+γ)} s_y e^{iβ} s_xs_y e^{i(ζ+γ+π/2)} −c_xs_y e^{i(ζ+γ)} c_y e^{iζ} , (13)

in which s_a ≡ sin θ_a and c_a ≡ cos θ_a (for a = x, y, z), α ≡ ω + ζ, β ≡ 5ω − ζ = ζ − 2φ, and 2γ ≡ arg(z^′e^{i2φ} − 1). The explicit expressions of three mixing angles (θ_x, θ_y, θ_z) are θ_x ≈ 1 2 arctan ( 2 √ 2 λ δ ) , θ_y ≈ 1 2 arctan (2 δ ) , θ_z ≈ 1 2 arctan ( λ √ 2 ) . (14)

In addition, three neutrino massses are given by

m_1 ≈ ( λ 2 √ 2 tan θ_x ) m_3 ,

m_2 ≈ ( λ 2 √ 2 cot θ_x ) m_3 ,

m_3 ≈ 2 m^2_0 M_0

. (15)

4Note again that an overall phase factor e^{i(π−5ω)/2} has been omitted from the right-hand side of Eq. (13), in accord with Eq. (10).

We can see that θ_z is as small as we have expected, and a normal neutrino mass hierarchy m_1 : m_2 : m_3 ∼ λ : λ : 1 shows up.

It is worth mentioning that our instructive results for (m_1, m_2, m_3) and (θ_x, θ_y, θ_z) will not get dramatic variations, if arbitrary coefficients of O(1) are taken for those non-zero elements in M_D and M_R. The reason is simply that the hierarchical structures of M_D and M_R guarantee a stable texture of M_ν , from which the light neutrino masses and flavor mixing angles can straightforwardly be derived. For instance, a replacement λ^4 =⇒ Aλ^4 with |A| ∼ O(1) for the (2,3) and (3,2) elements of M_R does not affect the pattern of M_ν in the leading-order approximation [4]. Given a replacement λ̂^2 =⇒ Bλ̂^2 with |B| ∼ O(1) for the (2,3) and (3,2) elements of M_D, the only variation of M_ν is that its corresponding (2,3) and (3,2) elements change from 1 to B. In this case, we find θ_x ≈ 1 2 arctan [ 2 √ 1 + |B|^2 λ δ ] , θ_y ≈ 1 2 arctan [ 2|B| 1 − |B|^2 + δ ] , θ_z ≈ 1 2 arctan [ 2|B|λ (1 + |B|^2)^{3/2} ] ; (16) and m_1 ≈ [ λ (1 + |B|^2)^{3/2} tan θ_x ] m_3 ,

m_2 ≈ [ λ (1 + |B|^2)^{3/2} cot θ_x ] m_3 ,

m_3 ≈ ( 1 + |B|^2

) m^2_0

M_0

. (17)

It is obvious that Eqs. (14) and (15) can be reproduced, respectively, from Eqs. (16) and (17) with the choice |B| = 1. Therefore, small deviations of |B| from unity do not give rise to significant changes of the results obtained in Eqs. (14) and (15). Note that an arbitrary coefficient of O(1) for the (3,3) element of M_D or M_R can always be absorbed through a redefinition of the mass scale m_0 or M_0. On the other hand, an arbitrary coefficient of O(1) for the (1,2) and (2,1) elements of M_D or M_R can also be absorbed via a redefinition of the perturbative parameter λ̂ or λ.

Some interesting implications of the simple results in Eqs. (14) and (15) are discussed in order.

(1) The hierarchy of three light neutrino masses allows us to determine the absolute value of m_3 from the observed mass-squared difference of atmospheric neutrino oscillations Δm^2_{atm} ≡ |m^2_3 − m^2| ≈ m^2_3. Using the recent Super-Kamiokande data listed in Eq. (2), we obtain

m_3 ≈ √ Δm^2_{atm} ≈ (4.0 − 6.2) × 10^{−2} eV . (18)

Given m_0 ≈ v for the Dirac neutrino mass matrix M_D, the mass scale of three heavy Majorana neutrinos turns out to be

M_0 ≈ 2 v^2 m_3

≈ (4.9 − 7.6) × 10^{14} GeV . (19)

We observe that this mass scale is not far away from the scale of grand unified theories Λ_{GUT} ∼ 10^{16} GeV.

(2) The small parameter δ defined in Eq. (11) can well be constrained, if we take account of current experimental data on the mass-squared difference of solar neutrino oscillations Δm^2_{sun} ≡ |m^2 − m^2_1| shown in Eq. (2). As the ratio R ≡ Δm^2_{sun}/Δm^2_{atm} is given by R ≈ δ 16 √ 8λ^2 + δ^2 ≈ (0.85 − 10.6) × 10^{−2} , (20)

we obtain δ ≈ 0.21 − 1.2 for λ ≈ 0.22. Note that δ > 0.5 is apparently in conflict with our original assumption δ ∼ O(λ) in Eq. (11). Therefore the reasonable range of δ should be δ ≈ 0.21 − 0.50, which leads in turn to R ≈ (0.85 − 2.5) × 10^{−2}. Subsequently we fix δ = √ 2λ ≈ 0.31 as a typical input.

(3) Using δ = √ 2λ, we explicitly obtain

θ_x ≈ 31.7^∘ , θ_y ≈ 40.6^∘ , θ_z ≈ 4.4^∘ . (21)

To a good degree of accuracy, the mixing factors of solar, atmospheric and reactor neutrino oscillations are associated respectively with θ_x, θ_y and θ_z [20]. From Eq. (14) or Eq. (21), we get

sin^2 2θ_{sun} ≈ sin^2 2θ_x ≈

8λ^2 8λ^2 + δ^2 ≈ 0.8 , sin^2 2θ_{atm} ≈ sin^2 2θ_y ≈ 4 4 + δ^2 ≈ 0.98 , sin^2 2θ_{rea} ≈ sin^2 2θ_z ≈ λ^2 2 ≈ 0.024 . (22)

Note that we have kept the δ-induced correction to sin^2 2θ_{atm}, in order to illustrate its small departure from unity (maximal mixing). The typical results in Eq. (22) are in good agreement with current Super-Kamiokande [1], SNO [2] and CHOOZ [18] data.

(4) Due to the mass hierarchy of three light neutrinos, our ansatz predicts a relatively small value for the effective mass term of the neutrinoless double-β decay: ⟨m⟩_{ee} ≡ 3∑ k=1 ( m_kV^2_{ek} ) ≈ λ^2 8 m_3

≈ (2.4 − 3.8) × 10^{−4} eV , (23)

which seems hopeless to be detected in practice. Indeed the present experimental upper bound is ⟨m⟩_{ee} < 0.35 eV at the 90% confidence level [21].

(5) CP or T violation in normal neutrino oscillations is measured by a universal and rephasing-invariant parameter J [22], which can be calculated as follows: J = | |Im(V_{e2}V_{μ3}V^∗_{e3}V^∗_{μ2}) | | ≈ λ^2 sin 2γ 4 √ 8λ^2 + δ^2

, (24) where

sin 2γ ≈ 2x δ sin 2φ − z δ sin(2φ + ω) . (25)

Because of x ∼ z ≫ δ ∼ λ, a significant cancellation on the right-hand side of Eq. (25) is naturally expected. There exists an interesting parameter space, in which x = 1 √ 2 , z = 1 + √ 2λ , ζ = −ω = π 4 . (26)

Considering Eq. (11), one may easily check that δ = √ 2λ does hold for the chosen values of x, z, ω and ζ. It is particularly amazing that sin 2γ = 1 holds in this case. Therefore we obtain J ≈ λ/(4 √ 10) ≈ 2%. CP violation at the percent level could be measured in the future at neutrino factories [23].

IV. LEPTOGENESIS

The symmetric neutrino mass matrix M_R in Eq. (9) can be diagonalized by a 3 × 3 unitary matrix U,

U^†M_RU^∗ =

M_1 0 0 0 M_2 0 0 0 M_3 , (27)

where M_1, M_2 and M_3 are physical (real and positive) masses of three heavy Majorana neutrinos. In the leading-order approximation, we obtain

M_1 ≈ λ^6 z M_0 ,

M_2 ≈ zλ^4M_0 , M_3 ≈ M_0 ; (28) and

U ≈ i λ z 0 −i λ z 1 λ^4 i λ^5 z − λ^4 1

. (29)

One can see that the masses of three heavy Majorana neutrinos perform a clear hierarchy. In view of Eq. (19), we arrive explicitly at

{M_1, M_2, M_3} ≈ { 5.2 × 10^{10}, 1.8 × 10^{12}, 6.0 × 10^{14} } GeV , (30) if M_0 = 6.0 × 10^{14} GeV and z = 1 + √ 2λ are typically taken.

A lepton asymmetry may result from the interference between tree-level and one-loop amplitudes of the decay of the lightest heavy Majorana neutrino with mass M_1 [7]. This asymmetry can be expressed, in the physical basis where M_R is diagonal and the Dirac neutrino mass matrix takes the form M_DU^∗ instead of M_D, as [24]

ε_1 ≈ − 3 16πv^2 · M_1 [U^TM^†_DM_DU^∗]_{11} 3∑ j=2 Im ( [U^TM^†_DM_DU^∗]_{1j}

)_2 M_j , (31)

where v ≈ 175 GeV denotes the electroweak scale. In writing out Eq. (31), we have taken account of the strong mass hierarchy M_1 ≪ M_2 ≪ M_3. With the help of Eqs. (8), (28) and (29), we get

ε_1 ≈ −

3λ^6 16π · x^2z sin 2ω − 2x(1 + x^2) sin ω + sin 2(2ω − ζ) z (1 + x^2 + z^2 − 2xz cos ω)

. (32)

Once the parameters x, z, ω and ζ are specified, one will be able to predict the magnitude of ε_1 from Eq. (32).

For the purpose of illustration, we adopt the specific parameter space given in Eq. (26) to evaluate the size of ε_1. The result is

ε_1 ≈ − λ^6 4π ( 1 − 23 √ 2 12 λ + 67 18 λ^2 ) ; (33)

or numerically ε_1 ≈ −5.2 × 10^{−6}. To translate this lepton asymmetry into the baryon asymmetry of the universe [7], one needs to calculate a suppression factor κ induced by the lepton-number-violating wash-out processes [25]. Note that κ depends closely on the following quantity:

K_R ≡

[U^TM^†_DM_DU^∗]_{11} 8πv^2 · M_{Pl} 1.66√g_∗M_1 ≈ 3 − √ 2λ + 6λ^2 16π · M_{Pl} 1.66√g_∗M_0 , (34)

which characterizes the out-of-equilibrium decay rate of the lightest heavy Majorana neutrino with mass M_1. In Eq. (34), g_∗ ≈ 100 represents the number of massless degree of freedom at the time of the decay, and M_{Pl} ≈ 1.22 × 10^{19} GeV is the Planck mass scale. Making use of the typical inputs taken above for Eq. (30), we arrive at K_R ≈ 73. The suppression factor κ can then be calculated with the help of an approximate parametrization [25] obtained from integrating the Boltzmann equations (for 10 ≤ K_R ≤ 10^6): κ ≈ 0.3 K_R · 1 (ln K_R)^{0.6}

≈ 1.7 × 10^{−3} . (35)

Finally we get an instructive prediction for the asymmetry between baryon (n_B) and antibaryon (n_{B̄}) numbers of the universe:

Y_B ≡ n_B − n_{B̄} s = cκε_1 g_∗ ≈ 4.7 × 10^{−11} , (36)

where s denotes the entropy density, and c = −8/15 describes the fraction of ε_1 converted into Y_B via sphaleron processes in the framework of three lepton-quark families and two Higgs doublets [26]. One can see that our result is consistent quite well with the observed baryon asymmetry, Y_B ≈ (1 − 10) × 10^{−11} [27].

Of course, one may go beyond the typical parameter space taken in Eq. (26) to make a delicate analysis of all measurables or observables, only if the condition in Eq. (11) is satisfied. It is remarkable that we can quantitatively interpret both the baryon asymmetry of the universe and the small mass-squared differences and large mixing factors of solar and atmospheric neutrino oscillations. In this sense, our ansatz is a complete phenomenological ansatz favored by current experimental and observational data, although it has not been incorporated into a convincing theoretical model. A number of different ansätze on leptogenesis and neutrino oscillations have recently been proposed [28,29], but some of them turn to be ruled out by the present Super-Kamiokande and SNO data.

Future neutrino experiments will test the present ansatz and help to distinguish it from other viable models in the following four aspects:

(a) Our ansatz predicts the ratio of Δm^2_{sun} to Δm^2_{atm} (i.e., R) to be around 1%. If more accurate solar and atmospheric neutrino data yield R < 0.5% or R > 5%, our ansatz will somehow become disfavored.

(b) The prediction of our ansatz for the smallest lepton mixing angle is quite certain: θ_z ≈ λ/(2 √ 2) (or 4.4^∘). This result may easily be examined in a variety of long-baseline neutrino oscillation experiments [30]. Some other ansätze [28] have given quite different predictions for θ_z , either much larger or much smaller than ours.

(c) The magnitude of ⟨m⟩_{ee} predicted by our ansatz (of order 10^{−4} eV) is too small to be measured in any proposed experiments for the neutrinoless double-β decay [31]. If an unambiguous signal of the neutrinoless double-β decay is observed in the near future, the present ansatz will definitely be ruled out.

(d) In our ansatz, the rephasing-invariant parameter of CP violation (i.e., J ) is predicted to be at the percent level. This strength of leptonic CP or T violation could be detected in the far future at neutrino factories [23]. Therefore, another criterion to discriminate between our ansatz and other viable models is to see how large the CP-violating effects can be in neutrino oscillations.

V. SUMMARY

In summary, we have proposed a non-SO(10) modification of the Buchmüller-Wyler ansatz for neutrino mixing and leptogenesis. Its consequences on the light neutrino masses, lepton flavor mixing angles, the neutrinoless double-β decay, and the baryon asymmetry are all in good agreement with current experimental and observational data. In particular, an indirect connection between the lepton asymmetry at high energy scales and CP violation in neutrino oscillations has shown up in such a specific ansatz. We expect that phenomenological ansätze of this nature will get more stringent tests in the era of long-baseline neutrino oscillation experiments. On the theoretical side, a deeper understanding of the origin of fermion masses, flavor mixing and CP violation becomes more desirable than before.

ACKNOWLEDGMENTS

The author would like to thank H. Fritzsch for warm hospitality in Universität München, where part of this work was done. He is also grateful to W. Buchmüller for enlightening discussions in Bamberg, and to H. Fritzsch for helpful comments in Amsterdam.

REFERENCES

[1] Super-Kamiokande Collaboration, Y. Fukuda et al., Phys. Lett. B 467 (1999) 185; S.

Fukuda et al., Phys. Rev. Lett. 85 (2000) 3999; Phys. Rev. Lett. 86 (2001) 5651; Phys. Rev. Lett. 86 (2001) 5656.

[2] SNO Collaboration, Q.R. Ahmad et al., Phys. Rev. Lett. 87 (2001) 071301; 89 (2002) 011301; 89 (2002) 011302.

[3] For recent reviews with extensive references, see: H. Fritzsch and Z.Z. Xing, Prog. Part.

Nucl. Phys. 45 (2000) 1; S.M. Barr and I. Dorsner, Nucl. Phys. B 585 (2000) 79; R.N. Mohapatra, in Current Aspects of Neutrino Physics, edited by D.O. Caldwell (Springer- Verlag, 2001), p. 217; S. King, talk given at Neutrino 2002, Munich, 25 - 30 May 2002; G. Altarelli and F. Feruglio, hep-ph/0206077, to appear in Neutrino Mass - Springer Tracts in Modern Physics, edited by G. Altarelli and K. Winter (2002).

[4] W. Buchmüller and D. Wyler, Phys. Lett. B 521 (2001) 291.

[5] H. Fritzsch and P. Minkowski, Annals Phys. 93 (1975) 193; H. Georgi, in Particles and Fields, edited by C.E. Carlson (AIP, NY, 1975), p. 575.

[6] T. Yanagida, in Proceedings of the Workshop on Unified Theory and Baryon Number in the Universe, KEK report 79-18 (1979), p. 95; M. Gell-Mann, P. Ramond, and R. Slansky, in Supergravity, edited by P. van Nieuwenhuizen and D. Freedman (North Holland, Amsterdam, 1979), p. 315; R.N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44 (1980) 912.

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

[8] V. Barger, D. Marfatia, K. Whisnant, and B.P. Wood, hep-ph/0204253; J.N. Bahcall, M.C. Gonzalez-Garcia, and C. Peña-Garay, hep-ph/0204413; P.C. de Holanda and A.Yu. Smirnov, hep-ph/0205241.

[9] S.P. Mikheyev and A. Yu Smirnov, Yad. Fiz. (Sov. J. Nucl. Phys.) 42 (1985) 1441; L.

Wolfenstein, Phys. Rev. D 17 (1978) 2369.

[10] A.Yu. Smirnov, talk given at Neutrino 2002, Munich, 25 - 30 May 2002. [11] M. Shiozawa (Super-Kamiokande Collaboration), talk given at Neutrino 2002, Munich, 25 - 30 May 2002.

[12] See, e.g., H. Fritzsch and Z.Z. Xing, Nucl. Phys. B 556 (1999) 49; Phys. Lett. B 353 (1995) 114; D. Du and Z.Z. Xing, Phys. Rev. D 48 (1993) 2349.

[13] L. Wolfenstein, Phys. Rev. Lett. 51 (1983) 1945.

[14] Particle Data Group, K. Hagiwara et al., Phys. Rev. D 66 (2002) 010001. [15] H. Fritzsch and Z.Z. Xing, in Ref. [3]; K. Matsuda, T. Fukuyama, and H. Nishiura, Phys. Rev. D 61 (2000) 053001.

[16] For a recent review with extensive references, see: P.H. Chankowski and S. Pokorski, Int. J. Mod. Phys. A 17 (2002) 575.

[17] F. Vissani, JHEP 9811 (1998) 25.

[18] CHOOZ Collaboration, M. Apollonio et al., Phys. Lett. B 420 (1998) 397; Palo Verde Collaboration, F. Boehm et al., Phys. Rev. Lett. 84 (2000) 3764.

[19] See, e.g., Z.Z. Xing, Phys. Lett. B 530 (2002) 159; Phys. Lett. B 533 (2002) 85; Phys.

Lett. B 539 (2002) 85.

[20] H. Fritzsch and Z.Z. Xing, Phys. Lett. B 517 (2001) 363; Z.Z. Xing, Phys. Rev. D 64 (2001) 073014; Phys. Rev. D 65 (2002) 113010.

[21] Heidelberg-Moscow Collaboration, H.V. Klapdor-Kleingrothaus, hep-ph/0103074; and references cited therein.

[22] C. Jarlskog, Phys. Rev. Lett. 55 (1985) 1039; H. Fritzsch and Z.Z. Xing, Phys. Rev. D 61 (2000) 073016.

[23] See, e.g., A. Blondel et al., Nucl. Instrum. Meth. A 451 (2000) 102; C. Albright et al., hep-ex/0008064; and references therein.

[24] See, e.g., M.A. Luty, Phys. Rev. D 45 (1992) 455; M. Flanz, E.A. Paschos, and U.

Sarkar, Phys. Lett. B 345 (1995) 248; L. Covi, E. Roulet, and F. Vissani, Phys. Lett. B 384 (1996) 169; M. Plümacher, Z. Phys. C 74 (1997) 549.

[25] E.W. Kolb and M.S. Turner, The early universe, Redwood City, USA: Addison-Wesley (1990); M. Plümacher, Nucl. Phys. B 530 (1998) 207; A. Pilaftsis, Int. J. Mod. Phys. A 14 (1999) 1811.

[26] J.A. Harvey and M.S. Turner, Phys. Rev. D 42 (1990) 3344. [27] K.A. Olive, G. Steigman, and T.P. Walker, Phys. Rep. 333 (2000) 389. [28] See, e.g., W. Buchmüller and M. Plümacher, Phys. Lett. B 389 (1996) 73; E. Ma and U.

Sarkar, Phys. Rev. Lett. 80 (1998) 5716; D. Falcone and F. Tramontano, Phys. Lett. B 506 (2001) 1; H.B. Nielsen and Y. Takanishi, Phys. Lett. B 507 (2001) 241; G.C. Branco, T. Morozumi, B.M. Nobre, and M.N. Rebelo, Nucl. Phys. B 617 (2001) 475; A.S. Joshipura, E.A. Paschos, and W. Rodejohann, JHEP 0108 (2001) 029; B. Brahmachari, E. Ma, and U. Sarkar, Phys. Lett. B 520 (2001) 152; M. Hirsch and S.F. King, Phys. Rev. D 64 (2001) 113005; F. Buccella, D. Falcone, and F. Tramontano, Phys. Lett. B 524 (2002) 241; M.S. Berger and K. Siyeon, Phys. Rev. D 65 (2002) 053019; W. Rodejohann and K.R.S. Balaji, Phys. Rev. D 65 (2002) 093009; G.C. Branco, R.G. Felipe, F.R. Joaquim, and M.N. Rebelo, hep-ph/0202030; M. Fujii, K. Hamaguchi, and T. Yanagida, hep-ph/0202210. W. Buchmüller, P. di Bari, and M. Plümacher, hepph/0205349.

[29] For recent reveiws with more references, see: W. Buchmüller and M. Plümacher, Int. J.

Mod. Phys. A 15 (2000) 5047; W. Buchmüller, hep-ph/0204288; J. Ellis and M. Raidal, hep-ph/0206174; J. Ellis, M. Raidal, and T. Yanagida, hep-ph/0206300.

[30] D. Wark, plenary talk given at ICHEP 2002, Amsterdam, 25 - 31 July, 2002. [31] G. Gratta, lecture given at Topical Seminar on Frontier of Particle Physics 2002: Neutrinos and Cosmology, Beijing, 20 - 25 August 2002.