arXiv:hep-ph/0605124 v1 11 May 2006

Neutrino Mass Squared Differences in the Exact Solution of a 3-3-1 Gauge Model without Exotic Electric Charges

ADRIAN PALCU

Department of Theoretical and Computational Physics - West University of Timişoara, V. Pârvan Ave. 4, RO - 300223 Romania

Abstract

The mass splittings for the Majorana neutrinos in the exact solution of a particular 3-3-1 gauge model are computed here in detail. Since both sin^2 θ13 ≃ 0 and the mass splittings ratio rΔ ≃ 0.033 are taken into account, the analytical calculations seem to predict an inverted mass hierarchy and a mixing matrix with a texture based on a very close approximation to the bi-maximal mixing. The resulting formulas for the mass squared differences can naturally accomodate the available data if the unique free parameter (a) gets very small values (∼ 10^{−15} ). Consequently, the smallness of the parameter requires (according to our method) a large breaking scale < ϕ >∼ 10^6 − 10^7 TeV in the model. Hence, the results concerning the neutrino mass splittings may lead to a more precise tuning in the exact solution of the 3-3-1 model of interest, being able - at the same time - to recover all the Standard Model phenomenology and predict the mass spectrum of the new gauge bosons Z^′, X, Y in accordance with the actual data. The minimal absolute mass in the neutrino sector is also obtained - m0 ≃ 0.0035 eV - in the case of our suitable approximation for the bi-maxcimal mixing.

PACS numbers: 14.60.St; 12.60.Fr; 12.60.Cn Key words: neutrino mass splittings, 3-3-1 models, exact solution

1 Introduction

The neutrino mass issue is one of the most effervescent still open questions in the nowdays physics. Since the successful Standard Model (SM) deals only with massless neutrinos that pair charged leptons in three left-handed flavor generations of the gauge group SU (3)_c ⊗SU (2)_L ⊗U (1)_Y , it appears obviously that any theoretical mechanism designed to generate neutrino masses must invoke some new physics beyond the SM and even a radically new framework. One such a natural extension of the SM emerged in the literature with the papers of Pisano, Pleitez and Frampton [1] - based on the new gauge group SU (3)_c ⊗ SU (3)_L ⊗ U (1)_Y - that opened a plethora of theoretical ways [2] to generate neutrino mases. These mathematical strategies have been developed eversince in order to accomodate the available data [3] regarding the solar and atmospheric neutrino oscillation experiments, but a final answer to this challenge has not been given yet.

The author proposed an original mechanism [4] in order to provide neutrino masses using the exact solution of a particular class of 3-3-1 models (namely, model D in [5]). The neutrinos are considered as Majorana fields and their mass matrix arises naturally from the Lagrangian of the model when particular tensor products among Higgs triplets are involved. This strategy works and relates the neutrino masses to the charged lepton ones, since the SSB takes place in the manner proposed by the general method of solving electro-weak gauge models with high symmetries [6]. It relies on a special parametrization of the Higgs sector that finally provides a one-parameter mass scale [4]. The one-parameter solution of the 3-3-1 model under consideration here has the advantage that it recovers all the SM phenomenology, it can predict the mass spectrum for the new bosons in the model and it needs no massive Majorana seesaw partners for physical neutrinos (even no seesaw mechanism at all). All these results are achieved just by tunig the unique remaining free parameter of the model. Besides, a large overall breaking scale seems to be required due to the smallness of the free parameter a. Calculation of the concrete expressions for the mass splittings within the one-parameter exact solution of the model is accomplished here by taking into account the condition sin^2 θ_{13} ≃ 0 which seems to be most likely, since the actual experimental investigations are not sensitive to any CP-phase violation in the lepton sector.

The paper is organized as follows. In Sec. 2 the neutrino mass matrix is obtained within the framework of the exact solution of the 3-3-1 model of interest. Then, the mass matrix is analytically diagonalized by solving an appropriate set of equations (Sec. 3). Consequently, the mass squared differences are computed and some phnomenological implications are discussed in Sec.4, where a certain texture to the mixing matrix is proposed. Our conclusions are sketched in the last section of the paper (Sec. 5).

2 Neutrino Mass Matrix in the 3-3-1 Model without Exotic Electric Charges

In the following we look for the neutrino masses, recalling the main results of the exact solution [4] of a 3-3-1 model without exotic electric charges (model D in [5]) and assuming the neutrino mixing in the manner presented in the excellent reviews of Bilenky [7]. All the standard notations of the field are considered and used below.

The neutrino mass splittings can be addressed only after defining the physical neutrino mass eigenstates. A unitary mixing matrix U (with U^+U = 1) is necessary for this purpose. It links the gauge-flavor basis to the physical one of the massive neutrinos: ν_{αL}(x) = 3∑ i=1 U_{αi}ν_{iL}(x) (1) where α = e, μ, ν (denoting gauge flavor-eigenstates) and i = 1, 2, 3 (denoting massive physical eigenstates). We consider hereafter the physical neutrinos as Majorana fields, i.e. ν^c_{iL}(x) = ν_{iL}(x). The neutrino mass term in the Yukawa sector yields then: −L_Y = 1 2 ν̄_LM ν^c_L + H.c (2)

with ν_L = | | ν_e ν_μ ν_τ | |^T_L where the superscripts T and c mean ”transposed” and ”charge conjugation” respectively, while subscript L means ”left-handed” component. The mixing matrix U that diagonalizes the mass matrix in the manner U^+M U = m_{ij} δ_j has in the standard parametrization the form:

U = | | | | | c_2c_3 s_2c_3 s_3e^{−iδ} −s_2c_1 − c_2s_1s_3e^{iδ} c_1c_2 − s_2s_3s_1e^{iδ} c_3s_1 s_2s_1 − c_2c_1s_3e^{iδ} −s_1c_2 − s_2s_3c_1e^{iδ} c_3c_1

| | | | | (3) where we have denoted sin θ_{23} = s_1, sin θ_{12} = s_2, sin θ_{13} = s_3, cos θ_{23} = c_1, cos θ_{12} = c_2, cos θ_{13} = c_3 for the mixing angles, and δ for the CP phase.

In order to generate the expected small Majorana masses for neutrinos, Ref. [4] proposed (within the exact solution of the 3-3-1 model D) an original and eficient method based on a new term in the Yukawa sector, namely: G_{αβL}f̄_{αL}Sf^c_{βL} + H.c., with S ∼ (1, 6, −2/3) and G_{αβ} as the coupling coefficients of the lepton sector. The proposed symmetric matrix S suitable for our purpose is constructed as S = ϕ^{−1} ( ϕ^{(η)} ⊗ ϕ^{(χ)} + ϕ^{(χ)} ⊗ ϕ^{(η)} ) . We recall that the exact solution of the 3-3-1 model of interest leads to the oneparameter matrix η = ( 1 − η^2_0 ) diag [ a/2 cos^2 θ_W , 1 − a, a ( 1 − tan^2 θ_W ) /2 ] which determines the Higgs sector ϕ^{(i)} = η^iϕ, i = 1, 2, 3 and the VEV alignment (successively the SSB) [4] in according to the general prescriptions of the method shown in Ref. [6].

Our procedure provides [4] the following symmetric mass matrix for the neutrinos involved in the model:

M = 4 | | | | | A D E D B F E F C

| | | | | < ϕ^{(η)} >< ϕ^{(χ)} > < ϕ > (4) while the charged leptons of the model acquire the masses m(e) = A < ϕ^{(ρ)} >, m(μ) = B < ϕ^{(ρ)} >, m(τ ) = C < ϕ^{(ρ)} >. Obviously, G_{ee} = A, G_{μμ} = B, G_{ττ} = C, G_{eμ} = D, G_{eτ} = E, G_{μτ} = F .

Based on the trace properties in (4), the mass ratio (neutrinos to charged leptons) yields: ∑ i m_i m(e) + m(μ) + m(τ ) = 4 < ϕ^{(η)} >< ϕ^{(χ)} > < ϕ^{(ρ)} >< ϕ > (5) where the left hand term of Eq. (5) is phenomenologically restricted by the actual data [8], while the right hand term can be tuned by means of certain theoretical computations. The latter is determined by the parameter choice (namely, the bijective mapping (η, ρ, χ) → (1, 2, 3)) that establish a certain VEV alignment. Therefore, in order to accomodate the data concerning the sum of the neutrino masses, one can accept only the Case I (see for details Sec. 4.3 in [4]) for which the parameter a (that determines the VEV alignment) has to be in the range a < 0.118·10^{−9}[4]. It follows naturally that < ϕ_1 >, < ϕ_3 >≪< ϕ_2 >. Under these circumstances, the mass matrix becomes:

M = | | | | | | m(e) D E D m(μ) F E F m(τ )

| | | | | | ( 2a √ 1 − a ) √ 1 − 2 sin^2 θ_W cos^2 θ_W (6) where - rigorously speaking - the new D, E, F in Eq. (6) differ from those in Eq. (4) by a factor < ϕ^{(ρ)} >. However this is not a reason to change the notations since they are amounts to be eliminated afterwards in our calculations.

3 Calculating Neutrino Masses

At the present level of knowledge, the absolute masses of the physical neutrinos are experimentally irrelevant. Instead, the mass squared differences - defined as Δm^2_{ij} = m^2_j −m^2_i - can offer significant data by observing the neutrino oscillations phenomenon. Their right order of magnitude is 7.1 × 10^{−5} eV^2 ≤ Δm^2_{12} ≤ 8.9 × 10^{−5} eV^2 (from solar and KamLAND data [3]) and 1.4 × 10^{−3} eV^2 ≤ Δm^2_{13} ≤ 3.3 × 10^{−3} eV^2 (from Super Kamiokande atmospheric data [3]). A systematic approach of the way to deal with them can be found in [10] and references therein. These data are compatible with either a normal mass hierarchy Δm^2_3 > 0 (m_1 < m_2 < m_3) or an inverted one Δm^2_3 < 0 (m_3 ≪ m_1 ≃ m_2).

For our purpose, the coupling constants in Eq. (4) are regarded as unknown variables and try to eliminate them by diagonalization the matrix M . This is equivalent (in the Majorana case) to a set of 6 linear equations with 9 variables which can supply the following generic solution for the physical neutrino masses: m_i = f_i [m(e), m(μ), m(τ )] ( 2a √ 1 − a ) √ 1 − 2 sin^2 θ_W cos^2 θ_W (7) with i = 1, 2, 3.

The concrete forms of f_is remain to be determined by solving the following set of equations:

m_1 = c^2m(e) + c^2_1s^2m(μ) + s^2_1s^2m(τ ) − 2c_1c_2s_2D + 2s_1s_2c_2E − 2c_1s_1s^2F 0 = c_2s_2m(e) − c^2_1c_2s_2m(μ) − s^2_1s_2c_2m(τ ) − (1 − 2s^2)s_1E + 2s_1s_2c_1c_2F 0 = −c_1s_1s_2m(μ) + c_1s_1s_2m(τ ) + c_2s_1D + c_1c_2E − (1 − 2s^2_1)s_2F m_2 = s^2m(e) + c^2_1c^2m(μ) + s^2_1c^2m(τ ) + 2c_1c_2s_2D − 2s_1s_2c_2E − 2c_1s_1c^2F 0 = s_1c_1c_2m(μ) − s_1c_1c_2m(τ ) + s_1s_2D + c_1s_2E + (1 − 2s^2_1)c_2F m_3 = s^2_1m(μ) + c^2_1m(τ ) + 2c_1s_1F (8) Since actual data are not sensitive to any CP-phase violation in the lepton sector we have taken into accound from the very beginning sin^2 θ_{13} ≃ 0 - as it can be easily observed by inspecting the shape of Eq. (8) - but the proposed values for the other two mixing angles will be embedded only in the resulting formulas for the neutrino masses (9). Thus, one obtaines after a few manipulations the following analytical equations:

m_1 = m(τ ) sin^2 θ_{12} sin^2 θ_{23} − m(μ) sin^2 θ_{12} ( 1 + sin^2 θ_{23} ) ( 1 − 2 sin^2 θ_{23} ) ( 1 − 2 sin^2 θ_{12} ) + m(e) ( 1 − sin^2 θ_{12} ) ( 1 − 2 sin^2 θ_{12} ) ,

m_2 = m(μ)(1 − sin^2 θ_{12} − sin^2 θ_{12} + 3 sin^2 θ_{12} sin^2 θ_{23}) − m(τ ) sin^2 θ_{23} ( 1 − sin^2 θ_{12} ) ( 1 − 2 sin^2 θ_{23} ) ( 1 − 2 sin^2 θ_{12} )

+ m(e) sin^2 θ_{12} ( 1 − 2 sin^2 θ_{12} ) ,

m_3 = m(τ ) ( 1 − sin^2 θ_{23} ) − m(μ) sin^2 θ_{23} 1 − 2 sin^2 θ_{23}

. (9)

A rapid investigation of the resulting equations can be made even at this stage.

• Note that some of the masses could come out negative (for certain combinations of angles), but this is not an impediment since for any fermion field a γ_5ψ transformation can be performed at any time, without altering the physical content of the theory. As a result of this manipulation the mass sign changes.

• Let’s observe that the analytical euqtions for the masses (9) strictly impose sin^2 θ_{12} ≠ 0.5 and sin^2 θ_{12} ≠ 0.5 , yet this does not forbid any closer approximation to the bi-maximal neutrino mixing.

• These equations also do not contradict the trace condition which requires indeed a finite neutrino mass sum independently of the values of the mixing angles. As a matter of fact, if one summes the three masses in (9), then the troublesome denominators disappear and the required (by Eq. (6)) value is recovered.

• The particular shape of the analytical neutrino masses is due to both the choice of the θ_{13} = 0 and the diagonal entries in the mixing matrix that are proportional to the charged lepton masses. Any other choice definitely leads to a different set of equations to be solved and, thus, to a different form of the solution.

• The mass splittings ratio is independent of the free parameter of the model, therefore its right value can be determined only by chosing appropriate values for the mixing angles.

• Assuming the structure of the mass spectrum in the charged lepton sector [9], one can neglect in Eqs. (9) all the terms except for those multipling m(τ ). That is, our analysis will rely on the following suitable approximation:

m_1 ≃ m(τ ) sin^2 θ_{12} sin^2 θ_{23} ( 1 − 2 sin^2 θ_{23} ) ( 1 − 2 sin^2 θ_{12} )

|m_2| ≃ m(τ ) ( 1 − sin^2 θ_{12} ) sin^2 θ_{23} ( 1 − 2 sin^2 θ_{23} ) ( 1 − 2 sin^2 θ_{12}

) (10)

m_3 ≃ m(τ ) ( 1 − 2 sin^2 θ_{12} ) ( 1 − sin^2 θ_{23} ) ( 1 − 2 sin^2 θ_{23} ) ( 1 − 2 sin^2 θ_{12} ) 4 Phenomenological Implications

One of the striking features of the above presented solution is that it requires in the most likely case (see below) an inverted hierarchy m_3 ≪ m_1 ≃ m_2, since the data [10] suggest the following limits for the solar mixing angle: (1/3) ≤ sin^2 θ_{12} ≤ (1/2). Hence, m_1 ≤ |m_2|holds in (10) as long as sin^2 θ_{12} ≤ 1/2. If the maximal atmospheric angle is embedded, then m_3 < m_1 is accomplished in (10) only if sin^2 θ_{12} > 1/3 which is quite a plausible prediction.

4.1 Case 1 (sin^2 θ_{23} ≃ 0.5)

We have already established that the most likely setting with maximal atmospheric angle occurs within the inverted hierarchy. In the following we exploit the mass splittings ratio r_Δ = Δm^2_{12}/Δm^2_3 that has to be fulfilled (r_Δ ≃ 0.033) by a certain value of the solar mixing angle. A suitable approximation will be performed in the denominators - which are identical for all the three terms in Eqs. (10) - only as the last step of the calculation, while for the moment we focus on the numerators which determine the splitting ratio. They are:

m_1 ∼ m(τ ) sin^2 θ_{12} |m_2| ∼ m(τ ) ( 1 − sin^2 θ_{12} ) (11)

m_3 ∼ m(τ ) ( 1 − 2 sin^2 θ_{12} ) Under these circumstances - i.e. inverted hierarchy - the mass ratio will have the form:

r_Δ = ( 1 − 2 sin^2 θ_{12} ) ( 2 − 3 sin^2 θ_{12} ) sin^2 θ_{12}

(12)

Since one takes as a good approximation in the numerator of Eq. (12) sin^2 θ_{12} ≃ 0.495, a reasonable value for r_Δcan result very close to the phenomenological value 0.033. (Actually, the value for sin^2 θ_{12}was inferred by solving the resulting equation (12) with the solar mixing angle as variable; a unique solution out of the two is suitable, while the other one is rejcted not belonging to [−1, 1])

Once the solar mixing angle has been established, the mass squared differences can be computed. The solar neutrino mass splitting is:

Δm^2_{12} = m^2(τ ) ( 1 − 2 sin^2 θ_{12} ) ( 1 − 2 sin^2 θ_{23}

)_2 ( a^2 1 − a ) 1 − 2 sin^2 θ_W 16 cos^4 θ_W

∼ 10^{25}a^2eV^2

(13) According to the data supplied by [9] for the Weinberg angle and tau lepton and assuming the approximation sin^2 θ_{23} = 0.4995, the resulting value for parameter a has to be ∼ 2 × 10^{−15} in order to fit the experimental condition Δm^2_{12} ≃ 8 × 10^{−5}eV^2. Consequently, this value of the parameter fits the atmospheric neutrino mass splittingΔm^2_3 ≃ 2.4 × 10^{−3} eV^2 as well. Such a small value for the free parameter determines a large VEV < ϕ >∼ 10^6 − 10^7TeV.

Thus, the bi-maximal condition seems to successfully accomodate our method. Moreover, it can predict even the minimal absolute mass in the neutrino sector. It is now expressed by:

m_3 ≃ m(τ ) ( 1 − 2 sin^2 θ_{23} ) ( a √ 1 − a ) √ 1 − 2 sin^2 θ_W cos^2 θ_W

(14)

and has the approximate value m_3 ≃ 0.0035 eV.

4.2 Case 2 (sin^2 θ_{12} ≃ 0.3)

Let’s have a look at this particular case. The question is whether the lower limit sin^2 θ_{12} ≃ 0.3 can supply a suitable setting in our method. A rapid estimation in this case confirms also an inverted herarchy where the numerators of the individual neutrino masses can be sufficiently well approximated as:

m_1 ∼ 0.3m(τ ) sin^2 θ_{23}

|m_2| ∼ 0.7m(τ ) sin^2 θ_{23} (15)

m_3 ∼ 0.4m(τ ) ( 1 − sin^2 θ_{23} ) A normal hierarchy would require - when comparing m_3 > m_2 - an unacceptable upper limit for the atmospheric angle sin^2 θ_{23} < 4/11 ∼ 0.36. Thus, sin^2 θ_{23} > 4/7 ∼ 0.57 which ensures m_3 < m_1 seems to be the unique acceptable possibility. Unfortunately, this leads to a similar equation to (12):

r_Δ =

4 sin^4 θ_{23} 3.3 sin^4 θ_{23} + 3.2 sin^2 θ_{23} − 1.6

(16)

that gives unacceptable solutions for sin^2 θ_{23}(both resulting values not belonging to [−1, 1]) when r_Δ = 0.033 is embedded in (16). Therefore, this case is ruled out.

5 Concluding Remarks

In conclusion, we consider that we have convincingly proved that our method of exactly solving gauge models with high symmetries [4, 6] when applied to the particular 3- 3-1 model without exotic electric charges can provide a realistic solution [4]. That is, it can recover all the SM phenomenology and predict a plausible mass spectrum for the new bosons Z^′, X, Y (their masses are ≥ 1 TeV, in good accordance to [9]). Furthermore, if a special Yukawa mechanism based on tensor products among Higgs triplets is implemented into the model, then neutrino masses can be generated in a natural way at the tree level without any approximation [4]. The resulting values can accomodate the available data concerning the mass splittin [8, 9, 10] just by tuning a unique free parameter (a) as we have just shown in the previous section, even though this requires a large breaking scale for one of the three VEVs < ϕ >∼ 10^6 − 10^7TeV (the overall scale). If one wants to separate the VEV question from the neutrino mass issue (and hence, getting lighter non-SM bosons), one has to add a new small parameter in a proper way in the parameter matrix of the Higgs sector. This mathematical artifice [11] will generate a canonical seesaw mechanism that can be naturally implemented in the model even at a low breaking scale ∼ 1TeV (the procedure to be presented elsewhere).

Concerning the texture of the mixing matrix obtained above (Sec. 4.1), note that this kind of settings were widely discused in the literature [12, 13, 14]. It implies - along with the inverted hierarchy - the approximate symmetry L_e − L_μ − L_τ [13]. Although some predictions of this scenario (one of them: the maximal solar mixing requirement, in the leading order of perturbations) are not in vogue, analyzing the topic is worthwhile (see [14] and references therein) since the issue of the neutrino matrix texture awaits more accurate evidence in the forthcoming experiments.

Our method definitely favors the bi-maximal mixing and inverted hierarchy for physical neutrinos.

References

[1] F. Pisano and V. Pleitez, Phys. Rev. D46, 410 (1992); P. H. Frampton, Phys. Rev.

Lett. 69, 2889 (1992); J. C. Montero, F. Pisano and V. Pleitez, Phys. Rev. D47, 2918 (1993); R. Foot, O. F. Hernandez, F. Pisano and V. Pleitez, Phys. Rev. D47, 4158 (1993); V. Pleitez and M. D. Tonasse, Phys. Rev. D48, 2353 (1993);

[2] T. Kitabayashi and M. Yasue, Phys. Lett. B503, 85 (2001); T. Kitabayashi, Phys.

Rev. D64, 057301 (2001); T. Kitabayashi and M. Yasue, Nucl. Phys. B609, 61 (2001); M. B. Tully and G. C Joshi, Phys. Rev. D64, 011301 (R) (2001); J. C. Montero, C. A. de Silva and V. Pleitez, Phys. Lett. B502, 167 (2001); J. C. Montero, C. A. de S. Pires and V. Pleitez, Phys. Rev. D65, 093017 (2002); Phys. Rev. D65, 095001 (2002); Phys. Rev. D66, 113003 (2002); We-Fu Chang and John N. Ng, Phys. Rev. D69, 056005 (2004); Chia-Hung V. Chang, We-Fu Chang and J. N. Ng, Phys. Lett. B558, 92 (2003); N. V. Cortez and M. D. Tonasse, Phys. Rev. D72, 073005 (2005).

[3] Super-Kamiokande Collaboration, Y. Ashie et al., hep-ex/0501064; Y. Fukuda et al., Phys. Rev. Lett. 81, 1562 (1998); Y. Ashie et al., Phys. Rev. Lett. 93, 101801 (2004); SNO Collaboration, Q. R. Ahmad et al., Phys. Rev. Lett. 87, 071301 (2001); Phys. Rev. Lett. 89, 011301 (2002); Phys. Rev. Lett. 89, 011302 (2002); S. N.Ahmed et al., Phys. Rev. Lett. 92, 081301 (2004); nucl-ex/0502021.; SNO Collaboration, Q. R. Ahmad et al., Phys. Rev. Lett. 87, 071301 (2001); Phys. Rev. Lett. 89, 011301 (2002); Phys. Rev. Lett. 89, 011302 (2002); S. N.Ahmed et al., Phys. Rev. Lett. 92, 081301 (2004); nucl-ex/0502021; KamLAND Collaboration, T. Araki et al., Phys. Rev. Lett. 94, 081801 (2005); K. Eguchi et al., Phys. Rev. Lett. 90, 021802 (2003); K2K Collaboration, M. H. Alm et al., Phys. Rev. Lett. 90, 041801 (2003); B. T. Cleveland et al., Astrophys. J. 496, 505 (1998); GALLEX Collaboration, W. Hampel et al., Phys. Lett. B447, 127 (1999); GNO Collaboration, M. Altmann et al., Phys. Lett. B490, 16 (2000); Nucl. Phys. Proc. Suppl. 91, 44 (2001); SAGE Collaboration, J. N. Abdurashitov et al., Phys. Rev. C60, 055801 (1999); Nucl. Phys. Proc. Suppl. 110, 315 (2002); Super-Kamiokande Collaboration, S. Fukuda et al., Phys. Rev. Lett. 86, 5651 (2001); M. Smy, hep-ex/0208004..

[4] A. Palcu, Mod. Phys. Lett. A21 (in press), 2006 [hep-th/0601057].

[5] W. A. Ponce, J. B. Florez and L. A. Sancez, Int. J. Mod. Phys. A17, 643 (2002).

[6] I. I. Cotăescu, Int. J. Mod. Phys. A12, 1483 (1997).

[7] S. M. Bilenky, C. Giunti and W. Grimus, Prog. Part. Nucl. Phys. 43, 1 (1999);

S. N. Bilenky and S. T. Petcov, Rev. Mod. Phys. 59, 671 (1987); S. N. Bilenky, hep-ph/0511227.

[8] C. Weinheimer et al., Nucl. Phys. Proc. Suppl. 118, 279 (2003); Ch. Kraus et al., Eur. Phys. J. C40 447 (2005); V. M. Lobashev et al., Prog. Part. Nucl. Phys. 48, 123 (2002); M. Tegmark, hep-ph/0503257.

[9] S. Eidelman et. al., Particle Data Group, Phys. Lett. B592, 1 (2004).

[10] R. N. Mohapatra et al., Theory of Neutrinos: A White Paper [hep-ph/0510213], R. N. Mohapatra and Yu. Smirnov hep-ph/0603118; M. Maltoni, T. Schwetz, M. A. Torola and J. F. W. Valle, New. J. Phys. 6, 122 (2004).

[11] A. Palcu (in preparation)

[12] V. Barger, S. Pakvasa, T. Weiler and Whisnant, Phys. Lett. B437, 107 (1998); G.

Altarelli and F. Feruglio, Phys. Lett. B439, 112 (1998); M. Jezabek and Y. Sumino, Phys. Lett. B440, 327 (1998); A. Baltz, A. S. Goldhaber and M. Goldhaber, Phys. Re. Lett. 81, 5730 (1998); D. V. Ahluwalia, Mod. Phys. Lett. B439, 112 (1998);

[13] S. T. Petcov, Phys. Lett. B110, 245 (1982); R. Barbieri, L. Hall, D. Smith, A.

Strumia and N.Weiner JHEP 12, 017 (1998); A. Joshipura and S. Rindani, Eur. Phys. J. C14, 85 (2000); R. N. Mohapatra, A. Perez-Lorenzana and C. A. de S.

Pires, Phys. Lett. B474, 355 (2000); L. Lavoura, Phys. Rev. D62, 093011 (2000); W. Grimus and L. Lavoura, Phys. Rev. D62, 093012 (2000); R. N. Mohapatra, Phys. Rev. D64, 091301 (2001); S. Babu and R. N. Mohapatra, Phys. Lett. B532, 77 (2002); H. S. Goh, R. N. Mohapatra and S. P. Ng, Phys. Lett. B542, 116 (2002); ; D. A. Dicus and H.-J. He and J. N. Ng, Phys. Lett. B536, 83 (2002); Q. Shafi and Z. Tavartkiladze, Phys. Lett. B482, 1451 (2000).

[14] P. H. Frampton, S. T. Petcov and W. Rodejohann, Nucl. Phys. B687, 31 (2004); G.

Altarelli, F. Feruglio and I. Masina, Nucl. Phys. B689, 157 (2004); S. Lavignac, I. Masina and C. A. Savoy, Nucl. Phys. B633, 31 (2002);A. de Gouvea, Phys. Rev. D67, 093007 (2004)