arXiv:hep-ph/0211378 v1 25 Nov 2002

Predictive Framework with a Pair of Degenerate Neutrinos at a High Scale

Anjan S. Joshipura^1, Saurabh D. Rindani^1 and N. Nimai Singh^2

1Theoretical Physics Group, Physical Research Laboratory, Navrangpura, Ahmedabad, 380 009, India 2 Dept. of Physics, Gauhati University, Guwahati, 781 014, India

Abstract

Radiative generation of the solar scale Δ_⊙ is discussed in the presence of leptonic CP violation. We assume that both the solar scale and U_{e3} are zero at a high scale and the weak radiative corrections generate them. It is shown that all leptonic mass matrices satisfying these requirements lead to a unique prediction Δ_⊙ cos 2θ_⊙ ≈ 4δ_τ sin^2 θ_A|m_{ee}|^2 for the solar scale in terms of the radiative correction parameter δ_τ , the physical solar (atmospheric) mixing angles θ_⊙(θ_A) and the Majorana neutrino mass m_{ee} probed in neutrinoless double beta decay. This relation is independent of the mixing matrix and CP-violating phases at the high scale. The presence of CP-violating phases leads to dilution in the solar mixing angle defined at the high scale. Because of this, bi-maximal mixing pattern at the high energy leads to large but non-maximal solar mixing in the low-energy theory. An illustrative model with this feature is discussed.

I. INTRODUCTION:

The neutrino masses and mixing pattern implied [1,2] by the neutrino oscillation experiments requires (i) two large mixing angles θ_⊙ and θ_A to explain respectively the results of the solar and the atmospheric neutrino experiments, (ii) corresponding mass scales Δ_⊙ and Δ_{atm} satisfying Δ_⊙ Δ_{atm}

≈ 3 × 10^{−2} (1)

and (iii) a third mixing angle which is very small θ_3 ≤ 9^0.

The smallness of θ_3 compared to other two large angles and that of^{Δ⊙}_{Δatm} are two of the major puzzles [3] in neutrino physics requiring theoretical explanation. One possibility is to suppose that some symmetry leads to vanishing of Δ_⊙ or θ_3 or both and its breaking is responsible for small values of these parameters. Vanishing of Δ_⊙ can be a consequence of lepton like U(1) or more general non-abelian symmetry such as SU(2)_H . The vanishing of θ_3 can also be attributed to some symmetry, e.g., L_e − L_μ − L_τ invariance [4] studied extensively in the literature. One needs to provide a mechanism for symmetry breaking in order to generate the solar scale. An economical possibility is to suppose that physics at a high scale leads to vanishing solar scale and the standard weak gauge bosons (and their superpartners in supersymmetric theory) are responsible for its generation at a low scale [5,6,7]. This provides a well-defined symmetry breaking pattern which can be deduced [8] by studying the evolution of the neutrino mass matrix through the renormalization group (RG) equations [9]. This evolution has been studied very extensively [10] with a different physical motivation.

Let us suppose that neutrino masses m_{νi} and the mixing angle θ_3 generated by physics at a high scale (e.g., seesaw mechanism) are given by

m_{νi} = (m, −m, m^′) ; sin θ_3 ≡ |(U_0)_{e3}| = 0 , (2)

where U_0 is the neutrino mixing matrix at the high scale. Clearly, a very large class of the neutrino and the charged lepton mass matrices can lead to eq.(2). The RG evolution provides a systematic way to study generation of the solar scale and U_{e3} at a low energy in all these models. It was found in [11] that all models of leptonic mass matrices leading to eq.(2) give a unique prediction for the solar scale when CP is conserved,

Δ_⊙ cos 2θ_⊙ = 4δ_τ s^2_A|m_{ee}|^2 + O(δ_μ, δ^2_τ ) . (3)

Here, m_{ee} is the effective neutrino mass probed in neutrinoless double beta decay (0νββ ) and δ_τ denotes [8] the size of the radiative correction induced by the Yukawa coupling of the τ : δ_τ ≈ c ( m_τ 4πv )_2 ln M_X M_Z . (4)

c =^3_2 , −^1_{cos2 β} in respective cases of the standard model (SM) and the minimal sypersymmetric standard model (MSSM).

This equation implies a strong correlation between the solar scale and m_{ee}. In particular, it requires that m_{ee} should be close to its present limit if the large mixing angle (LMA) solution [1] is to be reproduced. CP conservation was assumed in the analysis presented in [11]. When CP violation is allowed, the vanishing of Δ_⊙ at high scale implies that the first two masses are degenerate in eq.(2) only up to a phase. It is well-known [8,10,12] that CP violating phases can alter evolution of the neutrino masses in a non-trivial and drastic manner. It is thus important to include the effects of such phases. We find that the CP violating phases α, β associated with the neutrino masses influence the predicted value of the solar mixing angle θ_⊙ significantly but in such a way that the basic prediction eq.(3) obtained in a CP conserving theory remains unaffected. Unlike in eq.(3), the radiatively generated U_{e3} depends on the phases α and β. In the following, we derive these basic results and discuss their consequences.

II. ASSUMPTIONS AND RESULTS

A complex symmetric neutrino mass matrix can always be diagonalized by a unitary matrix U. This U can be identified with the MNS [13] matrix when the neutrino mass matrix is specified in the flavour basis. U is known to be determined by three mixing angles θ_i and three phases δ, α, β and can be parameterized as

U = R_{23}(θ_2)R_{13}(θ_3e^{−iδ})R_{12}(θ_1)diag.(1, e^{iα2} , e^{iβ2} ) (5)

The phase δ is analogous to the CKM phases and α, β are the phases associated with the Majorana masses.

We denote the neutrino mass matrix in the flavour basis at a high scale by M_{0ν} and the corresponding mixing matrix by U_0. The U_0 is obtained by choosing θ_3 = 0 in eq.(5). Explicitly,

U_0 = c_1 s_1 0 −c_2s_1 c_2c_1 s_2 s_1s_2 −c_1s_2 c_2

1 0 0 0 e^{iα}2 0 0 0 e^{iβ2}

. (6)

where c_1 = cos θ_1, s_1 = sin θ_1 etc.

The solar scale vanishes if

U^T_0 M_{0ν} U_0 = diag.(m, m, m^′) (7)

Several points are to be noted in connection with the above equation. • One can choose m and m^′ real and positive without loss of generality. The non-zero |m^{′2} − m^2| can be identified with the atmospheric scale Δ_{atm}.

• Given the mass ordering as in eq.(7), (U_0)_{e3} denotes the mixing element probed at CHOOZ. We assumed it to be zero which amounted to choosing θ_3 = 0 in eq.(5). This then implies that the CKM phase can be assumed zero at a high scale. CP violation is still present through non-vanishing α and β.

• The neutrino mass matrix M_{0ν} can be determined by inverting eq.(7):

M_{0ν} = U^∗_0 diag.(m, m, m^′)U^†_0 (8)

The matrix U_0 is however not unique. Degeneracy of masses in eq.(7) implies that U_0 is arbitrary up to an orthogonal transformation O_{12} by an angle θ^′_1 in the 12 plane. Thus U_0 and U_0O_{12} imply the same physics. This arbitrariness in U_0 amounts to the following redefinition of the angle θ_1 appearing in eq.(6):

|c_1| → |c_1c^′_1 − s_1s^′_1e^{iα2} | , |s_1| → |c_1s^′_1 + s_1c^′_1e^{iα2} | , (9)

This freedom implies that the solar angle corresponding to the 12 mixing cannot be uniquely defined at a high scale. Eq.(9) at the same time does not allow us to completely rotate away the solar angle unless α = 2nπ. The arbitrariness in defining the solar angle will be removed by the radiative corrections. We can thus set θ^′_1 to zero without loss of generality.

The matrix M_{0ν} determined by eq.(8) is modified by radiative corrections. The radiatively corrected form of M_{0ν} follows from the relevant RG equations. We assume RG equations corresponding to the SM or the MSSM. The modified neutrino mass matrix is given [8] in this case by

M_{0ν} → M_ν ≈ I_gI_t (I U^∗_0 diag.(m, m, m_3) U^†_0 I ) (10)

where I_{g,t} are calculable numbers depending on the gauge and top quark Yukawa couplings. I is a flavour dependent matrix given by I ≈ diag.(1 + δ_e, 1 + δ_μ, 1 + δ_τ ) . δ_{e,μ} are obtained from eq.(4) by replacing the tau mass by the electron and the muon masses respectively. The physical neutrino masses and mixing are obtained by diagonalizing the above matrix. We do this approximately by retaining the contribution of the tau Yukawa coupling and by working to the lowest order in δ_τ . The effect of radiative corrections is best seen by going to the basis in which the neutrino mass matrix M_{0ν} defined at high scale is diagonal. This is done through a rotation by the original U_0 on eq.(10)

M̃_ν ≡ U^T_0 M_ν U_0

≈ mI_gI_t 1 + 2δ_τ s^2_1s^2 −2δ_τ cos^α_2 c_1s_1s^2 δ_τ c_2s_2s_1(e^{iβ2} + re^{−iβ2} )

−2δ_τ cos^α_2 c_1s_1s^2 (1 + 2δ_τ c^2_1s^2) −δ_τ c_2s_2c_1(e^{−iχ} + re^{iχ})

δ_τ c_2s_2s_1(e^{iβ2} + re^{− iβ2} ) −δ_τ c_2s_2c_1(e^{−iχ} + re^{iχ}) r(1 + 2δ_τ c^2)

(11)

where r ≡^{m′}_m and χ ≡^{(α−β)}_2 .

Approximate diagonalization of the above matrix is straightforward. We omit the details of this diagonalization but mention the salient points.

• The structure of the upper 2×2 block in eq.(11) implies that the correction to the solar mixing angle arising from its diagonalization is not O(δ_τ ) but O(1) unless α = π. This is a well-studied phenomenon [8] which is sometimes referred to as radiative instability of the mixing angle. This feature is related here to the arbitrariness (eq.(9)) in defining the mixing angle at high scale. Perturbation present in eq.(11) helps in removing this ambiguity.

The upper 2 × 2 block of eq.(11) is diagonalized by

U_{12} = c̃_1 s̃_1 0 −s̃_1 c̃_1 0 0 0 1

, (12)

with tan 2θ̃_1 = − cos α 2 tan 2θ_1 , (13)

• The (13) and (23) elements of the matrix U^T_{12}M̃_ν U_{12} resulting after rotation through U_{12} are O(mδ_τ ) and the 33 element is approximately m^′. The effect of these offdiagonal elements is to induce additional mixing of the O(ϵ) where ϵ ≈^{mδτ}_{m′−m} ≈^{2m2δτ}_{Δatm} . This mixing is quite small for physically interesting mass range m ≤ O( eV). Thus a complete diagonalization of U^T_{12}M̃_ν U_{12} is performed by two additional rotations with mixing angles which are O(ϵ). Explicitly, U^T_{23}U^T_{13}U^T_{12}U^T_0 M_ν U_0U_{12}U_{13}U_{23} ≈ diag.(m_{ν1} , m_{ν2} , m_{ν3} ) . (14) The U_{13} is responsible for generation of the CHOOZ angle while U_{23} provides a small radiative correction to the atmospheric mixing angle θ_2. We neglect correction to θ_2 in the following. U_{13} is given by

U_{13} = c̃_3 0 s̃_3e^{iΨ} 0 1 0 −s̃_3e^{−iΨ} 0 c̃_3

, (15)

Eq.(14) gives us the complete mixing matrix which can be approximately written as U ≈ U_0U_{12}U_{13}

≈ c_⊙c̃_3e^{−iη} is_⊙e^{−iη} c_⊙s̃_3e^{i(Ψ−η)} ic_As_⊙c̃_3e^{i(η+α/2)} − s_As̃_3e^{(iβ/2−ψ)} c_Ac_⊙e^{i(η+α/2)} ic_As_⊙s̃_3e^{i(ψ+η+α/2)} + s_Ac̃_3e^{iβ/2} −is_As_⊙c̃_3e^{i(η+α/2)} − c_As̃_3e^{i(β/2−ψ)} −s_Ac_⊙e^{i(η+α/2)} −is_As_⊙s̃_3e^{iψ} + c_Ac̃_3e^{iβ/2} . (16)

where, c_⊙e^{iη} = (c_1c̃_1 − s_1s̃_1e^{−i α2} ) , s_⊙e^{iη} = i(c_1s̃_1 + s_1c̃_1e^{−i α2} ) , s_A = s_2 + O(δ_τ ) . (17)

θ_3 is radiatively generated and is given by

|U_{e3}| = |s_3| = |s̃_3c_⊙| = |δ_τ s_Ac_Ac_⊙s_⊙

1 + r 1 − r cos δ| ≈ |δ_τ sin 2θ_A sin 2θ_⊙ m^2 2Δ_{atm} cos δ| . (18)

where r ≡^{m′}_m can be expressed as: |r| = (1 ± Δ_{atm} m^2

)^{1/2} ≈ 1 ±

Δ_{atm} 2m^2

(19)

The positive (negative) sign in the above equation applies to the case m^′ > m (m^′ < m). All the phases appearing in eq.(23) are expressible in terms of the original phases α and β. Explicitly,

sin η = s_1 √ 2c_⊙ sin α 2 (1 − cos 2θ_1 cos 2θ_⊙

)^{1/2} , (20) β_L = π + β − α − 2η , (21) δ = − β_L 2 + O (Δ_{atm}

2m^2

)_2

. (22)

The mixing matrix in eq.(16) assumes the following simple form once non-leading terms of O(s̃_3) are neglected^1:

U ≡ U_0U_{12}U_{13} ≈ c_⊙ s_⊙ s_3e^{−iδ} −c_As_⊙ c_Ac_⊙ s_A s_As_⊙ −s_Ac_⊙ c_A

1 0 0 0 i 0 0 0 e^{iβL2} . (23)

It is clear from eqs.(13,17) that the radiative corrections have removed the ambiguity in the choice of the solar angle by fixing the θ^′_1 in eq.(9) to θ̃_1 given in eq.(13). The same equation also determines the phase η as given in eq.(20). Interestingly enough, the phase of

1In writing this form, we have made a phase rotation on eq.(16) from the left and right by two appropriate diagonal phase matrices P_{L,R}. The P_L is absorbed in redefining the charged lepton fields giving us the final eq.(23).

the second mass state (which was α at the high scale) is now determined to be π in eq.(23). This corresponds to (almost) equal and opposite neutrino masses at the low scale.

The major physical effects of the radiative corrections are generation of the solar scale, mixing angle θ_3 and the CKM phase δ which was absent at the high scale. The solar scale follows from the eigenvalues of eq.(11):

m_{ν1} ≈ I_gI_tm(1 + 2δ_τ s^2_As^2_⊙) + O(δ^2_τ ) , m_{ν2} ≈ I_gI_tm(1 + 2δ_τ s^2_Ac^2_⊙) + O(δ^2_τ ) , m_{ν3} ≈ I_gI_tm^′(1 + 2δ_τ c^2_A) + O(δ^2_τ ) . (24)

which lead to

Δ_⊙ ≡ m^2_{ν2} − m^2_{ν1} = 4I^2_g I^2_t m^2δ_τ s^2_A cos 2θ_⊙ + O(δ^2_τ ) . (25)

The Majorana mass m_{ee} is obtained using eqs.(23,24):

|m_{ee}|^2 ≡ |U^2_{ei}m_{νi} |^2 ≈ I^2_g I^2_t m^2 cos^2 2θ_⊙ + O(δ_τ ) , (26)

The initial phases α, β appear in the above equation only implicitly through the solar angle θ_⊙. This is a consequence of the fact that physical neutrinos resulting after the radiative corrections consist of a pseudo-Dirac pair with (almost) equal and opposite masses.

Eqs.(18,25) are predictions of the scheme. The common mass m I_gI_t of the degenerate pair can be identified with the electron neutrino mass m_{νe} probed through the direct neutrino mass search, e.g., in tritium beta decay [14]. It is also probed through measurement of the Majorana mass parameter m_{ee} [15]. One can in fact eliminate m from eq.(25) using eq.(26). This leads to the prediction (3) already mentioned in the introduction. This prediction involves only low energy measurable parameters and is independent of the CP violating phase.

III. PHENOMENOLOGICAL CONSEQUENCES

The five observables, namely θ_⊙, Δ_⊙, |m_{ee}|, m_{νe} = mI_gI_t and U_{e3}, are correlated through eqs.(3,18,25). We now study the consequences of this correlation. δ_τ is negative in case of the MSSM. This implies a negative Δ_⊙ cos 2θ_⊙ and hence only much less preferred dark region of the solar parameter space. This excludes the LMA and LOW solutions in case of the MSSM but the SM can easily allow them. These solutions are realized only for the specific range in |m_{ee}|. This is displayed in Fig.(1) where we show contours of the Δ_⊙ and the electron neutrino mass m_{νe} in the tan^2 θ_⊙-|m_{ee}| plane. The values of tan^2 θ_⊙ are restricted to the typical range ∼ 0.2 − 0.8 allowed by the LMA or LOW solution. For these values, one obtains a Δ_⊙ in the required range 10^{−4} − 10^{−5} eV^2 provided m_{ee} ∼ 0.1 − 1 eV. This value is close to the experimental limit [15]. We also show the contours corresponding to the electron neutrino mass m_{νe} equal to 0.5 eV and 2.0 eV in the same plot. It is seen that m_{νe} is restricted to lie in the range 0.5 − 2 eV in case of the LMA solution.

The predicted values of the |U_{e3}| are also shown in the figure. |U_{e3}| is seen to be restricted to a typical range ∼ 0.001 − 0.02 in the region of the m_{ee} − tan^2 θ_⊙ plane allowed by the LMA solution.

The results presented above are completely in terms of the low energy variables and do not need any knowledge of the parameters at the high scale. Let us now comment on possible choices of the high scale parameter. Eqs.(13,17) are equivalent to the relation

sin^2 2θ_⊙ = sin^2 2θ_1 sin^2 α 2 , (27)

The initial value of the solar mixing angle θ_1 is subject to the arbitrariness noted in eq.(9). We see that irrespective of this, any choice of θ_1 and α must satisfy

(sin^2 2θ_1, sin^2 α 2 ) ≥ sin^2 2θ_⊙ ∼ (0.6 − 0.9) . (28)

It is seen that the mixing angle is reduced compared to its value at a high scale. This is phenomenologically interesting. One of the preferred phenomenological schemes corresponds to bi-maximal mixing [16] which can arise from symmetry considerations. However, the present solar data do not favour strictly maximal mixing [1]. Eq.(27) shows that one can start with bi-maximal mixing at a high scale and radiative corrections would lead to the desired reduction provided the CP-violating phase α is chosen non-zero and different from π at a high scale. The presence of α also plays another important role. α = π and maximal solar mixing corresponds to vanishing m_{ee} with the consequence that the solar scale arise only at O(δ^2_τ , δ_μ), see eq.(3). The natural value for the solar scale lies in the vacuum region in this case [17,18]. An α different from π alters this and allows strictly bi-maximal mixing and a non-zero m_{ee} at a high scale.

The radiative reduction in the solar angle found here is to be contrasted with a similar analysis presented recently in [19]. This analysis assumed vanishing U_{e3} but a non-zero Δ_⊙ at the high scale itself. It was then found [19] that radiative corrections tend to increase the sin^2 2θ_⊙ compared to its value at the high scale. This does not allow bi-maximal mixing at the high scale in contrast to what is found here.

The analysis presented so far holds for all models satisfying eq.(2) at a high scale. While many possibilities exist, let us give an illustrative example which corresponds to bi-maximal mixing. This is specified by the following neutrino mass matrix in the flavour basis.

M_{0ν} = R_{23}(θ_2) a ib 0 ib a 0 0 0 m^′e^{−iβ} R^T_{23}(θ_2) , (29)

The parameters a, b, m^′ and θ_2 are assumed real.

Define the mixing matrix Ũ_0 as:

Ũ_0 = e^{− iα}4 R_{23}(θ_2) 1√ 2 1√ 2 e^{iα2} 0

−^{1√}_2^{1√}_2 e^{iα}2 0

0 0 e^{i β2}

. (30)

This matrix diagonalizes eq.(29): Ũ^T_0 M_{0ν} Ũ_0 = Diag.(m, m, m^′) , with tan α 2 = − b a , m^2 = (a^2 + b^2) . (31)

We thus have maximally mixed degenerate neutrinos at a high scale. The maximal θ_1 implies maximal θ̃_1 through eq.(13). The solar angle θ_⊙ and the low scale CP violating phase follows respectively from eq.(17) and eq.(20):

tan θ_⊙ = cot α 4 ; δ = π + α − 2β 4 It is seen that α ∼ π leads to large solar mixing. Specifically, b ∼ √ 3a leads to θ_⊙ ∼ 30^0. The radiatively generated solar scale can naturally fall in the LMA region as already discussed before in the general context. Eq.(29) in this way leads to the required pattern of neutrino masses and mixing.

The texture presented here is quite similar to the one studied in ref [17] which assumed zero a and a real ib. For the reasons already mentioned, this model leads only to the vacuum solution after radiative corrections are included. The presence of a and additional phase in b alters this and allows one to obtain the LMA solution.

It is possible [18] to obtain the above texture in the context of seesaw model by invoking additional horizontal^2 symmetry. One way [3] of realizing the above texture is to assume a charged lepton mixing matrix with only μ − τ mixing. This would generate R_{23} in eq.(29). The neutrino mass matrix in the weak basis is then given by the block diagonal form explicitly displayed in eq.(29). An explicit model was presented with these features in [18] in a CP conserving situation. We do not elaborate on it here since a trivial modification^3 of this model incorporating CP violation leads to the mass matrix presented in eq.(29).

IV. SUMMARY

The presently available information on neutrino oscillations can be nicely understood if two of the neutrinos pair up to form a pseudo-Dirac state. This can be obtained from a degenerate neutrino pair by means of standard radiative corrections. We discussed basic predictions of this picture including the important effects of the CP-violating phases. The scheme presented here has testable predictions: The LMA solution requires m_{ee} ∼ 0.1−1 eV close to its present limit, relatively small U_{e3} ∼ 0.001 − .01 and observable ∼ 0.5 − 2 eV neutrino mass in beta decay.

The CP violating phases α and β associated with the Majorana masses do not effect the basic prediction (3) of the scheme but play an important role in diluting the solar mixing angle defined at a high scale. This allows bi-maximal mixing at the high scale and large but non-maximal solar angle at the low scale in accordance with the demand of the current solar neutrino results.

Acknowledgments Nimai Singh wishes to acknowledge local hospitality at Physical Research Laboratory during initial part of this work.

2SU(2)_H symmetry has also been recently used in [20] to generate bimaximal mixing pattern.

3This modification amounts to assuming a non-zero vacuum expectation value (vev) for the CPodd field T^2 and vanishing vev for the CP even field T^1 in the notation of [18].

[1] For reviews of various models, see A.Yu. Smirnov, hep-ph/9901208; R.N. Mohapatra, hepph/9910365; A.S. Joshipura, Pramana, 54 (2000) 119; G. Altarelli and F. Feruglio, hepph/0206077; M.C. Gonzalez-Garcia and Y. Nir, hep-ph/0206077; A. Yu. Smirnov, hepph/0209131.

[2] M. Frigerio and A.Yu. Smirnov, Nucl. Phys. B640 (2002) 233 [hep-ph/0202247] and hepph/0207366.

[3] S. Barr and I. Dorsner, Nucl. Phys. B 585 (2000) 79.

[4] Anjan S. Joshipura, Phys. Rev. D 60 (1999) 053002; R.N. Mohapatra, A. Perez-Lorenzana and C.A. de Pires, Phys. Lett. B474 (2000) 355; Anjan S. Joshipura and S.D. Rindani, Phys. Lett. B 464 (1999) 239 and Eur. Phys. J. C14 (2000) 85; H. S. Goh, R. N. Mohapatra and S. P. Ng, hep-ph/0205131; L. Lavoura, Phys. Rev. D 62 (2000) 093011; W. Grimus and L. Lavoura, Phys. Rev. D62 (2000) 093012; J. of High Energy Phys. 07 (2001) 045; R.N. Mohapatra, hepph/0107274; Phys. Rev. D64 (2001) 091301; K.S. Babu and R.N. Mohapatra, Phys. Lett. B532 (2002) 77.

[5] L. Wolfenstein, Nucl. Phys. B 186 (1981) 147; S.T. Petcov, Phys. Lett. 110 B (1982) 245; C.N.

Leung and S. T. Petcov, Phys. Lett. 125 B (1983) 461. [6] Anjan S. Joshipura and S.D. Rindani, Phys. Lett. B494 (2000)114. [7] Anjan S. Joshipura and S.D. Rindani, hep-ph/0202064. [8] P.H. Chankowski and S. Pokorski, Int. J. of Mod. Phys. A17 (2002) 575. [9] K.S. Babu, C.N. Leung and J. Pantaleone, Phys. Lett. B 139 (1993) 191; P.H. Chankowaski, Z.

Pluciennik, Phys. Lett. B 316 (1993) 312; S. Antusch et al, Phys. Lett. B 519 (2001) 238 and Phys. Lett. B 525 (2002) 130.

[10] J. Ellis et al, Eur. Phys. J. C9 (1999) 310; J. Ellis and S. Lola, Phys. Lett. 110 458 (1999)

389; A. Casas et al, Nucl. Phys. B556 (1999) 3; Nucl. Phys. B569 (1999) 82; Nucl. Phys. B573 (2000) 652; JHEP, 9909 (1999) 015; A. Dighe and A.S. Joshipura, hep-ph/0010079; N. Haba et al, Phys. Lett. B 489 (2000) 184; N. Haba and N. Okamura, Eur. Phys. J. C14 (2000) 347; E.J. Chun, Phys. Lett. B505 (2001) 155; K. R. S. Balaji et al Phys. Rev. Lett. 84 (2000) 5034 and Phys. Lett. B481 (2000) 33; G. Dutta, hep-ph/0202097 and hep-ph/0203222; N. Haba, N. Okumura and M. Sugiura, Prog. Theor. Phys. 103 (2000) 367; S.F. King and N. Nimai Singh, Nucl. Phys. B591 (2000) 3 and Nucl. Phys. B596 (2001) 81.

[11] Anjan S. Joshipura, Phys. Lett. B543 (2002) 276 [hep-ph/0205038].

[12] N. Haba Y. Matsui and N. Okamura, Eur. Phys. J. C17 (2000) 513; N. Haba et al, Prog. Theor.

Phys. 103 (2000) 145;

[13] Z. Maki, M. Nakagawa and S. Sakata, Prog. Theor. Phys. 28 (1962) 870; [14] J. Bonn et al, Nucl. Phys. Proc. Suppl. 91 (2001) 273; Extensive discussion can be found in Y.

Farzan, O. Peres and A. Yu. Smirnov, hep-ph/0105105; F. Feruglio, A. Strumia and F. Vissani, hep-ph/0201291.

[15] H. V. Klapdor-Kleingrothaus et al, Eur. Phys. J. A12 (2001) 147; H. V. Klapdor-Kleingrothaus et al, Mod. Phys. Lett. A 16 (2001) 2409; C. E. Aalseth et al, hep-ex/0202018; H. L. Harney, hep-ph/0205293 and H. V. Klapdor-Kleingrothaus, hep-ph/0205228.

[16] Y. Nomura, and T. Yanagida, Phys. Rev. D59 (1999) 017303; S. Davidson and S. F. King, Phys.

Lett. B445 (1998) 191; R. N. Mohapatra and S. Nussinov, Phys. Rev. D60 (1999) 013002 and Phys. Lett. B441 (1998) 299; C. Jarlskog et al, Phys. Lett. B449 (1999) 240; M. Jezabek and Y. Sumino, Phys. Lett. B457 (1999) 139; Yue-Liang Wu, hep-ph/9905222; C.H. Albright and S. M. Barr, Phys. Lett. B461 (1999) 218; C. S. Kim and J. D. Kim, Phys. Rev. D61 (2000) 057302; R. N. Mohapatra and A. Perez-Lorenzana, Phys. Lett. B474 (2000) 355; Q. Shafi and Z. Tavartkiladze, Phys. Lett. B482 (2000) 145; A. Ghosal, Phys. Rev. D62 (2000) 092001; T. Kitabaysahi and M. Yasue, hep-ph/0006040; Y. Koide and A. Ghosal, Phys. Rev. D63 (2001) 037301; K. Choi et al Phys. Rev. D64 (2001) 113013; K. S. Babu and S. M. Barr, Phys. Lett. B525 (2002) 289; E. Ma, S. Roy and D. P. Roy, Phys. Lett. B525 (2002) 101; B. Brahmachari and A. S. Choubey, Phys. Lett. B531 (2002) 99; C. Giunti and M. Tanimotot, hep-ph/0207096.

[17] R. Barbieri et al, Phys. Lett. B445 (1999) 239 [18] Anjan S. Joshipura and S.D. Rindani, in preparation [19] T. Miura, T. Shindou and E. Takasugi, hep-ph/02060207. [20] R. Kuchimanchi and R. N. Mohapatra, hep-ph/0207110 and hep-ph/0207373.

FIG. 1. Contours of Δ_⊙ (dotted), |U_{e3}| (dashed) and the electron neutrino mass m_{νe} (solid) as a function of tan^2 θ_⊙ and m_{ee} (in eV). The upper (lower) curves correspond to Δ_⊙ = 10^{−4} (10^{−5}) eV^2, |U_{e3}| = 0.02 (0.01) and the m_{νe} = 2.0 (0.5) eV respectively.