arXiv:hep-ph/0006343 v3 14 Jul 2000

University of Bergen, Department of Physics
   Scientific/Technical Report No. 2000-03
                         ISSN 0803-2696

hep-ph/0006343 June 2000

Vacuum and MSW interpretations of solar neutrino data with the LNW mass matrix

Per Osland and Geir Vigdel

Department of Physics, University of Bergen, Allegt. 55, N-5007 Bergen, Norway

Abstract

The Lehmann–Newton–Wu mass matrix, which was recently applied to neutrinos, is further investigated. The analytic results presented earlier are confirmed numerically for the solar density profile of the Standard Solar Model. The combined analysis of atmospheric and solar neutrino data favors the MSW solution over the vacuum-oscillation solution. The total rates from the solar neutrino detectors favor two regions in the (m_1, m_2, m_3) mass space, with the heaviest one, m_3 ¸ 0.05 eV. The spectrum distortion reported by the Super-Kamiokande collaboration favors one of these two regions, which has two light (m_1, m_2 <¸ 0.003 eV) neutrinos.

1 Introduction

Neutrino flavor transitions (e.g. ν_e → ν_μ) are the most widely accepted explanation of the atmospheric neutrino anomaly and the solar neutrino problem (SNP) [1]. In the most popular scenarios for such flavor conversions, vacuum oscillations and matter enhanced transitions (MSW) [2], the neutrino conversion and survival probabilities depend on two types of neutrino-specific parameters. One of them is the mixing matrix U defined from ν_α = ∑ U_{αi}ν_i, where α = e, μ, or τ and the sum runs over the mass states, ν_1, ν_2, ν_3.

The other is the differences of masses squared, Δm^2_{kj} = m^2_k − m^2_j , where the latter refer to the neutrino mass states ν_i. There is no widely accepted mass matrix, therefore the conventional way of analyzing the results from neutrino oscillation experiments is to consider the mixing matrix as independent of the mass-squared differences. But when we assume a certain mass matrix M in the Lagrangian (in a current basis) L = ν̄Mν + h.c., (1.1) then the mixing will explicitly depend on the masses through the diagonalization of M. The maximal mixing arising from the democratic texture [3] is a widely discussed example of this kind (see also [4]).

The mass matrix proposed by Lehmann, Newton and Wu (LNW) for quarks [5], was recently applied to neutrinos in [6], and gross features of the model were explored for solar and atmospheric neutrinos. We shall here examine the implications of that model in more detail, focusing on solar neutrinos, and compare the vacuum-oscillation scenario with the MSW scenario. Also, we will for the different cases discuss the energy spectrum of the recoil electrons induced by solar neutrinos. Constraints from atmospheric neutrino data will be taken into account.

2 The model

Let us briefly review the model being considered [5, 6]. One assumes that there are three neutrinos with a real mass matrix of the form: M = 0 d 0 d c b 0 b a , (2.1)

where b^2 = 8c^2. This symmetric mass matrix is diagonalized by the matrix U,

M_d = U^†MU, (2.2)

where M_d is a diagonal matrix whose entries are the mass eigenvalues. The diagonalization involves solving a cubic equation for a.

For an arbitrary set of mass eigenvalues, (m_1, m_2, m_3), the model yields two possible mixing matrices (two physical solutions of the cubic equation), referred to as Solution 1 and Solution 2 [6]. The corresponding mixing matrices U are displayed in Fig. 1 for m_2 ≤ m_3 (the physical region of the model extends a little beyond the triangle given by m_1 ≤ m_2 ≤ m_3). As illustrated in those figures, the mixing elements are determined by the two mass ratios m_1/m_3 and m_2/m_3.

Figure 1: Absolute values of mixing matrix elements, U_{e1}, U_{e2}, U_{e3}, . . . vs. m_1 and m_2 (m_3 = 1) for Solutions 1 and 2. Dotted contours: 0.1, 0.2, 0.3, 0.4; dashed: 0.5, 0.6, 0.7; solid: 0.8, 0.9 (regions above 0.5 are shaded). Phases are chosen such that the angles in Eq. (2.3) are positive. Elements (2, 2) and (3, 1) are negative.

The neutrino oscillation data give quite strong restrictions on both the mixing and the mass-squared differences, when treated as free parameters. Also, a model for the neutrino masses should not violate the experimental upper bounds on the neutrino masses [7]: m_{νe} <∼ 10 eV, m_{νμ} < 0.17 MeV, m_{ντ} < 18.2 MeV. Furthermore, it should satisfy the mass constraints from cosmology [8]: ∑ m_{νf} <∼ 94 eV, be capable of explaining the apparent oscillation of atmospheric neutrinos, with Δm^2 ∼ 10^{−3} eV^2, and give a plausible explanation of the SNP, with Δm^2 ∼ 10^{−10} eV^2 (vacuum oscillation) or Δm^2 ∼ 10^{−5} eV^2 (MSW). The natural scale implied by these values for the mass-squared differences is far too small to be in conflict with any of the above-mentioned mass bounds.

We denote the mass states in such a way that m_1 ≤ m_3. Of the two independent Δm^2_{kj} , one will be reserved for an explanation of the atmospheric neutrino anomaly, and the other will be assigned to a solution of the solar neutrino problem. Thus we are trying in one model to satisfy the two most serious neutrino problems. According to our notation, the smallest mass-squared difference will be either Δm^2_1 or Δm^2_{32}.

In the present model one can fit directly in terms of masses as opposed to mass-squared differences and mixing factors. When the values of the mixing elements are given by the masses, we do not expect as good a theoretical fit to the observed data as when these parameters are considered as independent. For given values of U and Δm^2_{kj} the probability expression for flavor conversion will be the same whether the mixing matrix is dependent on the masses or not. Therefore we know to some extent from the traditional analyses where in the parameter space we can expect acceptable fits for the model we are analyzing. For example, for solar neutrinos it is known that both vacuum- and matter-influenced neutrino transitions require small U_{e3} in order to give good fits. From Fig. 1 we see that this is achieved when both m_1/m_3 and m_2/m_3 are small. And from the same figure it is apparent that in this region the mixing elements U_{e1} and U_{e2} are very sensitive to small changes in the masses. This means that by small changes in the mass ratios, the mixing elements can be adjusted close to the best-fit values obtained when U and the masses are considered as independent.

Detector Observed Rate Predicted Rate Obs./Pred.

Homestake [9] 2.56 ± 0.16 ± 0.16 7.7^{+1.2}_{−1.0} 0.332 ± 0.029

SAGE [10] 67.2^{+7.2 +3.5}_{−7.0 −3.0} 129^{+8}_{−6} 0.521^{+0.062}_{−0.059}

GALLEX [11] 77.5 ± 6.2^{+4.3}_{−4.7} 129^{+8}_{−6} 0.601^{+0.058}_{−0.060}

Kamiokande [12] 2.80 ± 0.19 ± 0.33 5.15^{+1.0}_{−0.7} 0.544 ± 0.074

Super-K [13] 2.44 ± 0.05^{+0.09}_{−0.07} 5.15^{+1.0}_{−0.7} 0.474^{+0.020}_{−0.017}

Table 1: Measured and predicted (no oscillations) [14] event rates for solar neutrino detectors. The flux units for the three upper detectors are given in SNU, 1 event per second per 10^{36} target atoms. For the scattering detectors the fluxes are rated in units of 10^6 cm^{−2}s^{−1}. The rightmost column shows the fraction between observed and predicted fluxes.

In the analysis of the solar-neutrino data (summarized in Table 1) we will see that, for small values of m_1 and m_2, the two mixing solutions give approximately the same results.

In the traditional analyses of the data from neutrino-oscillation experiments one often expresses the amount of mixing in terms of angles. We adopt the following, common parameterization of the mixing matrix [7]:

U = c_{12} c_{13} s_{12} c_{13} s_{13} −c_{12} s_{13} s_{23} − s_{12} c_{23} −s_{12} s_{13} s_{23} + c_{12} c_{23} c_{13} s_{23} −c_{12} s_{13} c_{23} + s_{12} s_{23} −s_{12} s_{13} c_{23} − c_{12} s_{23} c_{13} c_{23}

, (2.3)

where c_{12} = cos θ_{12}, s_{12} = sin θ_{12}, etc. This will be particularly useful when we discuss the MSW mechanism. If θ_{13} = 0 we get the two-generation case.

For vacuum oscillations as well as for the MSW scenario, we shall discuss four cases, small Δm^2_1, small Δm^2_{32}, together with Solutions 1 and 2.

3 Atmospheric-neutrino constraints

We shall not here perform a detailed χ^2 fit to the atmospheric-neutrino data. Instead, we will use best-fit values for U and Δm^2_{kj} from the literature as constraints and compare those with the acceptable regions we find for the solar neutrino data. The experimental data indicate that the “missing” muon neutrinos can be explained by a close to maximal ν_μ ↔ ν_τ oscillation [15], which requires small U_{e3}. Also, the result from the CHOOZ experiment [16], interpreted in terms of three generations and our choice for the Δm^2_{kj} -values, indicates small U_{e3}. For masses where our model gives good fits to the solar neutrino data, we actually have U_{e3} ≪ 1. This criterion allows us to neglect matter effects for atmospheric neutrinos [17].

With three neutrino families the oscillation probability between arbitrary flavor states can be written as P_{να↔νβ} (R) = δ_{αβ} − 4 ∑ j<k [U_{αj} U_{βj} U_{αk}U_{βk}] sin^2 ( Δm^2_{kj} R 4E ) , (3.1)

where R is the distance traveled since the neutrinos were created, and E is the neutrino energy.

For the case of atmospheric neutrinos, the factor R/E is quite small as compared with the case of solar neutrinos. Thus, the term in Eq. (3.1) with a small Δm^2_{kj} (henceforth referred to as the SNP value, ∼ 10^{−5} eV^2 or ∼ 10^{−10} eV^2) can be neglected. When this small SNP term involves Δm^2_1 we get

P_{νμ↔ντ} (R) ≃ 4U^2_{μ3}U^2_{τ 3} sin^2 ( Δm^2_{31}R 4E ) , (3.2)

where we use the approximation Δm^2_{31} ≃ Δm^2_{32}. From [15] we know that the best fit between data and the oscillation hypothesis occurs at Δm^2_{31} ∼ 3.2 × 10^{−3} eV^2. This means that the lowest possible value of the heaviest mass state is m_3 = O(0.05 eV).

In Fig. 2 we have plotted the amplitude in Eq. (3.2) for Solutions 1 and 2. One should keep in mind that the approximation leading to Eq. (3.2) is only satisfied close to the diagonal, m_1 = m_2. For Solution 1, an unrealistically large m_2/m_3 would be needed to get an acceptable ν_μ − ν_τ mixing. For Solution 2, we observe that large ν_μ − ν_τ mixing could be reached for values of Δm^2_1 which are marginally compatible with the solar-neutrino constraints. We also note that the Δm^2_1 which is required for the MSW effect will allow a larger amplitude for atmospheric-neutrino transitions than a mass-squared difference relevant for the vacuum oscillation solution to the SNP, since the MSW effect requires a larger m_2.

When Δm^2_{32} assumes the SNP value, i.e., m_2 ≃ m_3, then the atmospheric ν_μ → ν_τ transition probability can be written as P_{νμ↔ντ} (R) ≃ 4U^2_{μ1}U^2_{τ 1} sin^2 (Δm^2_{31}R/4E) instead of (3.2), where we have used the approximation Δm^2_{31} ≃ Δm^2_1. The maximal amplitude for this oscillation is about 0.5 for both mixing solutions. This value is too low to be of real interest.

Figure 2: Amplitude 4U^2_{μ3}U^2_{τ 3} as function of mass ratios m_1/m_3 and m_2/m_3, relevant for atmospheric neutrinos under the assumption of small Δm^2_1. The maximal values are around 0.9 and 1 for Solutions 1 and 2, respectively. Contours corresponding to 0.7 and 0.9 are indicated.

In summary, the atmospheric-neutrino data favor parameters corresponding to Solution 2 with Δm^2_1 ≪ Δm^2_{31} ≃ Δm^2_{32}. They also favor the MSW solution for the solarneutrino problem, since this mechanism requires a larger m_2, and thus a larger amplitude for atmospheric-neutrino oscillations.

4 Vacuum oscillations

Vacuum oscillations provide a plausible solution to the solar-neutrino problem [18, 19]. In this scenario, the length of the relevant oscillation cycle (see Eq. (3.1)) is about one Sun- Earth distance, i.e. ∼ 1.5×10^{11} m. The corresponding Δm^2_{kj} is several orders of magnitude smaller than the one which is relevant for atmospheric neutrinos. As mentioned, it will be either Δm^2_1 or Δm^2_{32} which is relevant for solar neutrinos. Thus, the allowed values of Δm^2_{32} will be of the order relevant for either atmospheric or solar neutrinos.

One necessary condition for acceptable fit between data and the vacuum oscillation hypothesis is that the smallest Δm^2_{kj} ∼ 10^{−10} eV^2. The other independent mass-squared difference is held fixed at 3.2 × 10^{−3} eV^2, in order to be able to accommodate the atmospheric neutrino data. To find the optimal mixing matrix we have to search through a large number of values for the mass ratios m_1/m_3 and m_2/m_3, which we do by varying m_1 and Δm^2_1.

4.1 Small Δm21

The interesting region is here close to the diagonal in the m_1–m_2 plane (see Fig. 1). The best fit is achieved at m_1 = 3.1 × 10^{−6} eV, Δm^2_1 = 8.0 × 10^{−11} eV^2 which gives χ^2 = 4.1. This χ^2-value is about 0.1% higher than the value obtained in an analysis where U and Δm^2_{kj} are treated as independent. This good agreement is explained by the high sensitivity of the mixing matrix to the mass values. Fig. 3 shows how the relevant mixing elements depend on m_1 when Δm^2_1 and Δm_{32} are held fixed at 8.0×10^{−11} eV^2 and 3.2×10^{−3} eV^2, respectively. As can be seen from this figure, the mixing solutions are equal for m_1 . 10^{−3} eV. For Solution 1, U_{μ3} ≪ 1, which means no ν_μ ↔ ν_τ for atmospheric neutrinos. For Solution 2 this amplitude is ∼ 0.4. This value is unchanged over a broad range of mass values, including the best fit value for the solar neutrino solution. In Fig. 4 we have plotted the χ^2 values corresponding to Fig. 3. When m_1 is reduced beyond the best-fit value, the mixing matrix approaches the identity matrix, hence the fit becomes poor.

Figure 3: Dependences of U_{e1}, U_{e2} and U_{e3} on m_1. The mass-squared differences Δm^2_1 and Δm^2_{32} are held fixed at 8.0 × 10^{−11} eV^2 and 3.2 × 10^{−3} eV^2, respectively. The two solutions are equal up to m_1 ≃ 10^{−3} eV. For Solution 1, the mixing element U_{e3} is close to zero for all values of m_1.

4.2 Small Δm232 (m2=m3 ’ 1)

In this case we can not get an equally good fit for solar neutrinos as we had for small Δm^2_1. It turns out that the best fit is achieved when we, in the expression (3.1), have vanishing amplitude for the oscillation factors containing the largest Δm^2_{kj} [18]. This can

Figure 4: Fit to the solar-neutrino data for small Δm^2_1. The values for that parameter and for Δm^2_{32} are the same as in Fig. 3. The best fit gives χ^2 = 4.1 at m_1 = 3.1 × 10^{−6} eV.

not be achieved within the model, neither for Solution 1 nor for Solution 2, see Fig. 1. For Solution 1 the best fit gives χ^2 ≃ 6.1, while for Solution 2 one gets U_{e2} ≃ U_{e3} ≃ 1/ √ 2, with the best fit result χ^2 ≃ 5.0. Also, the relevant amplitude for atmospheric neutrino oscillations would be rather low in this case.

4.3 Summary on vacuum oscillations

If we consider only the SNP, none of the best fits can be excluded. The best-fit point is achieved with small Δm^2_1 and at practically the same mass values for Solutions 1 and 2. Including atmospheric neutrino data, the preferred solution would be small Δm^2_1 and Solution 2. But the maximum possible oscillation amplitude for ν_μ ↔ ν_τ is only 0.4, so the vacuum oscillation solution to the SNP is disfavored by the model in [6]. On the other hand, the recoil spectrum has an enhancement at high energies, as suggested by the data (see Fig. 7).

5 The MSW interpretation

For an exponential solar density, the three-flavor MSW equations have recently been solved analytically for arbitrary masses [20]. Here, since we assume two widely separated values of Δm^2_{kj} , we use the more conventional approach [21]. This allows for a numerical comparison of the two approaches. The agreement was found to be very good. For example, for (m_1, m_2, m_3) = (0.002, 0.01, 0.057) eV and E = 1 MeV, the two approaches give ν_e survival probabilities of 0.668 and 0.660. For some of the mass points we also check the exponential solar density approximation against the solar density profile calculated in a standard solar model [14, 22], by performing numerical integrations on the latter. The agreement is within a few percent.

In the two-generation MSW case where the angle and mass-squared difference are varied independently, one arrives at two possible solutions in the parameter space spanned by sin^2(2θ) and Δm^2. There is one region with low χ^2 at small angles, and another minimum at large angles [23]. As we will see, this is also the case for the model in [6].

For solar neutrinos, Solutions 1 and 2 are nearly identical for the masses relevant at the best-fit point. Therefore we will divide the presentation of our results into two parts, small Δm^2_1 and small Δm^2_{32}.

5.1 Small Δm21

For small values of m_2/m_3 and very small values of m_1/m_3 we get U_{e1} ≃ 1 for both mixing solutions. These are practically equivalent for solar neutrinos, both of them have a best fit with χ^2 = 1.8 at m_1 = 2.8 × 10^{−6} eV, Δm^2_1 = 7.0 × 10^{−6} eV^2, where we have imposed Δm^2_{31} = 3.2 × 10^{−3} eV^2. The latter quantity is held fixed at this value, which is compatible with the atmospheric neutrino data [15]. Because it is large compared to the SNP-relevant Δm^2_1, its exact value is, within the uncertainty, unimportant for the solar-neutrino analysis. These mass values correspond to small mixing angle, see Eq. (2.3). With the above-mentioned values of the mass-squared differences held fixed, we show in Fig. 5 (left panel) how U_{e1} and χ^2 vary when m_1 is slightly perturbed around its best-fit value.

As previously noted, for atmospheric neutrinos we consider only vacuum oscillations, due to the smallness of U_{e3}. In the parameter region shown in Fig. 5 (left panel), U_{e3} < 10^{−3}. From Eq. (3.2) it follows that the ν_μ ↔ ν_τ oscillation amplitude is 0.05 and 0.6 for Solutions 1 and 2, respectively. Thus, Solution 1 is unacceptable in this parameter region. We also note that the χ^2 value is quite sensitive to the mass values m_1 and m_2.

In Fig. 5 (right panel) we show how the model compares with the data in the region known as the “large-mixing-angle solution”. In this region, which requires somewhat larger values of m_1, the relevant mixing elements are very sensitive to changes in the mass ratios m_1/m_3 and m_2/m_3, which are still rather small. For the masses shown in this figure, U_{e3} <∼ 10^{−2}. The best fit (varying m_1 and m_2) has χ^2 = 3.8 and occurs at m_1 = 2.1 × 10^{−3} eV, Δm^2_1 = 3.2 × 10^{−5} eV^2, with the constraint Δm^2_{31} = 3.2 × 10^{−3} eV^2. For Solutions 1 and 2 the atmospheric neutrino-oscillation amplitudes are 0.07 and 0.7, respectively. Thus, in the LMA region, Solution 1 is unacceptable.^∗

These two low-χ^2 regions can be combined into a single plot, Fig. 6. The solid contours enclose regions where χ^2 < 7.8. Because we have two degrees of freedom (four different �_{Updated results from the Gallium detectors and Super-Kamiokande were recently presented at the}

XIX International Conference on Neutrino Physics & Astrophysics. Those values shift the SMA solution

to m1 = 2:2 � 10^{�6} eV with Δm^2_1 = 1:2 � 10^{�5} eV^2. The LMA solution is relatively less changed.

Figure 5: Mixing element U_{e1} and χ^2 vs. m_1, for Solution 1 (dashed line) and Solution 2 (solid line) in the small-mixing-angle (left panel) and large-mixing-angle (right panel) MSW case. In the SMA case, the best fit has χ^2 = 1.8 and occurs at m_1 = 2.8 × 10^{−6} eV, Δm^2_1 = 7.0 × 10^{−6} eV^2. In the LMA case, the best fit has χ^2 = 3.8 at m_1 = 2.1 × 10^{−3} eV, Δm^2_1 = 3.2 × 10^{−5} eV^2. In both cases, we have imposed Δm^2_{31} = 3.2 × 10^{−3} eV^2.

kinds of detectors and two parameters) and the global minimum has χ^2_{min} = 1.8, from the relation χ^2 = χ^2_{min} + 5.99, these contours corresponds to 95% C.L. In the same plot we also show the contours for atmospheric ν_μ ↔ ν_τ amplitudes equal to 0.7, 0.8 and 0.9. No point in this figure gives a mass-squared difference Δm^2_{31} outside of the 68% C.L. region given by [15].

5.2 Small Δm232 (m2=m3 ’ 1)

In this case the mixing elements are far less sensitive to small changes in the mass ratios. And for this reason the mixing elements are less adjustable within the relevant values of the mass-squared differences. For Solution 1 we get a best fit χ^2 ≃ 12.

For Solution 2 it is unavoidable to get U_{e2} = U_{e3} = 1/ √ 2, see Fig. 1. The predicted fit to the observed values corresponds to χ^2 ≃ 15, which is quite poor. Small Δm^2_{32} is also unfavored in view of the atmospheric neutrino data.

6 Spectrum distortion

The Super-Kamiokande detector measures the recoil energy of the scattered electrons coming from the process ν + e^− → ν + e^− [24]. For each of the solar sources, the form of the neutrino energy spectrum is measured in laboratories, and is independent of the total flux. Thus, the Super-Kamiokande measurements of the upper part of the^8B energy spectrum

Figure 6: The lower left and right-hand contours correspond to the 95% C.L. for the small-mixing-angle and large-mixing-angle solutions of Fig. 5, respectively. The global minimum (“×”) has χ^2_{min} = 1.8. The dashed, dash-dotted, and dotted lines indicate values of 4U^2_{μ3}U^2_{τ 3}.

gives restrictions on the neutrino parameters, independent of solar models. If an energy dependent suppression of the flux should be established by such a method, it would be a very strong hint for neutrino oscillations because it would in principle not involve the uncertainties associated with solar models. However, the hep neutrino flux is poorly known [25]. This fact tends to reduce the significance of these measurements.

In Fig. 7 we have plotted the ratio of the measured counting rate against the expectation in the absence of oscillations [24]. If there is no neutrino flavor transition, this ratio should be a straight horizontal line. However, it seems to increase for E & 13 MeV. In the same figure we have tried to reproduce the observed spectrum within three scenarios: the vacuum, SMA, and LMA solution. These are actually all acceptable, but, as concerns the spectrum, the vacuum and SMA solutions are favored.

7 Conclusion

We have extended earlier work on the application of the Lehmann–Newton–Wu mass matrix [5] to neutrinos by investigating also the vacuum oscillation case, and by studying in more detail the MSW solutions. Two new fits to the solar neutrino counting rates have been found, beyond those of [6], one at m_1 ∼ 3 × 10^{−6} eV, with m_2 ∼ 3 × 10^{−3} eV and m_3 ∼ 0.05 eV, corresponding to a small mixing angle solution in the MSW interpretation, and a vacuum-oscillation solution with m_1 and m_2 of the order 10^{−6}–10^{−5} eV. Both of these

Figure 7: Energy-dependence of recoil electrons, due to oscillations with masses (m_1, m_2, m_3) as indicated in the figure: dashed and dash-dotted for LMA-MSW, solid for SMA- MSW, and dotted for vacuum oscillations. The data points show the observed attenuation w.r.t. the Standard Solar Model (no oscillations) [24, 14].

solutions lead to electron energy recoil spectra that are in better agreement with the data than the LMA solutions, but they are only in marginal agreement with the atmospheric neutrino data.

For both the vacuum and MSW solutions of the solar neutrino problem, only hierarchical mass values gives viable fits. In both cases, best fits are obtained when the largest mass value is m_3 ≃ 0.05. When atmospheric neutrino constraints are taken into account, only the large-angle part of the MSW effect gives an acceptable fit to the observed data. The result from the combined analyses of the atmospheric and solar neutrino data will be further constrained with the forthcoming long-baseline experiments and SNO data [26].

Acknowledgments We are greatly indebted to Professor Tai Tsun Wu for the most helpful discussions. This work was supported in part by the Research Council of Norway.

References

[1] For recent reviews, see E.K. Akhmedov, Lectures given at ICTP Summer School in Particle Physics, Trieste, Italy, 7 June – 9 July 1999, hep-ph/0001264; W.C. Haxton, to appear in ‘Current Aspects of Neutrino Physics’, ed. David Caldwell (Springer-Verlag), nucl-th/0004052.

[2] L. Wolfenstein, Phys. Rev. D 17 (1978) 2369, ibid. 20 (1979) 2634; S.P. Mikheyev and A.Yu. Smirnov, Yad. Fiz. 42 (1985) 1441 [Sov. J. Nucl. Phys. 42 (1985) 913], Nuovo Cimento 9C (1986) 17.

[3] H. Fritzsch and Z.-z. Xing, Phys. Lett. B 372 (1996) 265. [4] G. Altarelli and F. Feruglio, Phys. Rept. 320 (1999) 295. [5] H. Lehmann, C. Newton and T.T. Wu, Phys. Lett. B 384 (1996) 249. [6] P. Osland and T.T. Wu, preprint, CERN-TH/99-285, hep-ph/0006185, submitted to Physics Letters B.

[7] C. Caso et al. (Particle Data Group), The European Physics Journal C 3 (1998) 1. [8] S. Sarkar, Rept. Prog. Phys. 59 (1996) 1493. [9] B.T. Cleveland et al., Astrophys. J. 496 (1998) 505.

[10] J.N. Abdurashitov et al. [SAGE Collaboration], Phys. Rev. Lett. 83 (1999) 4686; Phys.

Rev. C 60 (1999) 055801.

[11] W. Hampel et al. [GALLEX Collaboration], Phys. Lett. B 447 (1999) 127. [12] Y. Fukuda et al., Phys. Rev. Lett. 77 (1996) 1683.

[13] Y. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 82 (1999) 2430. [14] J.N. Bahcall, S. Basu and M.H. Pinsonneault, Phys. Lett. B 433 (1998) 1. [15] Y. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 81 (1998) 1562;

K. Scholberg for the Super-Kamiokande Collaboration, 8th International Workshop on Neutrino Telescopes, Venice, Italy, February 1999, hep-ex/9905016.

[16] M. Apollonio et al. (CHOOZ Collaboration), Phys. Lett. B 420 (1998) 397; ibid. B 466 (1999) 415.

[17] S.M. Bilenky and C. Giunti, Phys. Lett. B 444 (1998) 379. [18] P. Osland and G. Vigdel, Phys. Lett. B 438 (1998) 129.

[19] V. Barger, S. Pakvasa, T.J. Weiler and K. Whisnant, Phys. Lett. B 437 (1998) 107.

[20] P. Osland and T.T. Wu, Phys. Rev. D 62 (2000) 013008.

[21] G.L. Fogli, E. Lisi, D. Montanino Phys. Rev. D 54 (1996) 2048; P.I. Krastev and S.T.

Petcov, Phys. Lett. B 207 (1988) 64.

[22] J.N. Bahcall’s homepage, http://www.sns.ias.edu/^∼jnb.

[23] G.L. Fogli, E. Lisi, D. Montanino and A. Palazzo, Phys. Rev. D 62 (2000) 013002. [24] M.B. Smy, hep-ex/9903034.

[25] R. Escribano, J.M. Frere, A. Gevaert, D. Monderen, Phys. Lett. B 444 (1998) 397;

J.N. Bahcall, P.I. Krastev, A.Yu. Smirnov, Phys. Rev. D 60 (1999) 093001. [26] A.B. McDonald [SNO Collaboration], Nucl. Phys. Proc. Suppl. 77 (1999) 43; J. Boger et al. [SNO Collaboration], submitted to Nucl. Instrum. Meth., nucl-ex/9910016.