hep-ph/9905246 5 May 1999

Sterile neutrinos?

S.M. Bilenky Joint Institute for Nuclear Research, Dubna, Russia, and Institute for Theoretical Physics, University of Vienna, Boltzmanngasse 5, A{1090 Vienna, Austria

C. Giunti INFN, Sez. di Torino, and Dip. di Fisica Teorica, Univ. di Torino, Via P. Giuria 1, I{10125 Torino, Italy

The notion of sterile neutrinos is discussed. The schemes of mixing of four massive neutrinos, which imply the existence of sterile neutrinos, are briefly considered. Several model independent methods that allow to reveal possible transitions of solar neutrinos into sterile states are presented.

Talk presented by S.M. Bilenky at the VIII International Workshop on Neutrino Telescopes, February 23–26, 1999, Venice. UWThPh-1999-32, DFTT 25/99, hep-ph/9905246.

I. INTRODUCTION

The notion of sterile neutrinos was introduced by B. Pontecorvo in 1967 [1]. In the last years the possibility of transitions of flavor neutrinos into noninteracting sterile states has been widely discussed in the literature. This interest in sterile neutrinos is connected mainly with the result of the LSND experiment [2] that together with the results of atmospheric [3,4] and solar [5,6] neutrino experiments imply the existence of sterile neutrinos [7–11].

II. NOTION OF STERILE NEUTRINOS

Let us start with the discussion of the possibilities of sterile neutrinos to appear in neutrino mixing schemes (see, for example, Refs. [12–14]). Flavor neutrinos ν_e, ν_μ, ν_τ , are determined by the standard charged-current (CC) and neutral-current (NC) weak interactions

L^{CC}_I = − g 2 √ 2 j^{CC}_α W^α + h.c. , j^{CC}_α = 2 ∑ ℓ=e,μ,τ ν_{ℓL} γ_α ℓ_L , (1)

L^{NC}_I = − g 2 cos θ_W j^{NC}_α Z^α , j^{NC}_α = ∑ ℓ=e,μ,τ ν_{ℓL} γ_α ν_{ℓL} , (2)

that conserve the electron L_e, muon L_μ and tau L_τ lepton numbers, ∑ L_e = const , ∑ L_μ = const , ∑ L_τ = const . (3)

If there is neutrino mixing, the conservation laws (3) are violated. A neutrino mass term that does not conserve lepton numbers has the general form

L^M = −n_R M n_L + h.c. , (4)

where n_L and n_R are N -component columns and M is a N ×N matrix. There are two different possibilities for n_L:

1. Only flavor fields ν_ℓ (ℓ = e, μ, τ ) enter into n_L:

n_L = ν_{eL} ν_{μL} ν_{τL} . (5)

In this case M is a 3 × 3 matrix and for the mixing we have ν_{ℓL} = ∑ i U_{ℓi} ν_{iL} (ℓ = e, μ, τ ) , (6) where U is a unitary matrix and ν_i is the field of neutrinos with mass m_i. The nature of neutrinos ν_i with definite mass depends on n_R:

1-1. If

n_R = ν_{eR} ν_{μR} τ_{τR} , (7)

where ν_{ℓR} (ℓ = e, μ, τ ) are right-handed neutrino fields, the total lepton number L = L_e + L_μ + L_τ is conserved and the neutrinos ν_i with definite mass are Dirac particles. The corresponding mass term is called “Dirac mass term”.

1-2. If

n_R = (ν_{eL})^c (ν_{μL})^c (ν_{τL})^c , (8)

where (ν_{ℓL})^c = C ν_{ℓL}^T is the charge-conjugated (right-handed) component of the left-handed field ν_{ℓL} (ℓ = e, μ, τ and C is the matrix of charge conjugation), there are no conserved lepton numbers and neutrinos with definite masses are Majorana particles (ν^c_i = ν_i). The corresponding mass term is called “Majorana mass term”.

From Eq. (6) it follows that in both cases only transitions between active neutrinos ν_ℓ ⇆ ν_ℓ0 are possible. Notice that with the investigation of neutrino oscillations it is not possible to distinguish the case of Dirac neutrinos from the case of Majorana neutrinos [15].

2. In the column n_L not only the flavor fields ν_{ℓL} (ℓ = e, μ, τ ) but also other fields ν_{sL} (s = s_1, s_2, . . .) enter

n_L = ν_{eL} ν_{μL} ν_{τL} ν_{s1L} . . . (9)

The fields ν_{sL} do not enter in the standard CC and NC weak interactions (1), (2) and are called “sterile”. It is possible that there are three sterile fields ν_{sL} that are the charge-conjugated components of right-handed neutrino fields, ν_{sL} = (ν_{sR})^c (s = e, μ, τ ). However, the sterile fields could also be fields of some other particles (SUSY, . . . ).

In this case, for the neutrino mixing we have ν_{αL} = 3+N_s∑

i=1 U_{αi} ν_{iL} . (10)

where N_s is the number of sterile fields and ν_i (i = 1, . . . , 3 + N_s) is the field of neutrinos with mass m_i. Let us stress that the number of sterile fields depends on the concrete scheme of neutrino mixing.

The nature of neutrinos with definite mass depends on n_R. If n_R = (n_L)^c, the ν_i’s are Majorana particles. If ν_{sL} = (ν_{sR})^c (s = e, μ, τ ), the corresponding mass term is called “Dirac-Majorana mass term”.

If all the masses m_i of the fields ν_i in Eq.(10) are small, not only transitions between flavor neutrinos ν_ℓ ⇆ ν_ℓ0 but also transitions between flavor and sterile neutrinos ν_ℓ ⇆ ν_s are possible.

III. POSSIBLE WAYS TO REVEAL THE EXISTENCE OF THE STERILE NEUTRINOS

There are two possible ways to reveal the existence of sterile neutrinos:

1. Through the determination of the number of massive neutrinos. If this number is larger than the number of flavor neutrinos (three) sterile neutrinos must exist.

2. Through the measurement of the total transition probability of neutrino with definite flavor (ν_e or ν_μ) into all possible flavor neutrinos, ∑ ℓ^0=e,μ,τ Pνℓ→νℓ^0 (ℓ = e, μ). This probability can be determined from the investigation

of NC induced neutrino processes. If ∑ ℓ^0=e,μ,τ P_{νℓ→νℓ0} < 1 (ℓ = e, μ) , (11)

from the unitarity of the mixing matrix it follows that active flavor neutrinos transform into sterile states.

IV. SCHEMES OF MIXING OF FOUR MASSIVE NEUTRINOS

The data of neutrino oscillation experiments indicate the existence of three different scales of neutrino mass-squared difference Δm^2:

1. Δm^2_{atm} ∼ 10^{−3} eV^2 from atmospheric neutrino experiments [3,4];

2. Δm^2_{sun} ∼ 10^{−5} eV^2 (or 10^{−10} eV^2) from solar neutrino experiments [5,6,16,17];

3. Δm^2_{LSND} ∼ 1 eV^2 from the LSND experiment [2].

Three different scales of Δm^2 can be accommodated only if at least four massive neutrinos exist in nature [7–11]. In other words, the existing data indicate that sterile neutrinos exist.

In the framework of the minimal scheme with four massive neutrinos, from the existing data it follows [9,10] that the dominant transitions of solar neutrinos are ν_e → ν_s. Below we will present the corresponding arguments.

Figure 1 shows the six types of spectra of four massive neutrinos that can accommodate the solar, atmospheric and LSND ranges of neutrino mass-squared differences. These spectra are divided in two classes: class 1 constituted by the spectra (I)–(IV) and class 2 comprising the spectra (A) and (B). In the spectra of class 1 a group of three close masses is separated from the fourth mass by the LSND gap of ∼ 1 eV^2. In the spectra of class 2 two pairs of close masses are separated by the LSND gap. 6

m_1 m_2 m_3 m_4 6

m_1 m_2 m_3 m_4 6

m_1 m_2 m_3 m_4 6

m_1 m_2 m_3 m_4 6

m_1 m_2 m_3 m_4 6

m_1 m_2 m_3 m_4

(I) (II) (III) (IV) (A) (B)

FIG. 1. The six types of neutrino mass spectra that can accommodate the solar, atmospheric and LSND scales of Δm^2. The different distances between the masses on the vertical axes symbolize the different scales of Δm^2. Class 1 is constituted by the spectra (I)–(IV), whereas class 2 comprises the spectra (A) and (B).

In the case of the spectra of class 1 the amplitude of ν_μ → ν_e transitions in short-baseline (SBL) experiments is strongly suppressed and the upper bound of the corresponding oscillation amplitude obtained from the exclusion curves of SBL ν̄_e and ν_μ disappearance experiments, is smaller than the value of the amplitude of ν_μ → ν_e oscillations found in the LSND experiment [8]. Thus, the schemes of mixing of four massive neutrinos belonging to class 1 are not compatible with the existing neutrino oscillation data.

Only the schemes of mixing of four massive neutrinos with mass spectra of class 2,

(A) atm m_1 < m_2 ≪ sun m_3 < m_4

LSND

and (B) sun m_1 < m_2 ≪ atm m_3 < m_4

LSND

, (12) can describe all the existing neutrino oscillation data. In this case, the largest mass squared difference Δm^2_{41} ≡ m^2_4 −m^2_1 is relevant for the oscillations in SBL reactor and accelerator experiments. The corresponding transition probabilities are [18] P_{να→νβ} = 1 2 A_{α;β} ( 1 − cos

Δm^2_{41}L 2p ) , (13) P_{να→να} = 1 − 1 2 B_{α;α} ( 1 − cos

Δm^2_{41}L 2p ) . (14)

Here L is the distance between neutrino source and neutrino detector, p is neutrino momentum, and A_{α;β}, B_{α;α} are the oscillation amplitudes given by

A_{α;β} = 4 | | | | ∑ i U_{βi} U^∗_{αi} | | | | 2 , (15)

B_{α;α} = 4 ( ∑ i |U_{αi}|^2 ) ( 1 − ∑ i |U_{αi}|^2 ) , (16)

where the index i runs over the values 1, 2 or 3, 4.

The quantities ∑ i |U_{αi}|^2 for α = e, μ are constrained by the results of SBL reactor ν̄_e → ν̄_e and accelerator ν_μ → ν_μ disappearance experiments in which no indications in favor of neutrino oscillations were found: ∑ i |U_{αi}|^2 ≤ a^0_α or 1 − ∑ i |U_{αi}|^2 ≤ a^0_α . (17)

Here

a^0_α = 1 2 ( 1 − √ 1 − B^0_{α;α} ) . (18)

where B^0_{α;α} is the upper bound of the amplitude of ν_α → ν_α transitions obtained from the exclusion curves of SBL reactor and accelerator disappearance experiments. Using the exclusion plots obtained in the reactor Bugey [19] experiment and in the accelerator CDHS [20] and CCFR [21] experiments we have [22]

a^0_e ≲ 4 × 10^{−2} for Δm^2_{41} ≳ 4 × 10^{−2} eV^2 , (19) a^0_μ ≲ 2 × 10^{−1} for Δm^2_{41} ≳ 3 × 10^{−1} eV^2 . (20)

Further constraints on the quantities ∑ i |U_{αi}|^2 for α = e, μ can be found by taking into account the results of solar and atmospheric neutrino experiments. The survival probabilities of solar ν_e’s and atmospheric ν_μ’s are constrained by (see [18,8,14])

P^{sun}_{νe→νe} ≥ ∑ i |U_{αi}|^4 , P^{atm}_{νμ→νμ} ≥ ( 1 − ∑ i |U_{αi}|^2 )_2 , (21)

where the index i runs over 1,2 in scheme A and over 3,4 in scheme B.

Let us introduce the quantities c_α ≡ ∑ i |U_{αi}|^2 (α = e, μ, τ, s) , (22) with the index i running over 1,2 in scheme A and over 3,4 in scheme B.

From Eqs. (19), (20) and (21) we conclude [8] that the four-neutrino schemes A and B are compatible with the results of solar and atmospheric neutrino experiments only for

c_e ≤ a^0_e and 1 − c_μ ≤ a^0_μ . (23)

Constraints on the elements of the mixing matrix U can be also obtained from the limit on the effective number of neutrinos N_ν in Big-Bang Nucleosynthesis (BBN) (see, for example, [23]). The analysis of recent data yields the upper bound N_ν ≤ 3.2 at 95% CL [24], which implies that [9,10] c_s ≪ 1 . (24) Taking now into account the unitarity relation ∑ α=e,μ,τ,s c_α = 2 , (25)

from Eqs. (23) and (24) we come to the conclusion that c_e and c_s are small and c_μ and c_τ are large. In the approximation c_e ≪ 1 , c_s ≪ 1 , c_μ ≃ 1 , c_τ ≃ 1 , (26) in scheme A we have ν_{eL} = cos ϑ ν_{3L} + sin ϑ ν_{4L} , ν_{sL} = − sin ϑ ν_{3L} + cos ϑ ν_{4L} , ν_{μL} = cos γ ν_{1L} + sin γ ν_{2L} , ν_{τL} = − sin γ ν_{1L} + cos γ ν_{2L} .

(27)

where ϑ and γ are mixing angles. The corresponding mixing relations in scheme B can be obtained from Eq. (27) with the change 1, 2 ⇆ 3, 4. From Eq. (27) one can see that the dominant transitions of solar neutrinos are ν_e → ν_s and the dominant transitions of atmospheric neutrinos and neutrinos in long-baseline (LBL) experiments are ν_μ → ν_τ .

V. POSSIBLE TESTS FOR νe ! νs TRANSITIONS OF SOLAR NEUTRINOS

Here we will consider possible model independent methods of searching for ν_e → ν_s transitions in future solar neutrino experiments [25].

In the SNO experiment [26] solar neutrinos will be detected through the observation of the CC reaction ν_e + d → e^− + p + p , (28) of the NC reaction ν + d → ν + p + n , (29) and of the elastic-scattering (ES) reaction ν + e^− → ν + e^− . (30) Because of the large energy thresholds (∼ 5 MeV for the CC and ES processes and 2.2 MeV for the NC process), mainly^8B neutrinos will be detected in the SNO experiment. Let us write the initial flux of^8B neutrinos as a function of energy E in the form ϕ8_B(E) = X(E) Φ8_B . (31) Here Φ8_B is the total flux and X(E) is a known function (∫ X(E) dE = 1 ) that characterizes the spectrum of ν_e’s in the decay^8B →^8Be + e^+ + ν_e. The NC event rate is given by N_{NC} = ⟨ ∑ ℓ=e,μ,τ P_{νe→νℓ} ⟩_{νd} ⟨σ^{NC}_{νd} ⟩ Φ8_B . (32)

Here ⟨ ∑ ℓ=e,μ,τ Pνe→νℓ ⟩νd is the average value of the total transition probability of solar νe’s into all possible flavor

neutrinos and ⟨σ^{NC}_{νd} ⟩ ≃ 4.7 × 10^{−43} cm^2 (33) is the average value of the cross section of the NC process (29).

It is obvious that ⟨ ∑ ℓ=e,μ,τ Pνe→νℓ ⟩νd < 1 if νe → νs transitions take place. We cannot, however, determine

the quantity ⟨ ∑ ℓ=e,μ,τ Pνe→νℓ ⟩νd from (32) in a model independent way, because knowledge of the total flux Φ8B is

needed.

Information on the total flux Φ8_B can be obtained from the data of the Super-Kamiokande experiment. Indeed, we have

Σ_{νe} = ⟨ ∑ ℓ=e,μ,τ P_{νe→νℓ} ⟩_{νe} ⟨σ_{νμe}⟩ Φ8_B , (34)

where

⟨σ_{νμe}⟩ ≃ 2 × 10^{−45} cm^2 (35)

is the average cross section of ν_μ-e scattering and

Σ_{νe} = N_{νe} − ∫ Eth ( σ_{νee} − σ_{νμe} ) ϕ_{νe} (E) dE , (36)

is the NC contribution to the ν_ee → ν_ee event rate N_{νe}. In Eq. (36) σ_{νee} (σ_{νμe}) is the cross section of ν_e-e (ν_μ-e) scattering and ϕ_{νe} (E) is the flux of solar ν_e’s with energy E on the earth, that will be measured in the SNO experiment through the observation of the CC reaction (28). Combining the relations (32) and (34) we obtain the ratio R = Σ_{νe} ⟨σ^{NC}_{νd} ⟩ N_{NC} ⟨σ_{νμe}⟩ = ⟨ ∑ ℓ=e,μ,τ Pνe→νℓ ⟩νe ⟨ ∑ ℓ=e,μ,τ Pνe→νℓ ⟩νd , (37)

that is independent from the the total flux Φ8_B. Only measurable (and known) quantities enter in the ratio R. From Eq. (37) it is obvious that R ≠ 1 only if ∑ ℓ=e,μ,τ Pνe→νℓ < 1, i.e. if solar neutrinos transfer into sterile states. Let

us notice, however, that the ratio R can be different from one only if the probability ∑ ℓ=e,μ,τ Pνe→νℓ depends on the neutrino energy.

Another possibility to reveal transitions of solar neutrinos into sterile states could be realized by combining the Super-Kamiokande recoil electron spectrum and the spectrum of ν_e’s on the earth that will be determined in the SNO experiment. We have

Σ_{νe}(T ) = ⟨ ∑ ℓ=e,μ,τ P_{νe→νℓ} ⟩_{νe,T} ⟨ dσ_{νμe} dT ⟩ Φ8_B , (38)

where T is the recoil electron kinetic energy in the Super-Kamiokande experiment,

Σ_{νe}(T ) = N_{νe}(T ) − ∫ Emin(T ) ( dσ_{νee} dT − dσ_{νμe} dT ) ϕ_{νe} (E) dE , (39)

and E_{min}(T ) =^T_2 √ 1 +^{2me}_T . From relation (38) it is obvious that if the quantity

R_{ES}(T ) = Σ_{νe}(T ) / ⟨ dσ_{νμe} dT ⟩ (40)

depends on T it means that the probability P_{νe→νs} = 1 − ∑ ℓ=e,μ,τ Pνe→νℓ is different from zero and depends on

neutrino energy. The dependence on T of the ratio

R(T ) = Σ_{νe}(T ) ⟨σ_{νμe}⟩ Σ_{νe} ⟨^{dσνμe}_{dT} ⟩ (41)

is presented in Fig. 2. The dashed line corresponds to the small mixing angle MSW solution of the solar neutrino problem in the case of ν_e → ν_s transitions with Δm^2 = 4.5 × 10^{−6} eV^2, sin^2 2ϑ = 7.0 × 10^{−3}.

FIG. 2. Ratio R(T ) (see Eq.(41)) calculated under the assumption of νe–νs mixing with the values of the mixing parameters Δm^2 = 4.5 � 10�^6 eV^2, sin^2 2ϑ = 7.0 � 10�^3 (the small mixing angle MSW solution).

The most direct way to search for ν_e → ν_s transitions of atmospheric neutrinos is to investigate the NC process

ν + N → ν + π^0 + X . (42)

This possibility has been discussed in Ref. [27].

VI. CONCLUSIONS

If we accept all the existing indications in favor of neutrino oscillations we come to the conclusion that sterile neutrinos must exist. Thus, from the phenomenological point of view the problem of sterile neutrinos is connected with the correctness of the existing indications in favor of neutrino oscillations and first of all with the correctness of the indications obtained in the LSND experiment, the only accelerator SBL experiment in which neutrino oscillations have been observed.

Through the investigation of NC processes it is possible to search for transitions of active neutrinos into sterile states in solar, atmospheric SBL and LBL experiments. Several possible tests are based only on the unitarity of the mixing matrix and can be done in a model independent way.

ACKNOWLEDGMENTS

S.M.B. would like to thank the Institute for Theoretical Physics of the University of Vienna for its hospitality.

[1] B. Pontecorvo, Zh. Eksp. Teor. Fiz. 53, 1717 (1967) [Sov. Phys. JETP 26, 984 (1968)].

[2] C. Athanassopoulos et al., Phys. Rev. Lett. 75, 2650 (1995); Phys. Rev. Lett. 77, 3082 (1996); Phys. Rev. Lett. 81, 1774 (1998).

[3] Y. Fukuda et al., Phys. Lett. B 335, 237 (1994); R. Becker-Szendy et al., Nucl. Phys. B (Proc. Suppl.) 38, 331 (1995);

W.W.M. Allison et al., hep-ex/9901024; M. Ambrosio et al., Phys. Lett. B 434, 451 (1998). [4] Y. Fukuda et al., Phys. Rev. Lett. 81, 1562 (1998); Phys. Rev. Lett. 82, 2644 (1999); A. Habig, hep-ex/9903047.

[5] B.T. Cleveland et al., Astrophys. J. 496, 505 (1998); K.S. Hirata et al., Phys. Rev. Lett. 77, 1683 (1996); W. Hampel et al., Phys. Lett. B 388, 384 (1996); D.N. Abdurashitov et al., Phys. Rev. Lett. 77, 4708 (1996).

[6] Y. Fukuda, Phys. Rev. Lett. 81, 1158 (1998); Phys. Rev. Lett. 82, 2430 (1999); M.B. Smy, hep-ex/9903034. [7] J.T. Peltoniemi, D. Tommasini and J.W.F. Valle, Phys. Lett. B 298, 383 (1993); E.J. Chun et al., ibid 357, 608 (1995); S.

Mohanty, D.P. Roy and U. Sarkar, ibid 445, 185 (1998); J.T. Peltoniemi and J.W.F. Valle, Nucl. Phys. B 406, 409 (1993); Q.Y. Liu and A.Yu. Smirnov, ibid 524, 505 (1998); D.O. Caldwell and R.N. Mohapatra, Phys. Rev. D 48, 3259 (1993); E. Ma and P. Roy, ibid 52, R4780 (1995); S. Goswami, ibid 55, 2931 (1997); A.Yu. Smirnov and M. Tanimoto, ibid 55, 1665 (1997); N. Gaur et al., ibid 58, 071301 (1998); E.J. Chun, C.W. Kim and U.W. Lee, ibid 58, 093003 (1998); V. Barger et al., ibid 58, 093016 (1998); J.J. Gomez-Cadenas and M.C. Gonzalez-Garcia, Z. Phys. C 71, 443 (1996); K. Benakli and A.Yu. Smirnov, Phys. Rev. Lett. 79, 4314 (1997); V. Barger, T.J. Weiler and K. Whisnant, ibid 427, 97 (1998); S.C. Gibbons et al., ibid 430, 296 (1998).

[8] S.M. Bilenky, C. Giunti and W. Grimus, Proc. of Neutrino ’96, Helsinki, June 1996, edited by K. Enqvist et al., p. 174, World Scientific, 1997 (hep-ph/9609343); Eur. Phys. J. C 1, 247 (1998); S.M. Bilenky, C. Giunti, W. Grimus and T. Schwetz, hep-ph/9903454.

[9] N. Okada and O. Yasuda, Int. J. Mod. Phys. A 12, 3669 (1997).

[10] S.M. Bilenky, C. Giunti, W. Grimus and T. Schwetz, hep-ph/9804421 [to be published in Astropart. Phys.]. [11] C. Giunti, C.W. Kim and U.W. Lee, Phys. Rev. D 46, 3034 (1992); R. Foot, Mod. Phys. Lett. A 9, 169 (1994); R. Foot and R.R. Volkas, Phys. Rev. D 52, 6595 (1995); Z. Berezhiani and R.N. Mohapatra, ibid 52, 6607 (1995); J. Bunn, R. Foot and R.R. Volkas, Phys. Lett. B 413, 109 (1997); B. Brahmachari and R.N. Mohapatra, Phys. Lett. B 437, 100 (1998); J.P. Bowes and R.R. Volkas, J. Phys. G 24, 1249 (1998); M. Collie and R. Foot, Phys. Lett. B 432, 134 (1998); R.R. Volkas and Y.Y.Y. Wong, Phys. Rev. D 58, 113001 (1998); D. Suematsu, Prog. Theor. Phys. 99, 483 (1998); hep-ph/9805305; W. Krolikowski, Acta Phys. Polon. B 29, 629 (1998); ibid. 29, 755 (1998); hep-ph/9803323; hep-ph/9808207; hep-ph/9808307; Y. Koide and H. Fusaoka, Phys. Rev. D 59, 053004 (1999); A. Geiser, Phys. Lett. B 444, 358 (1999).

[12] S.M. Bilenky and B. Pontecorvo, Phys. Rep. 41, 225 (1978). [13] S.M. Bilenky and S.T. Petcov, Rev. Mod. Phys. 59, 671 (1987). [14] S.M. Bilenky, C. Giunti and W. Grimus, hep-ph/9812360.

[15] S.M. Bilenky, J. Hošek and S.T. Petcov, Phys. Lett. B 94, 495 (1980); I.Yu. Kobzarev et al., Yad. Fiz. 32, 1590 (1980) [Sov. J. Nucl. Phys. 32, 823 (1980)]; M. Doi et al., Phys. Lett. B 102, 323 (1981); P. Langacker et al., Nucl. Phys. B 282, 589 (1987).

[16] J.N. Bahcall, P.I. Krastev and A.Yu. Smirnov, Phys. Rev. D 58, 096016 (1998). [17] Y. Fukuda et al., Phys. Rev. Lett. 82, 1810 (1999).

[18] S.M. Bilenky, C. Giunti, C.W. Kim and S.T. Petcov, Phys. Rev. D 54, 4432 (1996). [19] B. Achkar et al., Nucl. Phys. B 434, 503 (1995). [20] F. Dydak et al., Phys. Lett. B 134, 281 (1984). [21] I.E. Stockdale et al., Phys. Rev. Lett. 52, 1384 (1984).

[22] S.M. Bilenky, A. Bottino, C. Giunti and C.W. Kim, Phys. Lett. B 356, 273 (1995); Phys. Rev. D 54, 1881 (1996). [23] D.N. Schramm and M.S. Turner, Rev. Mod. Phys. 70, 303 (1998). [24] S. Burles, K.M. Nollett, J.N. Truran and M.S. Turner, astro-ph/9901157.

[25] S.M. Bilenky and C. Giunti, Phys. Lett. B 320, 323 (1994); Astrop. Phys. 2, 353 (1994); Z. Phys. C 68, 495 (1995). [26] SNO WWW page: http://www.sno.queensu.ca.

[27] Y. Suzuki, Proc. of Neutrino 96, Helsinki, June 1996, edited by K. Enqvist et. al., p. 237, World Scientific, Singapore, 1997; F. Vissani and A.Yu. Smirnov, Phys. Lett. B 432, 376 (1998); K.R.S. Balaji, G. Rajasekaran and S. Uma Sankar, hep-ph/9806256; F. Vissani, Talk presented at the Ringberg Euroconference New Trends in Neutrino Physics, Tegernsee, Germany, May 1998, preprint DESY-98-135, 1998.