arXiv:hep-ph/0010232 20 Oct 2000

Four-neutrino model and the K2K experiment

Toshihiko Hattori,^{a),1} Tsutom Hasuike,^{b),2} and Seiichi Wakaizumi^{c),3}

a)Institute of Theoretical Physics, University of Tokushima, Tokushima 770-8502, Japan b)Department of Physics, Anan College of Technology, Anan 774-0017, Japan c)School of Medical Sciences, University of Tokushima, Tokushima 770-8509, Japan

Abstract

We investigate the neutrino oscillations of ν_μ beam at the K2K experiment in the four-neutrino model with three active and one sterile neutrinos, and compare them with the oscillations in the three-neutrino model. In the four-neutrino case, the effect of the Δm^2_{LSND} scale of mass-squared difference, derived from the LSND experiments, occurs in the survival probability P (ν_μ → ν_μ) in the range of Δm^2 < 0.004 eV^2, where Δm^2 is the relevant one to the K2K experiment and corresponds to the atmospheric neutrino mass scale. Once the probability P (ν_μ → ν_μ) is measured at the K2K, the allowed region of Δm^2 would turn out to be broader in the four-neutrino model than the one in the three-neutrino model.

1e-mail: hattori@ias.tokushima-u.ac.jp 2e-mail: hasuike@anan-nct.ac.jp 3e-mail: wakaizum@medsci.tokushima-u.ac.jp

It has turned out that neutrinos have a certain amount of mass through the observations of the atmospheric neutrino anomaly[1] [2]. The anomaly can naturally be explained by the neutrino oscillation[3], along with the analyses of the solar neutrino deficit[4]. The oscillation, however, gives only the mass-squared difference among various species of neutrinos.

At present, if the LSND experiment is included, three kinds of mass-squared differences are derived: Δm^2_{solar} = (10�^{11} − 10�^5)eV^2 from the solar neutrino deficit with a large range of Δm^2, depending on the four solutions of the vacuum oscillation, and the Mikheyev-Smirnov-Wolfenstein (MSW) solutions in the matter with small- and large-angle mixings and the LOW one with relatively low masssquared difference[5], Δm^2_{atm} = (1.5−5)×10�^3 eV^2 from the atmospheric neutrino anomaly with a large mixing angle of sin^2 2θ_{atm} > 0.82 interpreted as the ν_μ → ν_τ oscillation, and Δm^2_{LSND} = (0.2 − 2)eV^2 from the LSND experiments on ν_μ → ν_e and ν̄_μ → ν̄_e oscillations[6], which is the only one positive evidence from the terrestrial oscillation experiments using the accelerators and reactors.

It is eagerly desired to know the magnitude of mass itself, which would be given by the neutrinoless double beta decays. It is, however, impossible to know the neutrino masses at present. So, for the moment, it is important to pinpoint some of the mass-squared differences to the required accuracy by doing various experiments. One of the experiments, which is now running, is the K2K experiment[7].

In this paper, we investigate the oscillations of the ν_μ beam, which is being measured at the K2K, in the four-neutrino model with mass scheme of the two nearly degenerate pairs separated by the order of 1eV for the three active and one sterile neutrinos[8-15] by using the constraints on the mixing matrix derived from the solar neutrino deficit, atmospheric neutrino anomaly, Bugey reactor experiment, CHOOZ experiment, LSND experiments, CHORUS and NOMAD experiments and the other accelerator and reactor experiments. And, we compare the oscillations with the ones in the three-neutrino model.

Under the neutrino oscillation hypothesis[16][17], the flavor eigenstates are the mixtures of mass eigenstates with mass m_i (i = 1, 2, 3, 4) in the four-neutrino model as follows: ν_α = 4X_{i=1 Uαiνi, α = e, μ, τ, s (1)} where ν_e, ν_μ and ν_τ are the ordinary neutrinos and ν_s is the sterile one, and U is the unitary mixing matrix. The neutrino oscillation probability of ν_α → ν_β in vacuum is given in the usual manner by P (ν_α → ν_β ) = δ_{αβ}−4 X k>j Re(U�_{αk}U_{αj} U�_{βj} U_{βk}) sin^2 Δ_{kj} +2 X k>j Im(U�_{αk}U_{αj} U�_{βj} U_{βk}) sin 2Δ_{kj} , (2) where Δ_{kj} ≡ Δm^2_{kj} L/(4E), L being the distance from the neutrino source and E the energy of neutrino.

The four neutrino masses should be devided into two pairs of close masses separated by a gap of about 1eV in order to accomodate with the solar and atmospheric neutrino deficits and the LSND experiments along with the other results from the accelerator and reactor experiments on the neutrino oscillation. There are the following two schemes for the mass pattern; (i) Δm^2_{solar} ≡ Δm^2_1 ≪ Δm^2_{atm} ≡ Δm^2_{43} ≪ Δm^2_{LSND} ≡ Δm^2_{32}, and (ii) Δm^2_{solar} ≡ Δm^2_{43} ≪ Δm^2_{atm} ≡ Δm^2_1 ≪ Δm^2_{LSND} ≡ Δm^2_{32}, where Δm^2_{kj} ≡ m^2_k − m^2_j . We will adopt the first scheme in the following analyses, and the second scheme can be attained only through the exchange of indices (1, 2) ↔ (3, 4) in the following various expressions such as the oscillation probabilities. The constraints on the mixing matrix U are derived in the four-neutrino model in the following[18].

(i) Solar neutrino deficit. Since Δ_{21} ∼ 1 and all the other five Δ_{kj} ’s are enormously larger than 1, the survival probability of ν_e is given from Eq.(2) by

P_{solar}(ν_e → ν_e) ≃ 1 − 4|U_{e1}|^2|U_{e2}|^2 sin^2 Δ_{21} − 2|U_{e3}|^2(1 − |U_{e3}|^2 − |U_{e4}|^2)

− 2|U_{e4}|^2(1 − |U_{e4}|^2), (3)

where the unitarity of U is used. For the solar neutrino deficit, there are four different kinds of solutions as stated above, and a unique solution is not yet found, so that we will not use this deficit in order to obtain the constraints on U.

(ii) Atmospheric neutrino anomaly. Since Δ_{21} ≪ 1, Δ_{43} ∼ 1 and Δ_{41}, Δ_{42}, Δ_{31}, Δ_{32} ≫ 1, the survival probability of ν_μ is given by

P_{atm}(ν_μ → ν_μ) ≃ 1 − 4|U_{μ3}|^2|U_{μ4}|^2 sin^2 Δ_{43} − 2(|U_{μ1}|^2 + |U_{μ2}|^2)(1 − |U_{μ1}|^2 − |U_{μ2}|^2). (4) By using the data from the Super-Kamiokande experiments, sin^2 2θ_{atm} > 0.82 for 5×10�^4 < Δm^2 < 6×10�^3 eV^2, and expecting from this data that |U_{μ1}|^2+|U_{μ2}|^2 ≪ 1, the following constraint is obtained,

|U_{μ3}|^2|U_{μ4}|^2 > 0.205. (5)

(iii) The Bugey experiment[19] (including Krasnoyarsk[20], CDHS[21] and CCFR[22] experiments). By being typically represented by the Bugey reactor experiment with L/E = 3−20 [m/MeV], since Δ_{21} ≪ 1, Δ_{43} ≪ 1 and Δ_{41}, Δ_{42}, Δ_{31}, Δ_{32} ∼ 1, the survival probability of ν̄_e is given by

P_{Bugey}(ν̄_e → ν̄_e) ≃ 1 − 4(|U_{e3}|^2 + |U_{e4}|^2)(1 − |U_{e3}|^2 − |U_{e4}|^2) sin^2 Δ_{32}. (6)

If we use the data from the Bugey experiment conservatively, sin^2 2θ_{Bugey} < 0.1 for 0.1 < Δm^2 < 1 eV^2, the following constraint is obtained:

|U_{e3}|^2 + |U_{e4}|^2 < 0.025. (7)

The first long-baseline reactor experiment, that is, the CHOOZ experiment [23] with L/E ∼ 300 [km/GeV] gives a constraint of 4|U_{e3}|^2|U_{e4}|^2 < 0.18 through their data of sin^2 2θ_{CHOOZ} < 0.18 for 3 × 10�^3 < Δm^2 < 1.0 × 10�^2 eV^2. However, this constraint can be included in the constraint of Eq.(7) from the Bugey experiment.

In the same way as the above, the LSND experiments[6] with L/E = 0.5 − 1 [m/MeV] brings the constraint of

|U�_{μ3}U_{e3} + U�_{μ4}U_{e4}| = 0.02 − 0.16 (8)

from the data of sin^2 2θ_{LSND} = 1.5×10�^3 −1.0×10�^1 for 0.2 < Δm^2 < 2 eV^2. And, CHORUS[24] and NOMAD[25] experiments searching for the ν_μ → ν_τ oscillation with L/E = 0.02 − 0.03 [km/GeV] give the constraint of

|U�_{μ3}U_{τ 3} + U�_{μ4}U_{τ 4}| < 0.28 (9)

from the data of sin^2 2θ_{NOMAD} < 0.3 for Δm^2 < 2.2eV^2. Therefore, among the abovementioned six typical phenomena and experiments, the useful constraints are of Eqs. (5), (7), (8) and (9).

In order to translate these four constraints to the ones for the mixing angles and phases, we adopt the most general parametrization of the mixing matrix for Majorana neutrinos, proposed by Barger, Dai, Whisnant and Young [15], which includes six mixing angles and six phases. The expression of the matrix is too complicated to write it down here, so that we cite only the matrix elements which are useful for the following analyses; U_{e1} = c_{01}c_{02}c_{03}, U_{e2} = c_{02}c_{03}s�_{d01}, U_{e3} = c_{03}s�_{d02}, U_{e4} = s�_{d03}, U_{μ3} = −s�_{d02}s_{d03}s�_{d13} + c_{02}c_{13}s�_{d12}, U_{μ4} = c_{03}s�_{d13}, U_{τ 3} = −c_{13}s�_{d02}s_{d03}s�_{d23} − c_{02}s�_{d12}s_{d13}s�_{d23} + c_{02}c_{12}c_{23}, and U_{τ 4} = c_{03}c_{13}s�_{d23}, where c_{ij} ≡ cos θ_{ij} and s_{dij} ≡ s_{ij} e^{iδij} ≡ sin θ_{ij} e^{iδij} [15], and θ_{01}, θ_{02}, θ_{03}, θ_{12}, θ_{13}, θ_{23} are the six angles and δ_{01}, δ_{02}, δ_{03}, δ_{12}, δ_{13}, δ_{23} are the six phases. Three of the six oscillation probability differences are independent so that only three of the six phases determine the oscillation probabilities, that is, the Dirac phases.

By using this parametrization of U, the four constraints of Eqs.(5), (7), (8) and (9) are expressed by the angles and phases as follows:

| − s_{02}s_{03}s_{13}e�^{i(δ02}�^{δ03+δ13)} + c_{02}c_{13}s_{12}e�^{iδ12} |^2c^2_{03}s^2_{13} > 0.205, (10) c^2_{03}s^2_{02} + s^2_{03} < 0.025, (11) |c_{02}s_{02}c_{03}s_{12}c_{13} + c^2_{02}c_{03}s_{03}s_{13}e^{iδ1}| = 0.02 − 0.16, (12)

| c^2_{02}c_{12}s_{12}c_{13}c_{23} − c_{02}s_{02}s_{03}s_{12}c^2_{13}s_{23}e�^{i(δ1+δ2)} − c_{02}s_{02}s_{03}c_{12}s_{13}c_{23}e^{iδ1} + c_{13}s_{13}s_{23}(c^2_{03} − c^2_{02}s^2_{12} + s^2_{02}s^2_{03})e�^{iδ2} | < 0.28, (13)

where δ_1 ≡ δ_{02} − δ_{03} − δ_{12} + δ_{13} and δ_2 ≡ δ_{12} − δ_{13} + δ_{23}. The constraint of Eq.(10) reduces to s^2_{12}c^2_{13}s^2_{13} > 0.205 (14) due to the smallness of s_{02} and s_{03}, which is obtained from Eq.(11). By using the constraints of Eqs.(11) and (14) together with the nearly maximal mixing in the angle θ_{23}, which is derived from the large angle mixing in ν_μ → ν_τ oscillation for the atmospheric neutrino anomaly, it proves that no constraints on the phases δ_1 and δ_2 are obtained from Eqs.(12) and (13). Equation (12), however, gives a constraint on the mixing angles. So, we obtain three constraints of Eqs.(11), (12) and (14) on the mixing angles and no constraints on the two phases of δ_1 and δ_2 in the four-neutrino model. The third Dirac phase does not give any significant effect to the leading parts of the oscillation probabilities, as can be seen from its no occurence in the constraints of Eqs.(10) − (13).

By using the constraints of Eqs.(11), (12) and (14), we calculate the oscillation probabilities of muon neutrino for the K2K experiment. We set the distance between the neutrino detector and the source L to be 250 km and the energy of neutrino E to be 1.4 GeV. A typical result is shown in Fig.1, which gives the survival probability P (ν_μ → ν_μ) and disappearance probabilities of P (ν_μ → ν_τ ), P (ν_μ → ν_e), and P (ν_μ → ν_s) with respect to Δm^2_{43}, which corresponds to Δm^2_{atm}. We took the parameters as s_{01} = s_{23} = 1/ √ 2, s_{02} = s_{03} = 0.11, s_{12} = 0.91, s_{13} = 0.67, and δ_1 = δ_2 = π/2. Here and in the following, we take Δm^2_1(≡ Δm^2_{solar}) = 1.0 × 10�^6 eV^2 and Δm^2_{32}(≡ Δm^2_{LSND}) = 0.3 eV^2. The difference of

P (ν_μ → ν_μ) of 0.7 from 1 around 0.0001 ≤ Δm^2_{43} ≤ 0.001 eV^2 comes from the Δm^2_{LSND} contribution, as pointed out by Yasuda [26]. It goes up to 1.0 − 0.96 in the same region of Δm^2_{43}, as the angle s_{12} is increased towards 1.0. As seen in Fig.1, P (ν_μ → ν_μ) does not vary in 0.0001 ≤ Δm^2_{43} ≤ 0.001 eV^2 and decreases abruptly from 0.6 to 0.07 in the region of 0.002 ≤ Δm^2_{43} ≤ 0.006 eV^2. P (ν_μ → ν_τ ) and P (ν_μ → ν_s) are very small in 0.0001 ≤ Δm^2_{43} ≤ 0.001 eV^2 and take a sizable magnitude of 0.3 − 0.6 in Δm^2_{43} = 0.004 − 0.006 eV^2. In the computation we have not convoluted the probabilities with respect to the energy spread of the incident neutrinos. The feature of the computational results is as follows: (i) The dependence of the oscillation probabilities on the phases δ_1 and δ_2 is very weak. (ii) The change of the probabilities between s_{02} = s_{03} = 0.11 and 0.05 is very small for P (ν_μ → ν_μ), P (ν_μ → ν_τ ) and P (ν_μ → ν_s), while the change is not so small for P (ν_μ → ν_e) since the mixing angles s_{02} and s_{03} affect significantly the ν_μ → ν_e oscillation. (iii) The dependence on the sign of the mixing angles s_{12} and s_{13} is that P (ν_μ → ν_μ) is same between the cases of s_{12} > 0, s_{13} > 0 and s_{12} > 0, s_{13} < 0, and P (ν_μ → ν_τ ) and P (ν_μ → ν_s) interchange with each other between the two cases, and that all the probabilities do not change between the cases of s_{12} > 0, s_{13} > 0 and s_{12} < 0, s_{13} < 0 and also the same between the cases of s_{12} > 0, s_{13} < 0 and s_{12} < 0, s_{13} > 0.

Next, we will compare these results with those in the three-neutrino model with three active neutrinos, where the mass pattern is taken as Δm^2_1 = Δm^2_{solar} and Δm^2_{32} = Δm^2_{atm}. The constraints on the mixing matrix are derived as follows. The solar neutrino deficit is not used again here, since there are so many (four) solutions.

(i) Atmospheric neutrino anomaly. The survival probability of ν_μ is given by

P_{atm}(ν_μ → ν_μ) ≃ 1 − 4|U_{μ3}|^2(1 − |U_{μ3}|^2) sin^2 Δ_{32}. (15)

Then, the constraint is replaced by |U_{μ3}|^2(1 − |U_{μ3}|^2) > 0.205, instead of Eq.(5).

This gives us the following constraint on |U_{μ3}|,

0.54 < |U_{μ3}| < 0.84. (16)

(ii) The CHOOZ experiment. The survival probability of ν̄_e is given by

P_{CHOOZ} (ν̄_e → ν̄_e) ≃ 1 − 4|U_{e3}|^2(1 − |U_{e3}|^2) sin^2 Δ_{32}. (17)

The data stated in the description of the four-neutrino model gives the constraint of 4|U_{e3}|^2(1 − |U_{e3}|^2) < 0.18, leading to the following constraint on |U_{e3}|,

|U_{e3}| < 0.22. (18)

In the three-neutrino model, the constraint from the Bugey experiment can be included in the constraint of Eq.(18) from the CHOOZ experiment.

(iii) The CHORUS and NOMAD experiments. The transition probability of ν_μ → ν_τ is given by

P (ν_μ → ν_τ ) ≃ 4|U_{μ3}|^2|U_{τ 3}|^2 sin^2 Δ_{32}. (19)

Their data of sin^2 2θ_{NOMAD} ≤ 1 for Δm^2 = (1.5 − 5) × 10�^3 eV^2 gives a constraint of |U_{μ3}||U_{τ 3}| < 0.5. (20) In order to translate these three constraints of Eqs.(16), (18) and (20) to the ones for the mixing angles and phases, we choose the parametrization used by the PDG[27] with the additional two phases for Majorana neutrinos[28], which eventually includes three angles and three phases. We give here only the relevant elements; U_{e3} = s_{13}e^{i(ρ}�^{ϕ)}, U_{μ3} = s_{23}c_{13}e^{i(ρ}�^{β)}, and U_{τ 3} = c_{23}c_{13}, where c_{ij} ≡ cos θ_{ij} and s_{ij} ≡ sin θ_{ij} and ρ, ϕ and β are the three phases. As in the four-neutrino model, the Majorana phases ρ and β do not enter into the oscillation probabilities. The three constraints are expressed with the three angles as

0.54 < |s_{23}c_{13}| < 0.84, (21)

|s_{13}| < 0.22, (22) c^2_{13}|c_{23}s_{23}| ≤ 0.5. (23)

The constraint of Eq.(23) is always satisfied for any values of s_{23} and s_{13}. So, we have two constraints of Eqs.(21) and (22) remained. We again calculate the oscillation probabilities of the ν_μ beam for the K2K experiment. A typical result is shown in Fig.2 for P (ν_μ → ν_μ), P (ν_μ → ν_τ ), and P (ν_μ → ν_e) with respect to Δm^2_{32}(= Δm^2_{atm}), where we took s_{12} = s_{23} = 1/ √ 2, s_{13} = 0.15, and ϕ = π/2. The probability P (ν_μ → ν_μ) is nearly 0.95 − 1 in 0.0001 ≤ Δm^2_{32} ≤ 0.001 eV^2 and decreases rapidly from 0.8 to 0.04 in the region of 0.002 ≤ Δm^2_{32} ≤ 0.006 eV^2. P (ν_μ → ν_τ ) takes a sizable magnitude of 0.2 − 0.6 around Δm^2_{32} = 0.002 − 0.004 eV^2 and P (ν_μ → ν_e) is quite small due to the small mixing angle s_{13}, which comes from the constraint by the CHOOZ experiment. The dependence of the probabilities on the phase ϕ is very weak.

Fig.3 shows the regions of P (ν_μ → ν_μ) allowed by the constraints on the mixing angles and phases discussed above in the three-neutrino model(dashed lines) and in the four-neutrino model(solid lines). The allowed region is the one sandwiched between the upper curve(maximum) and the lower one(minimum). It is very broad in the four-neutrino model, especially in the range of 0.0001 ≤ Δm^2 ≤ 0.002 eV^2 due to the range of 0.91 ≤ s_{12} ≤ 1 derived from the constraint of Eq.(14), where the minimum curve of P (ν_μ → ν_μ) is given by s_{12} = 0.91 and the maximum one is by s_{12} = 1.0. On the contrast, the region of P (ν_μ → ν_μ) is considerably limited in the three-neutrino model, determined by the range of 0.55 ≤ s_{23} ≤ 0.85 coming from the constraint of Eq.(21). The minimum curve is given by s_{23} = 1/ √ 2 and the maximum one is by s_{23} = 0.55(or 0.85), where the maximum curve almost overlaps with the one in the four-neutrino model. The two models do not show any significant difference to P (ν_μ → ν_μ) in the range of 0.004 ≤ Δm^2 ≤ 0.007 eV^2, while they give a large difference for Δm^2 < 0.004 eV^2. For example, if the probability P (ν_μ → ν_μ) is measured to be 0.6 by the K2K experiment, the threeneutrino model will predict that the relevant scale of mass-squared difference is 0.0030 ≤ Δm^2 ≤ 0.0034 eV^2, a relatively narrow range, while the four-neutrino model will predict that it is 0.0020 ≤ Δm^2 ≤ 0.0034 eV^2, a broader range than in the three-neutrino model. That is to say, the determination of the relevant scale of Δm^2 by the K2K experiment is more flexible in the four-neutrino model than in the three-neutrino model. That is a big advantage at the time when Δm^2_{atm} is not so precisely determined by the experiments and/or the observations, for example, of the atmospheric neutrino deficit.

A way to predict more precisely the allowed region of P (ν_μ → ν_μ) for the K2K experiment in the four-neutrino model is to determine the angle s_{12} to a good precision, which will be attained by the CHORUS/NOMAD-type experiment for the ν_μ → ν_τ oscillation performed with a longer distance L ≃ 30 km so that L/E becomes ≃ 1, since P (ν_μ → ν_τ ) is predominantly controlled by the first term with the angle s_{12} in the left-hand side of Eq.(13).

References

[1] Kamiokande Collaboration, K.S. Hirata et al., Phys. Lett. B 205 (1988) 416;

Phys. Lett. B 280 (1992) 146; Y. Fukuda et al., Phys. Lett. B 335 (1994) 237 ; IMB Collaboration, D Casper et al., Phys. Rev. Lett. 66 (1991) 2561; R.Becker-Szendy et al., Phys. Rev. D 46 (1992) 3720; R. Becker-Szendy et al., Nucl. Phys. B (Proc. Suppl.) 38 (1995) 331; NUSEX Collaboration, M. Aglietta et al., Europhys. Lett. 8 (1989) 611; Europhys. Lett. 15 (1991) 559; SOUDAN -2 Collaboration, W.W.M. Allison et al., Phys. Lett. B 391 (1997) 491.

[2] Super-Kamiokande Collaboration, Y. Fukuda et al., Phys. Lett. B 433 (1998)

9; Phys. Lett. B 436 (1998) 33; Phys. Rev. Lett. 81 (1998) 1562; talk by T. Toshito, at ICHEP2000, Osaka, Japan, July 2000.

[3] G.L. Fogli, E. Lisi and D. Montanino, Phys. Rev. D 49 (1994) 3626; S.M.

Bilenky and C. Giunti, Phys. Lett. B 444 (1998) 379.

[4] B.T. Cleveland et al., Nucl. Phys. B (Proc. Suppl.) 38 (1995) 47; Kamiokande Collaboration, Y. Fukuda et al., Phys. Rev. Lett. 77 (1996) 1683 ; GALLEX Collaboration, W. Hampel et al., Phys. Lett. B 388 (1996) 384 ; SAGE Collaboration, J.N. Abdurashitov et al., Phys. Rev. Lett. 77 (1996) 4708; Super-Kamiokande Collaboration, talk by Y. Takeuchi, at ICHEP2000, Osaka, Japan, July 2000.

[5] N. Hata and P. Langacker, Phys. Rev. D 50 (1994) 632; J.N. Bahcall, P.I.

Krastev and A. Yu. Smirnov, Phys. Rev. D 58 (1998) 096016.

[6] C. Athanassopoulos et al., Phys. Rev. Lett. 75 (1995) 2650; Phys. Rev. Lett.

77 (1996) 3082; Phys. Rev. Lett. 81 (1998) 1774.

[7] K2K collaboration, talk by K. Nakamura, at Neutrino 2000, Sudbury, Canada, June 2000; talk by M. Sakuda, at ICHEP2000, Osaka, Japan, July 2000.

[8] D.O. Caldwell, Perspectives in Neutrinos, Atomic Physics and Gravitation (Editions Frontieres, Gif-sur-Yvette, France, 1993), p. 187; D.O. Caldwell and R.N. Mohapatra, Phys. Rev. D 48 (1993) 3259 ; J.T. Peltoniemi and J.W.F. Valle, Nucl. Phys. B406 (1993) 409; J.R. Primack, J. Holtzman, A. Klypin and D.O. Caldwell, Phys. Rev. Lett. 74 (1995) 2160; E.J. Chun, A.S. Joshipura and A.Yu. Smirnov, Phys. Lett. B 357 (1995) 608; J.J. Gomez- Cadenas and M.C. Gonzalez-Garcia, Z. Phys. C 71 (1996) 443.

[9] S.M. Bilenky, C. Giunti, C.W. Kim and S.T. Petcov, Phys. Rev. D 54 (1996) 4432; S.M. Bilenky, C. Giunti and W. Grimus, Euro. Phys. J. C 1 (1998) 247; Phys. Rev. D 57 (1998) 1920.

[10] S.M. Bilenky, C. Giunti and W. Grimus, Phys. Rev. D 58 (1998) 033001. [11] E. Ma and P. Roy, Phys. Rev. D 52 (1995) 4780; A.Yu. Smirnov and M.

Tanimoto, Phys. Rev. D 55 (1997) 1665. [12] S. Goswami, Phys. Rev. D 55 (1997) 2931.

[13] N. Okada and O. Yasuda, Int. J. Mod. Phys. A 12 (1997) 3669. [14] V. Barger, T.J. Weiler and K. Whisnant, Phys. Lett. B 427 (1998) 97; V.

Barger, S. Pakvasa, T.J. Weiler and K. Whisnant, Phys. Rev. D 58 (1998) 093016.

[15] V. Barger, Y.-B. Dai, K. Whisnant and B.-L. Young, Phys. Rev. D 59 (1999) 113010.

[16] Z. Maki, M. Nakagawa and S. Sakata, Prog. Theor. Phys. 28 (1962) 870. [17] S.M. Bilenky and B. Pontecorvo, Phys. Reports 41 (1978) 225. [18] T. Hattori, T. Hasuike and S. Wakaizumi, Phys. Rev. D 62 (2000) 033006. [19] B. Achkar et al., Nucl. Phys. B 434 (1995) 503.

[20] G.S. Vidyakin et al., Pis’ma Zh. Eksp. Thor. Fiz. 59 (1994) 364 ; JETP Lett.

59 (1994) 390.

[21] CDHS Collaboration, F. Dydak et al., Phys. Lett. B 134 (1984) 281. [22] CCFR Collaboration, I.E. Stockdale et al., Phys. Rev. Lett. 52 (1984) 1384;

Z. Phys. C 27 (1985) 53; K.S. McFarland et al., Phys. Rev. Lett. 75 (1995) 3993.

[23] M. Apollonio et al., Phys. Lett. B 420 (1998) 397.

[24] CHORUS Collaboration, E. Eskut et al., Phys. Lett. B 424 (1998) 202; Phys.

Lett. B 434 (1998) 205.

[25] NOMAD Collaboration, P. Astier et al., Phys. Lett. B 453 (1999) 169; Phys.

Lett. B 483 (2000) 387.

[26] O. Yasuda, hep-ph/0008256.

[27] Particle Data Group, D.E. Groom et al., Eur. Phys. J. C 15 (2000) 1. [28] T. Fukuyama, K. Matsuda and H. Nishiura, Phys. Rev. D 57 (1998) 5844.

Figure captions

Fig.1. The probabilities P (ν_μ → ν_μ) (solid line), P (ν_μ → ν_τ ) (dash-dotted line), P (ν_μ → ν_s) (dashed line), and P (ν_μ → ν_e) (dotted line) versus Δm^2_{43} calculated in the four-neutrino model for the K2K experiment with L = 250 km and E = 1.4 GeV. The parameter values of the mixing angles and phases are s_{01} = s_{23} = 1/ √ 2, s_{02} = s_{03} = 0.11, s_{12} = 0.91, s_{13} = 0.67, and δ_1 = δ_2 = π/2.

Fig.2. The probabilities P (ν_μ → ν_μ) (solid line), P (ν_μ → ν_τ ) (dash-dotted line), and P (ν_μ → ν_e) (dotted line) versus Δm^2_{32} calculated in the three-neutrino model for the K2K experiment. The parameter values of the mixing angles and phases are s_{12} = s_{23} = 1/ √ 2, s_{13} = 0.15, and ϕ = π/2.

Fig.3. The regions of P (ν_μ → ν_μ) for the K2K experiment allowed by the constraints on the mixing angles and phases in the four-neutrino model (solid lines) and in the three-neutrino model (dashed lines). The allowed regions are in between the upper and lower curves. The upper curve in the three-neutrino model almost overlaps with the upper curve in the four-neutrino model. The parameter values are s_{01} = s_{23} = 1/ √ 2, s_{02} = 0.024, s_{03} = 0.0, s_{12} = 1.0, s_{13} = 0.54 and δ_1 = δ_2 = π/2 for the upper curve, and s_{01} = s_{23} = 1/ √ 2, s_{02} = s_{03} = 0.11, s_{12} = 0.91, s_{13} = 0.67 and δ_1 = 0, δ_2 = π/2 for the lower curve in the four-neutrino model. s_{12} = 1/ √ 2, s_{23} = 0.55, s_{13} = 0.20 and ϕ = π/2 for the upper curve, and s_{12} = s_{23} = 1/ √ 2, s_{13} = 0.20 and ϕ = π/2 for the lower curve in the three-neutrino model.