4-NEUTRINO SCHEMES AND THE LIKELIHOOD OF (3+1) MASS SPECTRA^a

THOMAS SCHWETZ Instituto de Física Corpuscular – C.S.I.C., Universitat de València Edificio Institutos de Paterna, Apt. 22085, E–46071 València, Spain E-mail: schwetz@ific.uv.es

ABSTRACT

We consider the status 4-neutrino schemes in the light of short-baseline oscillation data, taking into account also the most recent atmospheric neutrino data, as well as long-baseline and tritium β-decay data. We show that the oscillation interpretation of the LSND experiment in (3+1) neutrino schemes is severely disfavoured, in contrast to (2+2) schemes, which are in good agreement with all short-baseline data.

1. Introduction

Reconciling the data on solar^{1)}, atmospheric^{2)} and the LSND^{3)} neutrino experiments in terms of neutrino oscillations requires three different scales of mass-squared differences, and hence at least 4 neutrinos, including a sterile one^{4)}. All possible 4-neutrino mass spectra are shown in Fig. 1.

Based on semi-quantitative considerations it was realized some time ago that spectra of the type (3+1) are disfavoured by short-baseline (SBL) neutrino data^{5)}. However, in a new analysis of the LSND experiment^{6)} the allowed region in the parameter space was slightly shifted to smaller mass-squared differences, which makes the (3+1) spectra somewhat less disfavoured. Moreover, it is a prediction of the (2+2) spectra that the sterile neutrino is important in solar or in atmospheric neutrino oscillations or in both, which seems to be disfavoured by the recent data, although a combined fit^{7)} is still acceptable. These developments lead to some recent attempts to revive the (3+1) schemes^{8)}.

This was the motivation to perform a combined analysis of the data of the SBL experiments Bugey^{9)}, CDHS^{10)}, KARMEN^{11)} and NOMAD^{13)}, of the long-baseline experiment CHOOZ^{12)}, of atmospheric neutrino experiments^{2)} and of tritium β-decay experiments^{14)} to examine the status of 4-neutrino schemes in a well defined statistical framework. The details of our calculations and further references can be found in Refs.^{15,16)}.

2. Notations

The oscillation probabilities relevant in SBL appearance and disappearance ex-

aTalk given at Les Houches EuroConference on neutrino masses and mixings, 18–22 June 2001.

m_1m^2 m_3 m_4

m_3 m_1m^2 m_4

A m_4 m_3 m_1m^2

m_4 m_1m^2 m_3

B (3+1)

m_3 m_4 m_1m^2

m_1m^2 m_3 m_4

(2+2)

Figure 1: The six types of 4-neutrino mass spectra.

periments in 4-neutrino schemes are given by very simple two-neutrino-like formulas: P_{νμ→νe} = P_{ν̄μ→ν̄e} = A_{μ;e} sin^2 ( Δm^2L/4E ) , (1) P_{να→να} = P_{ν̄α→ν̄α} = 1 − 4 d_α(1 − d_α) sin^2 ( Δm^2L/4E ) . (2)

Here L is the distance between source and detector, E is the neutrino energy and α = e, μ. With our labeling of the neutrino masses indicated in Fig. 1 we have Δm^2_{SBL} ≡ Δm^2 ≈ |m^2_4 − m^2_1|. In Eqs. (1) and (2) we used the following definitions:

d_α = |U_{α4}|^2 , A_{μ;e} = 4 d_ed_μ for (3+1) spectra, d_α = ∑ j=1,2 |Uαj | 2 , A_{μ;e} = 4 | | ∑ j=3,4 UejU ∗ μj | |^2 for (2+2) spectra, (3) where U is the PMNS lepton mixing matrix.

The results of the Bugey and CHOOZ experiments in combination with solar ν_edisappearance require d_e ≲ 10^{−2} for (3+1) and 1 − d_e ≲ 10^{−2} for (2+2) spectra. The CDHS experiment together with atmospheric ν_μ-disappearance implies d_μ ≲ 0.03 for 0.7 eV^2 ≲ Δm^2 ≲ 10 eV^2. The 4-neutrino fit to the full atmospheric neutrino data^{7)} allows to set the additional constraint d_μ ≤ 0.090 (0.13) at 90% (99%) CL. Together with the bounds on A_{μ;e} from the experiments KARMEN and NOMAD we calculate an upper bound on A_{μ;e} by combining all the data and compare this bound to the region in the (Δm^2, A_{μ;e}) plane allowed by LSND.

3. Results

Let us consider at first the (3+1) mass spectra. In this case we combine all the oscillation data using the likelihood function

L_{osc}(d_e, d_μ, Δm^2) = L_{Bugey}(d_e, Δm^2) L_{CDHS}(d_μ, Δm^2) L_{atm}(d_μ) L_{CHOOZ}(d_e) × L_{KARMEN}(d_ed_μ, Δm^2) L_{NOMAD}(d_ed_μ, Δm^2) . (4)

Figure 2: Upper bounds on A_{μ;e} for (3+1) spectra at 95% and 99% CL (left panel) and for (2+2) spectra (right panel) at 90% CL. The shaded regions are allowed by LSND at 90% and 99% CL^{6)}.

Details concerning the individual likelihood function of each of the experiments can be found in Refs.^{15,16)}. For a fixed value of Δm^2 the likelihood function Eq. (4) is transformed into a probability distribution p(d_e, d_μ) by applying Bayes’ theorem and assuming a flat prior in the physically allowed region d_e, d_μ ≥ 0 and d_e + d_μ ≤ 1. Choosing a CL β, we find the corresponding upper bound A^0_β on A_{μ;e} by the prescription ∫

4d_ed_μ≤A^0_β dd_e dd_μ p(d_e, d_μ) = β . (5)

The bounds at 95% and 99% CL are shown in the left panel of Fig. 2 together with the regions allowed by LSND at 90% and 99% CL. We find that there is no overlap of the region allowed by our bound at 95% CL with the region allowed by LSND at 99% CL. If we take our bound at 99% CL there are marginal overlaps with the 99% CL LSND allowed region at Δm^2 ∼ 0.9 and 2 eV^2, and a very marginal overlap region still exists around 6 eV^2.^b

Let us now come to the (2+2) mass spectra. Because of the more complicated relation between the SBL parameters d_e, d_μ and A_{μ;e} given in Eq. (3) in this case the statistical analysis is more involved. The details of our calculation can be found in Ref.^{15)}. Here we present only the results, which are shown in the right panel of

bWe note that for Δm^2 ≳ 10 eV^2 there are additional constraints on the amplitude A_{μ;e} from the experiments BNL E776^{17)} and CCFR^{18)}, which are not included in our analysis. Therefore, the (in any case very marginal) overlap region at Δm^2 ∼ 10 eV^2 is irrelevant.

Figure 3: Allowed regions at 99% CL for spectra of the types (3+1)A and (3+1)B including tritium β-decay. The shaded regions are allowed by LSND at 90% and 99% CL^{6)}.

Fig. 2. The solid line represents our upper bound on A_{μ;e} at 90% CL. It follows the bound from the reactor experiments Bugey and CHOOZ for small Δm^2 and the bound from KARMEN for intermediate values of Δm^2. Even at 90% CL there is a large overlap with the region allowed by LSND. Therefore, the (2+2) schemes are in good agreement with all SBL experiments.

4. Implications of tritium β-decay

For (3+1) mass spectra we have also done an analysis taking into account the information on the effective electron neutrino mass m_β obtained in tritium β-decay experiments. Assuming a lightest neutrino mass ≪ 1 eV one finds^{19)} that there is no significant effect in tritium decay experiments for spectra of type (3+1)A, however in the case of (3+1)B one obtains m^2_β ≈ Δm^2. We include this result in our analysis by using the likelihood function

L_β(Δm^2) ∝ exp [ − 1 2 ∑ i ( (m^2_β)_i − Δm^2 σ_i )2] (6) for the spectrum (3+1)B. The sum is over the experimental values^{14)} m^2_β = −1.0 ± 3.0 ± 2.1 eV^2 obtained by the Troitsk experiment and the two values presented by the Mainz collaboration, obtained from two different analyses of their data: m^2_β = +0.6 ± 2.8 ± 2.1 eV^2 and m^2_β = −1.6 ± 2.5 ± 2.1 eV^2; σ_i is the corresponding error (statistical and systematic errors added in quadrature).

Now we perform an analysis with the two parameters A_{μ;e} and Δm^2, in contrast to the previous section, where the analysis is performed only with the parameter A_{μ;e} for each value of Δm^2 (for details see Ref.^{16)}). The total likelihood function is transformed into a probability distribution p(A_{μ;e}, Δm^2) by using Bayes’ theorem. We assume a flat prior distribution for d_e and d_μ in the physical region and a flat prior distribution for log Δm^2. This ensures that we introduce no bias concerning the order of magnitude of Δm^2, a priori all scales are equally probable. We calculate an allowed region at the 100β% CL by demanding ∫ dA_{μ;e}d(log Δm^2) p(A_{μ;e}, Δm^2) = β . (7)

The integration boundary in the (A_{μ;e}, Δm^2) plane is determined such that the value of p(A_{μ;e}, Δm^2) along this line is constant.

In Fig. 3 we show the allowed regions at 99% CL for spectra of the types (3+1)A and (3+1)B. In the case of (3+1)B spectra tritium β-decay rules out values of Δm^2 ≳ 5 eV^2. In both cases (3+1)A and B only two marginal overlaps with the 99%CL LSND allowed region survive at Δm^2 ∼ 0.9 and 2 eV^2.

5. Conclusions

We have performed a combined analysis of the SBL experiments Bugey, CDHS, KARMEN and NOMAD, together with atmospheric neutrino data and information from the CHOOZ experiment and tritium β-decay in the framework of 4-neutrino mass schemes. We find that for spectra of the type (3+1) the oscillation interpretation of the LSND experiment is severely disfavoured, whereas spectra of the type (2+2) are in good agreement with all SBL data.

6. Acknowledgments

I would like to thank the organizers of this workshop for the very pleasant and stimulating atmosphere. Further I thank W. Grimus, M. Maltoni and J.W.F. Valle for the collaboration on this topic. This work was supported by Spanish DGICYT under grant PB98-0693, by the European Commission RTN network HPRN-CT-2000- 00148, the ESF network 86 and the Marie Curie Training Site Program for Particle Physics Beyond the Standard Model, contract number HPMT-2000-00124.

7. References

1) B.T. Cleveland et al., Astrophys. J. 496 (1998) 505; K.S. Hirata et al., Kamiokande Coll., Phys. Rev. Lett. 77 (1996) 1683; W. Hampel et al., GALLEX Coll., Phys. Lett. B 447 (1999) 127; D.N. Abdurashitov et al.,

SAGE Coll., Phys. Rev. Lett. 83 (1999) 4686; Y. Fukuda et al., Super- Kamiokande Coll., Phys. Rev. Lett. 81 (1998) 1158; Talk of Y. Totsuka; Q.R. Ahmad et al., SNO Coll., nucl-ex/0106015; Talk of K. Heeger.

2) Y. Fukuda et al., Super-Kamiokande Coll., Phys. Rev. Lett. 81 (1998) 1562;

Talk of Y. Totsuka; Y. Fukuda et al., Kamiokande Coll., Phys. Lett. B 335 (1994) 237; R. Becker-Szendy et al., IMB Coll., Nucl. Phys. B (Proc. Suppl.) 38 (1995) 331; W.W.M. Allison et al., Soudan Coll., Phys. Lett. B 449 (1999) 137; M. Ambrosio et al., MACRO Coll., Phys. Lett. B 434 (1998) 451.

3) C. Athanassopoulos et al., LSND Coll., Phys. Rev. Lett. 77 (1996) 3082; ibid 81 (1998) 1774.

4) J.T. Peltoniemi, D. Tommasini and J.W.F. Valle, Phys. Lett. B 298 (1993) 383; J.T. Peltoniemi and J.W.F. Valle, Nucl. Phys. B 406 (1993) 409; D.O. Caldwell and R.N. Mohapatra, Phys. Rev. D 48 (1993) 3259.

5) S.M. Bilenky, C. Giunti and W. Grimus, Proceedings of Neutrino ’96, Helsinki, Finland, 13–19 June 1996, p. 174, (World Scientific, Singapore 1997); Eur. Phys. J. C 1 (1998) 247; N. Okada and O. Yasuda, Int. J. Mod. Phys. A 12 (1997) 3669; S.M. Bilenky, C. Giunti, W. Grimus and T. Schwetz, Phys. Rev. D 60 (199) 073007; V. Barger et al., Phys. Rev. D 58 (1998) 093016.

6) G. Mills, LSND Coll., Talk given at Neutrino 2000, 15–21 June 2000, Sudbury, Canada; A. Aguilar et al., LSND Coll., hep-ex/0104049.

7) M.C. Gonzalez-Garcia, M. Maltoni and C. Peña-Garay, hep-ph/0105269; hepph/0108073; Talks of M.C. Gonzalez-Garcia and C. Peña-Garay.

8) V. Barger et al., Phys. Lett. B 489 (2000) 345; C. Giunti and M. Laveder, JHEP 0102 (2001) 001; O.L.G. Peres and A.Yu. Smirnov, Nucl. Phys. B 599 (2001) 3.

9) B. Achkar et al., Bugey Coll., Nucl. Phys. B 434 (1995) 503. 10) F. Dydak et al., CDHS Coll., Phys. Lett. B 134 (1984) 281. 11) K. Eitel, KARMEN Coll., hep-ex/0008002.

12) M. Apollonio et al., CHOOZ Coll., Phys. Lett. B 466 (1999) 415. 13) M. Mezzetto, NOMAD Coll., Nucl. Phys. B (Proc. Suppl.) 70 (1999) 214. 14) V.M. Lobashev, Nucl. Phys. B (Proc. Suppl.) 91 (2001) 280; J. Bonn et al., Nucl. Phys. B (Proc. Suppl.) 91 (2001) 273; Talk of C. Weinheimer.

15) W. Grimus and T. Schwetz, Eur. Phys. J. C 20 (2001) 1. 16) M. Maltoni, T. Schwetz and J.W.F. Valle, hep-ph/0107150. 17) L. Borodovsky et al., Phys. Rev. Lett. 68 (1992) 274. 18) A. Romosan et al., Phys. Rev. Lett. 78 (1997) 2912.

19) S.M. Bilenky, S. Pascoli and S.T. Petcov, hep-ph/0104218; Talk of S.T. Petcov;

Y. Farzan, O.L.G. Peres and A.Yu. Smirnov, hep-ph/0105105; Talk of Y. Farzan.