1389

See key on page 1343 Lepton & Quark Full Listings Neutrinos, ˚_e

but from minor side-chains which contribute only a very small fraction of the entire solar neutrino flux.)

One explanation of the results of these four experiments is that neutrino oscillations do take place during the transit from the production point in the sun to the interaction point in the earth. These oscillations may involve mixing either with

˚_μ and ˚_τ or “sterile” neutrino components. An appealing

scenario is that of resonant neutrino oscillations, the Mikheyev- Smirnov-Wolfenstein (MSW) effect [25]. Details about this can be found in the reviews cited at the end of this note, and in the references in the original papers.

For some recent reviews on neutrino physics and further references to the original literature, see Refs. [15,26–29].

References 1. Z. Maki, M. Nakagawa, and S. Sakata, Prog. Theor. Phys.

28, 870 (1962);

M. Nakagawa, H. Okonogi, S. Sakata, and A. Toyoda, ibid. 30 727 (1963).

2. B. Pontecorvo, Sov. Phys. JETP 6, 429 (1957); 7, 172 (1958); 26 984 (1968) (Zh. Eksp. Teor. Fiz. 53, 1717 (1967);

V. Gribov and B. Pontecorvo, Phys. Lett. 28B, 493 (1969); S.M. Bilenky and B. Pontecorvo, Phys. Rev. 41C, 225 (1978).

3. S. Weinberg, in Proceedings of the XXVI International Conference on High Energy Physics, (1992), ed. J. Sanford, (A.I.P., New York, 1993), p. 346.

4. M. Gell-Mann, R. Slansky, and P. Ramond, in Supergravity, (North Holland, 1979), p. 315;

T.Yanagida, in Proceedings of the Workshop on Unified Theory and Baryon Number in the Universe, (KEK, Japan, 1979).

5. B.W. Lee and R.E. Shrock, Phys. Rev. D16, 1444 (1977). 6. R.E. Shrock, Phys. Lett. 96B, 159 (1980); “Note on Neutrino Mass Limits,” Review of Particle Properties, 1980 Edition, Rev. Mod. Phys. 52, S63 (1980).

7. R.E. Shrock, Phys. Rev. D24, 1232,1275 (1981); Phys.

Lett. 112B, 382 (1982).

8. See, e.g., T.P. Cheng and L.F. Li, Phys. Rev. D22, 2860 (1980).

9. K. Fujikawa and R.E. Shrock, Phys. Rev. Lett. 45, 963 (1980).

10. R.E. Shrock, Nucl. Phys. B206, 359 (1982). 11. M. Doi, T. Kotani, and E. Takasugi, Prog. Theor. Phys.

Supp. 83, 1 (1985);

T. Tomoda, Rept. on Prog. in Phys. 54, 53 (1991). 12. M. Janousch, R. Frosch, et al., in Proceedings of the International Workshop on Low Energy Muon Science (LEMS ’93, April 4–8, 1993, Santa Fe, New Mexico), ed. M. Leon; R. Frosch, private communication.

13. B. Jeckelmann, P.F.A. Goudsmit, and H.J. Leisi, to be published.

14. R. Davis et al., in the Proceedings of the Conference on the Intersections between Particle and Nuclear Physics, Steamboat Springs (1984), ed. R.E. Mischke, published in Am. Inst. Phys. 123, 1037 (1984).

15. R. Davis, Jr., A.K. Mann, and L. Wolfenstein, Ann. Rev.

Nucl. and Part. Sci. 39, 467 (1989).

16. J.N. Bahcall, Neutrino Astrophysics (Cambridge, 1989). 17. J.N. Bahcall and M.H. Pinsonneault, Rev. Mod. Phys. 64, 885 (1992).

18. S. Turck-Chièze et al., Phys. Reports 230, 57 (1993);

S. Turck-Chièze and I. Lopes, Ap. J. 408, 347 (1993). 19. K.S. Hirata et al., Phys. Rev. Lett. 63, 16 (1989). 20. K.S. Hirata et al., Phys. Rev. Lett. 65, 1297 (1990). 21. K.S. Hirata et al., Phys. Rev. Lett. 66, 9 (1991). 22. A.I. Abazov et al., Phys. Rev. Lett. 67, 3332 (1991). 23. P. Anselmann et al., Phys. Lett. B314, 445 (1993). 24. P. Anselmann et al., Phys. Lett. B (to be published, 1994). 25. S.P. Mikheyev and A.Yu. Smirnov, Sov. J. Nucl. Phys. 42, 913 (1985); [Yad. Fiz. 42, 1441 (1985)]; L. Wolfenstein, Phys. Rev. D17, 2369 (1979).

26. F. Boehm and P. Vogel, Ann. Rev. Nucl. and Part. Sci.

34, 125 (1984);

F. Boehm and P. Vogel, Physics of Massive Neutrinos (Cambridge Univ. Press, Cambridge, 1987).

27. J.D. Vergados, Phys. Reports 133, 1 (1986). 28. S.M. Bilenky and S.T. Petcov, Rev. Mod. Phys. 59, 671 (1987).

29. H.V. Klapdor, ed., Neutrinos (Springer-Verlag, Berlin, New York, 1988).

Some other sources of information on neutrinos include topical neutrino conferences, and international high-energy physics and lepton-photon conferences.

˚_e^J =^12

Not in general a mass eigenstate. See note on neutrino properties above.

These limits apply to ˚_1, the primary mass eigenstate in ˚_e. They would also apply to any other ˚_j which mixes strongly

in ˚_e and has sufficiently small mass that it can occur in

the respective decay. The neutrino mass may be of a Dirac or Majorana type; the former conserves total lepton number while the latter violates it. Either would violate lepton family number, since nothing forces the neutrino mass eigenstates to coincide with the neutrino interaction eigenstates. For limits on a Majorana ˚_e mass, see the section on “Searches for Massive Neutrinos and Lepton Mixing,” part (C), entitled “Searches for Neutrinoless Double-fi Decay.”

From the analysis of neutrino events from SN 1987A it is possible to get upper bounds on neutrino masses. For two examples of such studies, see Refs. 1 and 2 and references therein.

Our mass limit for ˚_e is taken from the average in the ˚_e “Mass Squared” section immediately below this section.

References 1. D.N. Spergel and J.N. Bahcall, Phys. Lett. B200, 366 (1988).

2. L.F. Abbott et al., Nucl. Phys. B299, 734 (1988).