hep-ph/9908325 11 Aug 1999

Comment on the broadening of the^7Be neutrino line in vacuum oscillation solutions of the solar neutrino problem

James M. Gelb^∗ Department of Physics University of Texas at Arlington Arlington, Texas 76019

S. P. Rosen^† U.S. Department of Energy Germantown, Maryland 20874 (August 11, 1999)

We consider the effect of thermal broadening of the^7Be neutrino on vacuum oscillation solutions of the solar neutrino problem and analyze the conditions under which the electron-neutrino survival probability must be averaged over neutrino energy. For “just-so” solutions with Δm^2 of order

5 � 10^{−11} eV^2 averaging is not necessary, but for much larger

values, it is. We analyze the effective broadening due to the extended production region in the Sun and find similar results. We also comment on the possibility of seasonal variations of the^7Be neutrino signal.

PACS numbers: 26.65.+t, 14.60.Pq, 96.40.Tv

In “just-so” and other vacuum oscillation solutions of the solar neutrino problem [1,2], it is customary to replace the distance (L) dependent factor P (L, E_ν) = sin^2 ( Δm^2L_⊙/E_ν ) by its average value of 1/2 when it oscillates rapidly over the spectra of pp or^8B neutrinos [3]. The^7Be neutrinos [3], however, arise from an electroncapture process and are therefore mono-energetic. If the thermal broadening of the^7Be line [4] is large compared with the energy width of a single oscillation, then the averaging procedure is still valid; but if the broadening is small, then averaging is not valid and it becomes necessary to “fine tune” the oscillation parameters to be consistent with experimental data.

Here we analyze the conditions under which averaging is or is not valid, and we show that it is not valid for “just-so” solutions which appear to be consistent with the observed anomaly at the high-energy end of the recoil electron spectrum [5]. We also analyze the effective broadening induced by the finite size of the solar region in which^7Be neutrinos are produced [4]. Finally we study the conditions for seasonal variations in the^7Be neutrino signal [1,6].

To perform this analysis, we re-express P (L, E_ν) in terms of the energy at which its phase is π/2 [5]:

1.27 Δm^2 d_⊙ E_{π/2} = π 2 ; Δm^2 = 8.27 × 10^{−12} E_{π/2} . (1) For a fixed solar distance d_⊙, 1.5×10^8 km, this is entirely equivalent to the usual Δm^2 characterization with energies in MeV and Δm^2 in eV^2. The survival probability of solar electron-type neutrinos arriving at Earth from the Sun is then given by:

P (ν_e → ν_e; E_ν) = 1 − sin^2 2θ sin^2 ( π 2 E_{π/2} E_ν ) . (2)

It reaches its minimum value of (1 − sin^2 2θ) at an energy of E_{π/2}, and then increases monotonically to 1 as E_ν increases.

Suppose now that the neutrino energy changes by a small amount:

E_ν → E_ν ± δ . (3)

Then P (L, E_ν) becomes:

sin^2 ( π 2 E_{π/2} E_ν ) → sin2 ( π 2 E_{π/2} E_ν [1 ∓ δ E_ν ] ) . (4)

For a significant change in the value of the function, the additional phase induced by ±δ must be of order^π_2 . This will happen when δ E_ν ≈ E_ν E_{π/2} . (5)

In the case of^7Be neutrinos, the energy and width are [4]:

E_ν = 860 keV ; δ ≈ 1 keV . (6)

Fitting the shape of the recoil spectrum requires [5]:

E_{π/2} ≈ 6 − 9 MeV . (7)

Thus δ/E_ν is of order 10^{−3}, while E_ν/E_{π/2} is much larger, namely of order 10^{−1}, and so the condition above is not satisfied. This means that the width of the^7Be line does not cause more than a 1-2% change in P (L, E_ν).

We can turn this argument around and ask that, given the energy and width of^7Be neutrinos, the parameters E_{π/2} and its equivalent Δm^2 be chosen so as to give a large change in P (L, E_ν). From the above analysis, we find that E_{π/2} must be about one thousand times larger than the^7Be neutrino energy:

E_{π/2} ≈ 1000 MeV ; (8)

and the corresponding Δm^2 increases by two orders of magnitude above the initial case,

Δm^2 ≈ 8 × 10^{−9} eV^2 . (9)

Besides the thermal broadening of the^7Be line, another feature that can cause changes in the phase of P (L, E_ν) is the finite extent of the production region in the Sun for^7Be neutrinos. This region is about 10% of the solar radius [4], or ∼ 10^5 kilometers, and is small compared with the solar distance d_⊙, ∼ 10^8 km. We can think of it as causing a change in the value of E_{π/2} by one part in a thousand. Such a small fractional change will not have a significant affect on the distance-dependent factor for E_{π/2} in the range of 6-9 MeV; but for the much larger value of E_{π/2} given in the last equation it will cause a large variation and it will be necessary to average P (L, E_ν) over the production region.

The variation in the Earth-Sun distance due to the eccentricity of the orbit of the Earth [1,6] can also be regarded as a small variation in E_{π/2}. As we have shown before [5], this does not cause a significant seasonal variation in the^7Be signal for E_{π/2} = 6 MeV, but it does for E_{π/2} = 9 MeV. As E_{π/2} grows to about 50 Mev, the oscillations in the signal become quite pronounced [5], and for much larger values they eventually become so rapid that again an average may need to be performed. The corresponding values of Δm^2 are roughly 8 × 10^{−11} eV^2, 4 × 10^{−10} eV^2, and 4 × 10^{−9} eV^2 respectively.

The need for an average in the eccentricity case is determined by the rate at which observations of the^7Be signal are made. In the SAGE and GALLEX experiments [7], for example, the observations are made over approximately 22 days, and so an average will be required if eccentricity-induced oscillations have a much smaller period. In experiments like BOREXINO [8], the neutrinos will be detected in real time, and one might be able to trace out oscillations whose period is long compared to the average interval between successive events.

∗ Email address: gelb@alum.mit.edu. † Email address: Peter.Rosen@oer.doe.gov.

[1] S. L. Glashow, Peter J. Kernan, and L. M. Krauss, ”Phys.

Lett. B”445, 412 (1999).

[2] V. Gribov and B. Pontecorvo, Phys. Lett. 28B, 493 (1969); V. Barger, K. Whisnant, and R. Phillips, Phys. Rev. D 24, 538 (1981); S. L. Glashow and L. M. Krauss, ”Phys. Lett. B”190, 199 (1987); V. Barger, R. Phillips, and K. Whisnant, Phys. Rev. D 43, 1110 (1991); ibid,

Phys. Rev. Lett. 69, 3135 (1992); P. I. Krastev and S. Petcov, Phys. Rev. D 53, 1665 (1996); J. N. Bahcall, P. I. Krastev, and E. Lisi, Phys. Rev. C 55, 494 (1997); G. L. Fogli, E. Lisi, and D. Montanino, Phys. Rev. D 56, 4374 (1997); A. J. Baltz, A. S. Goldhaber, and M. Goldhaber, Phys. Rev. Lett. 81, 5730 (1988).

[3] J. N. Bahcall, S. Basu, and M. H. Pinsoneault, ”Phys.

Lett. B”433, 1 (1998).

[4] J. N. Bahcall, Neutrino Astrophysics (Cambridge University Press, New York, 1989), see pp. 147, 155.

[5] J. M. Gelb and S. P. Rosen, Phys. Rev. D 60, 011301 (1999).

[6] P. I. Krastev and S. T. Petcov, ”Nucl. Phys.”B449, 605 (1995); S. P. Mikheyev and A. Yu. Smirnov, ”Phys. Lett. B”429, 343 (1998).

[7] SAGE Collaboration, V. Gavrin et al., in Neutrino 96, Proceedings of the XVII International Conference on Neutrino Physics and Astrophysics, Helsinki, Finland, edited by K. Huitu, K. Enqvist, and J. Maalampi (World Scientific, Singapore, 1997), p. 14; J. N. Abdurashitov et al., Phys. Rev. Lett. 77, 4708 (1996); GALLEX Collaboration, P. Anselmann et al., ”Phys. Lett. B”342, 440 (1995); W. Hampel et al., ibid 388, 364 (1996); T. Kirsten, in Neutrino 98, Proceedings of the XVIII International Conference on Neutrino Physics and Astrophysics, Takayama, Japan, 1998, edited by Y. Suzuki and Y. Totsuka, [Nucl. Phys. B (Proc. Suppl.) (in press)].

[8] BOREXINO Collaboration, J. Benziger, F. P. Calaprice, et al., Proposal for Participation in the Borexino Solar Neutrino Experiment (Princeton University, Princeton, NJ, 1996); C. Arpesella et al., INFN Borexino Proposal, Vols. I and II, edited by G. Bellini and R. Raghavan et al. (University of Milan, Italy, 1992).