Updated solution to the solar neutrino problem based on non-standard neutrino interactions

M.M. Guzzo, P.C. de Holanda, and H. Nunokawa Instituto de Física Gleb Wataghin Universidade Estadual de Campinas, UNICAMP 13083-970 Campinas SP, Brazil

We present an updated version of the solution to the solar neutrino problem based on non-standard flavor changing neutrino interactions (FCNI) and non-universal flavor diagonal neutrino interactions (FDNI). We find a good fit not only to the total rates measured by all solar neutrino experiments but also to the day-night and seasonal variations of the event rate, as well as the recoil electron energy spectrum measured by the SuperKamiokande collaboration.

In this paper we update the recent analysis [1] of the solution to the solar neutrino problem based on non-standard neutrino interactions including the most recent available experimental data from Homestake [2], GALLEX [3], SAGE [4] and SuperKamiokande [5]. We assume that the mechanism first discussed by Wolfenstein [6], who observed that non-standard neutrino interactions (NSNI) with matter can also generate neutrino oscillations, can be relevant to solar neutrinos interacting with the dense solar matter along their path from the core of the sun to its surface [7–13]. We consider massless neutrinos which resonantly enhanced conversion can occur due to an interplay between the standard electroweak neutrino interactions and non-universal flavor diagonal neutrino interactions (FDNI) with matter [7,14]. For the solar input we take the solar neutrino fluxes and their uncertainties as predicted in the standard solar model by Bahcall and Pinsonneault (hereafter BP98 SSM) [15].

We assume that the existence of FCNI and FDNI will generate a time evolution matrix for massless neutrinos that interact with matter via the standard weak interactions and the nonstandard interactions[7,8]:

U(ϵ_{νℓ} , ϵ^′_{νℓ} ) = √ 2G_F ( n_e(r) ϵ^f_{νℓ} n_f (r) ϵ^f_{νℓ} n_f (r) ϵ^{′f}_{νℓ} n_f (r) ) , (1)

where (here and below) f = u, d, e and ℓ = μ, τ and α = e, μ, τ and

n_f (r) = { n_n(r) + 2n_p(r) f = u 2n_n(r) + n_p(r) f = d (2) is the respective fermion number density at position r in terms of the proton [neutron] number density n_p(r) [n_n(r)] and ε = ϵ^f_{νℓ} ≡ G^f_{νeνℓ} G_F (3)

ε^′ = ϵ^{′f}_{νℓ} ≡ G^f_{νℓ νℓ} − G^f_{νe νe} G_F , (4)

describe, respectively, the relative strength of the FCNI and the new flavor diagonal, but nonuniversal interactions. G^f_{να νβ} (α, β = e, μ, τ) denotes the effective coupling of the four-fermion operator O^f_ν ≡ (ν_α ν_β ) (f̄ f) that gives rise to such interactions.

In order to obtain the values of ε and ε^′ parameters that can explain the experimental observations without modifying the standard solar model predictions we use the minimal χ^2 statistical treatment of the data following the analyses of Refs. [16,17]. In Fig. 1 the allowed regions in the parameter space of ϵ^d_ν and ϵ^{′d}_ν for neutrino scattering off d-quarks are shown at 90, 95 and 99 % confidence level (CL). The best fit point of this analysis is found at

ϵ^d_ν = 3.2 × 10^{−3} and ϵ^{′d}_ν = 0.61 , (5) with χ^2_{min} = 1.67 for 4−2 = 2 degrees of freedom (DOF). Similar plots for scattering off u-quarks were obtained. The best fit point of this analysis is found at

ϵ^u_ν = 1.3 × 10^{−3} and ϵ^{′u}_ν = 0.43 , (6)

with χ^2_{min} = 1.68 for two DOF(See Fig. 1).

Figure 1. Region of ε and ε^′ which can explain the total rates measured by the four solar neutrino experiments considered.

Our final result is the fit derived from the combined analysis of all presently available solar neutrino data. In Fig. 2 we show the allowed regions for (ε, ε^′) using both the results from the total rates from the Chlorine, GALLEX, SAGE and

SuperKamiokande solar neutrino experiments together with the 6 bins from the SuperKamiokande zenith angle data discussed previously. Although adding the spectral information to our analysis does not change the shape of allowed regions nor the best fit points, it is included in order to determine the quality of the global fit.

Figure 2. Region of ε and ε^′ which can explain the total rates measured by the four solar neutrino experiments considering the zenith angle dependence measured by SuperKamiokande.

For neutrino scattering off d-quarks the best fit for the combined data is obtained for

ϵ^d_ν = 0.0033 and ϵ^{′d}_ν = 0.60 (7)

with χ^2_{min} = 19.6 for 28 − 4 = 24 DOF. For neutrino scattering off u-quarks the best fit for the combined data is obtained for

ϵ^u_ν = 0.0014 and ϵ^{′u}_ν = 0.43 (8)

with χ^2_{min} = 19.65 for 28 − 4 = 24 DOF (see Fig. 2).

According to our χ^2 analysis NSNI can provide a good fit to the solar neutrino data provided that there are rather large non-universal FDNI (of order 0.5 G_F ) and small FCNI (of order 10^{−2} − 10^{−3} G_F ). The fit to the observed total rate, day-night asymmetry, seasonal variation and spectrum distortion of the recoil electron spectrum is comparable in quality to the one for standard neutrino oscillations.

Even though we consider the conventional oscillation mechanisms as the most plausible solutions to the solar neutrino problem, it is important to realize that in general New Physics in the neutrino sector include neutrino masses and mixing, as well as new neutrino interactions. While it is difficult to explain the atmospheric neutrino problem [18] and the LSND anomalies [19] by NSNI [20,21], we have shown in this paper that a solution of the solar neutrino problem in terms of NSNI is still viable. The ultimate goal is of course a direct experimental test of this solution. The upcoming solar neutrino experiments will provide a lot of new information which hopefully will reveal the true nature of the solar neutrino problem.

REFERENCES

1. S. Bergmann, M.M. Guzzo, P.C. de Holanda, P.I. Krastev and H. Nunokawa, Phys. Rev. D 62 073001 (2000). (hep-ph/0004049) 2. T.B. Cleveland et al. (Homestake Collaboration), Astrophys. J. 496, 505 (1998).

3. W. Hampel et al. (GALLEX Collaboration), Phys. Lett. B 447, 127 (1999).

4. J.N. Abdurashitov et al. (SAGE Collaboration), Phys. Rev. C 60, 055801 (1999).

5. Y. Fukuda et al. (SuperKamiokande Collaboration), Phys. Rev. Lett. 82, 1810 (1999).

6. L. Wolfenstein, Phys. Rev. D17, 2369 (1978). 7. M.M. Guzzo, A. Masiero and S.T. Petcov, Phys. Lett. B 260, 154 (1991).

8. V. Barger, R.J.N. Phillips and K. Whisnant, Phys. Rev. D 44, 1629 (1991).

9. E. Roulet, Phys. Rev. D 44, 935 (1991). 10. S. Degl’Innocenti and B. Ricci, Mod. Phys.

Lett. A 8, 471 (1993).

11. G.L. Fogli and E. Lisi, Astroparticle Phys. 2, 91 (1994).

12. P.I. Krastev and J.N. Bahcall, “FCNC solutions to the solar neutrino problem”,

hep-ph/9703267.

13. S. Bergmann, Nucl. Phys. B 515, 363 (1998) [hep-ph/9707398].

14. Resonant neutrino conversion induced by non-orthogonal massless neutrinos was first discussed by J.W.F. Valle in Phys. Lett. B 199, 432 (1987). However this mechanism can not induce a large effect on the solar neutrinos due to the stringent constraints on the model parameters.

15. J.N. Bahcall, S. Basu and M.H. Pinsonneault, Phys. Lett. B 433, 1 (1998); see also J.N. Bahcall’s home page,

http://www.sns.ias.edu/^∼jnb.

16. G.L. Fogli, E. Lisi and D. Montanino, Phys.

Rev. D 49, 3226 (1994).

17. G.L. Fogli and E. Lisi, Astropart. Phys. 3, 185 (1995).

18. For recent analysis, see e.g.:

M.C. Gonzalez-Garcia, et al., Phys. Rev. D 58, 033004 (1998);

M.C. Gonzalez-Garcia, H. Nunokawa, O.L.G. Peres and J.W.F. Valle, Nucl. Phys. B 543, 3 (1999) [hep-ph/9807305];

N. Fornengo, M.C. Gonzalez-Garcia and J.W.F. Valle, hep-ph/0002147.

19. C. Athanassopoulos et al. (LSND Collaboration), Phys. Rev. Lett. 77, 3082 (1996); Phys. Rev. Lett. 81, 1774 (1998).

20. S. Bergmann and Y. Grossman, Phys. Rev.

D 59, 093005 (1999) [hep-ph/9809524]. 21. S. Bergmann, Y. Grossman and D.M. Pierce, Phys. Rev. D 61, 53005 (2000) [hep-ph/9909390].