arXiv:astro-ph/0403286 v1 11 Mar 2004

NEUTRINO EXPERIMENTS AND THEIR IMPLICATIONS

A. B. BALANTEKIN University of Wisconsin, Department of Physics Madison, WI 53706, USA E-mail: baha@nucth.physics.wisc.edu

Recent developments in solar, reactor, and accelerator neutrino physics are reviewed. Implications for neutrino physics, solar physics, nuclear two-body physics, and r-process nucleosynthesis are briefly discussed.

1. Introduction

Solar neutrino experiments, especially with the announcement of recent results from the Sudbury Neutrino Observatory (SNO) 1, have reached the precision stage. An analysis of the data from SNO as well as data from other solar neutrino experiments (Super-Kamiokande [SK] 3, Chlorine 4, and Gallium 5^,6^,7), combined with the data from the reactor experiment KAMLAND 2, place severe constraints on the neutrino parameters, especially mixing between first and second generations 8^,9^,10. The neutrino parameter space obtained from such a global analysis, including the neutralcurrent results from the SNO salt phase, is shown in Fig. 1 10.

The mixing angle between first and second generations of the neutrinos dominates the solar neutrino oscillations whereas the mixing angle between second and third generations dominates the oscillations of atmospheric neutrinos. There are several puzzles in the data. Both mixing angles seem to be close to maximum, very unlike the mixing between quarks. Also the third mixing angle, between first and third generations, seems to be very small, even possibly zero. It is especially important to find out if this mixing angle is indeed different from zero since in the mixing matrix it multiplies a CP-violating phase. Such a CP-violation may have far reaching consequences. To explain the baryon excess (over antibaryons) in the Universe, Sakharov pointed out that it may be sufficient to satisfy three conditions: i) Baryon number non-conservation (which is readily satisfied by the grand unified theories), ii) CP-violation, and iii) Non-equilibrium conditions. It 1

2

Figure 1. Allowed confidence levels from the joint analysis of all available solar neutrino data (chlorine, average gallium, SNO and SK spectra and SNO salt phase) and KamLAND reactor data The isolines are the ratio of the shifted^8B flux to the SSM value. At best fit (marked by a cross) the value of this ratio is determined to be 1.02 (from Reference 10).

is entirely possible that the CP-violation necessary for the baryogenesis is hidden in the neutrino sector.

It is worth pointing out that high-precision solar-neutrino data have potential beyond exploring neutrino parameter space. Here we discuss two such applications to solar physics and to nuclear physics.

2. Limits on Solar Density Fluctuations

It was suggested that solar neutrino data can be inverted to extract information about the density scale height 11 in a similar way the helioseismological information is inverted to obtain the speed of the sound throughout the Sun. Even though the precision of the data has not yet reached to a point where such an inversion is possible, one can obtain rather strong limits on fluctuations of the solar density using the current solar neutrino data.

3

Figure 2. Allowed regions of the neutrino parameter space with solar-density fluctuations when the data from the solar neutrino and KamLAND experiments are used. The SSM density profile of Reference 14 and the correlation length of 10 km are used. The case with no fluctuations (β = 0) are compared with results obtained with the indicated fractional fluctuation. The shaded area is the 70 % confidence level region. 90 % (solid line), 95 % (dashed line), and 99 % (dotted line) confidence levels are also shown (From Reference 15).

To do so one assumes 12 that the electron density N_e fluctuates around the value, ⟨N_e⟩, predicted by the Standard Solar Model (SSM) 14

N_e(r) = (1 + βF (r))⟨N_e(r)⟩, (1)

and that the fluctuation F (r) takes the form of white-noise. It turns out that the effect of the fluctuations is more dominant when the neutrino parameters and the average density are such that neutrino evolution in the absence of fluctuations is adiabatic. There are two constraints on the value of the correlation length. One is a restriction in the applicability of our analysis. In averaging over the fluctuations we assumed that the correlation function is a delta function. In the Sun it is more physical to imagine that the correlation function is like a step function of size τ . Assuming that the logarithmic derivative is small, which is accurate for the Sun, deltacorrelations are approximately the same as step-function correlations if the condition τ ≪ ( sin 2θ δm^2 2E )_{−1} (2) is satisfied 13. A second constraint on the correlation length is provided by the helioseismology. Density fluctuations over scales of ∼ 1000 km seem

4 to be ruled out. On the other hand current helioseismic observations are rather insensitive to density variations on scales close to ∼ 100 km 16.

The neutrino parameter space for various values of the parameter β was calculated in Reference 15 and is shown in Figure 2. These results, in agreement with the calculations of other authors 17^,18, show that the neutrino data constrains solar density fluctuations to be less than β = 0.05 at the 70 % confidence level when τ is about 10 km. It is important to emphasize that the best fit to the combined solar neutrino and KamLAND data is given by β = 0 (exact SSM). Neutrinos interact with dense matter not only in the Sun (and other stars) but also in several other sites such as the early universe, supernovae, and newly-born neutron stars and neutrino interactions with a stochastic background may play an even more interesting role in those sites.

3. Two-Body Axial Current

In the effective field theory approach to nuclear interactions, nonlocal interactions at short distances are represented by effective local interactions in a derivative expansion. Since the effect of a given operator on low-energy physics is inversely proportional to its dimension, an effective theory valid at low energies can be written down by retaining operators up to a given dimension. It turns out that the deuteron break-up reactions

ν_e + d → e^− + p + p (3) and ν_x + d → ν_x + p + n, (4)

observed at SNO, are dominated by a^3S_1 →^3 S_0 transition, hence one only needs the coefficient of the two-body counter term, commonly called L_{1A}, to parameterize the unknown isovector axial two-body current 19. Chen, Heeger, and Robertson, using the SNO and SK charged-current, neutral current, and elastic scattering rate data, found 20 L_{1A} = 4.0 ± 6.3 fm^3. In order to obtain this result they wrote the observed rate in terms of an averaged effective cross section and a suitably defined response function. One can explore the phenomenology associated with the variation of L_{1A}. For example the variation of the neutrino parameter space, which fits the SNO data, as L_{1A} changes was calculated in 21 and is shown in Figure 3. In Reference 21 the most conservative fit value with fewest assumptions is found to be L_{1A} = 4.5^{+18}_{−12} fm^3. (One should point out that if the neutrino parameters were better known one can get a much tighter limit). It was also

5

Figure 3. The change in the allowed region of the neutrino parameter space using solar neutrino data measured at SNO as the value of L_{1A} changes. The shaded areas are the 90 % confidence level region. 95 % (solid line), 99 % (log-dashed line), and 99.73 % (dotted-line) confidence levels are also shown (From Reference 21).

shown that the contribution of the uncertainty of L_{1A} to the analysis and interpretation of the solar neutrino data measured at the Sudbury Neutrino Observatory is significantly less than the uncertainty coming from the lack of having a better knowledge of θ_{13}, the mixing angle between first and third generations.

4. Implications for r-process Nucleosynthesis

There is another puzzling experimental result. The Los Alamos Liquid Scintillator Neutrino Detection (LSND) experiment has reported an excess of ν̄_e-induced events above known backgrounds in a ν̄_μ beam with a statistical significance of 3 to 4 σ 22^,23. The mass scale indicated by the LSND experiment is drastically different than the mass scales implied by the solar and atmospheric neutrino experiments. Since to get three different differences one needs four numbers, a confirmation of the LSND result by the mini-BooNE experiment represents evidence for vacuum neutrino oscillation at a new δm^2 scale. Discovery of such a mixing would imply either CPT-violation in the neutrino sector, or the existence of a light singlet sterile neutrino which mixes with active species. The latter explanation may signal the presence of a large and unexpected net lepton number in the universe. The existence of a light singlet complicates the extraction of a neutrino mass limit from Large Scale Structure data. It may also have implications for core-collapse supernovae, which is one of the leading candidates for the site of r-process nucleosynthesis 24. A sterile neutrino scale implied by the LSND experiment may resolve some outstanding problems preventing a successful nucleosynthesis. Formation of too many alpha par-

6 ticles in the presence of a strong electron neutrino flux coming from the cooling of the proto-neutron star, known as the alpha effect 25^,26, may be prevented by transforming active electron neutrinos into sterile neutrinos 27,28,29,30. One can find the appropriate mass scale to achieve this goal 27,30 which seems to overlap with the LSND mass scale.

R-process nucleosynthesis requires a neutron-rich environment, i.e., the ratio of electrons to baryons, Y_e, should be less than one half. Time-scale arguments based on meteoritic data suggests that one possible site for rprocess nucleosynthesis is the neutron-rich material associated with corecollapse supernovae 31^,32. In one model for neutron-rich material ejection following the core-collapse, the material is heated with neutrinos to form a “neutrino-driven wind” 33^,34. In outflow models freeze-out from nuclear statistical equilibrium leads to the r-process nucleosynthesis. The outcome of the freeze-out process in turn is determined by the neutron-to-seed ratio. The neutron to seed ratio is controlled by the expansion rate, the neutronto-proton ratio, and the entropy per baryon. Of these the neutron-to-proton ratio is controlled by the flavor composition of the neutrino flux coming from the cooling of the proto-neutron star. Hence understanding neutrino properties (including the impact of neutrino-neutrino scattering in neutrino propagation 35) could significantly effect our understanding of the r-process nucleosynthesis.

I thank G. Fuller, G. McLaughlin, and H. Yüksel for many useful discussions and the organizers of the OMEG03 conference for their hospitality. This work was supported in part by the U.S. National Science Foundation Grant No. PHY-0244384 and in part by the University of Wisconsin Research Committee with funds granted by the Wisconsin Alumni Research Foundation.

References 1. S. N. Ahmed et al. [SNO Collaboration], arXiv:nucl-ex/0309004. 2. K. Eguchi et al. [KamLAND Collaboration], Phys. Rev. Lett. 90 (2003) 021802 [arXiv:hep-ex/0212021].

3. S. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Lett. B 539, (2002) 179 [arXiv:hep-ex/0205075].

4. B. T. Cleveland et al., Astrophys. J. 496 (1998) 505.

5. J. N. Abdurashitov et al. [SAGE Collaboration], J. Exp. Theor. Phys. 95 (2002) 181 [Zh. Eksp. Teor. Fiz. 122 (2002) 211] [arXiv:astro-ph/0204245].

6. W. Hampel et al. [GALLEX Collaboration], Phys. Lett. B 447 (1999) 127. 7. M. Altmann et al. [GNO Collaboration], Phys. Lett. B 490 (2000) 16 [arXiv:hep-ex/0006034].

7 8. A. B. Balantekin and H. Yuksel, J. Phys. G 29 (2003) 665 [arXiv:hep-ph/0301072].

9. P. C. de Holanda and A. Y. Smirnov, arXiv:hep-ph/0309299; M. Maltoni, T. Schwetz, M. A. Tortola and J. W. F. Valle, arXiv:hep-ph/0309130; G. L. Fogli, E. Lisi, A. Marrone and A. Palazzo, arXiv:hep-ph/0309100.

10. A. B. Balantekin and H. Yuksel, Phys. Rev. D 68 (2003) 113002 [arXiv:hep-ph/0309079].

11. A. B. Balantekin, J. F. Beacom and J. M. Fetter, Phys. Lett. B 427 (1998) 317 [arXiv:hep-ph/9712390]; see also A. B. Balantekin, Phys. Rept. 315 (1999) 123 [arXiv:hep-ph/9808281].

12. F. N. Loreti and A. B. Balantekin, Phys. Rev. D 50 (1994) 4762 [arXiv:nucl-th/9406003].

13. A. B. Balantekin, J. M. Fetter and F. N. Loreti, Phys. Rev. D 54 (1996) 3941 [arXiv:astro-ph/9604061].

14. J. N. Bahcall, M. H. Pinsonneault and S. Basu, Astrophys. J. 555 (2001) 990 [arXiv:astro-ph/0010346].

15. A. B. Balantekin and H. Yuksel, Phys. Rev. D 68 (2003) 013006 [arXiv:hep-ph/0303169]; see also A. B. Balantekin, arXiv:hep-ph/0109163.

16. C. Burgess, N. S. Dzhalilov, M. Maltoni, T. I. Rashba, V. B. Semikoz, M. Tortola and J. W. Valle, arXiv:hep-ph/0209094.

17. C. P. Burgess, N. S. Dzhalilov, M. Maltoni, T. I. Rashba, V. B. Semikoz, M. A. Tortola and J. W. F. Valle, arXiv:hep-ph/0310366.

18. M. M. Guzzo, P. C. de Holanda and N. Reggiani, Phys. Lett. B 569 (2003) 45 [arXiv:hep-ph/0303203].

19. M. Butler and J. W. Chen, Nucl. Phys. A 675 (2000) 575 [arXiv:nucl-th/9905059]; M. Butler, J. W. Chen and X. Kong, Phys. Rev. C 63 (2001) 035501 [arXiv:nucl-th/0008032].

20. J. W. Chen, K. M. Heeger and R. G. H. Robertson, Phys. Rev. C 67 (2003) 025801 [arXiv:nucl-th/0210073].

21. A. B. Balantekin and H. Yuksel, Phys. Rev. C 68 (2003) 055801 [arXiv:hep-ph/0307227].

22. C. Athanassopoulos et al. [LSND Collaboration], Phys. Rev. Lett. 77, 3082 (1996) [arXiv:nucl-ex/9605003].

23. A. Aguilar et al. [LSND Collaboration], Phys. Rev. D 64, 112007 (2001) [arXiv:hep-ex/0104049].

24. A. B. Balantekin and G. M. Fuller, J. Phys. G 29, 2513 (2003) [arXiv:astro-ph/0309519].

25. G. M. Fuller and B. S. Meyer, Astrophys. J. 453 (1995) 792. 26. B. S. Meyer, G. C. McLaughlin and G. M. Fuller, Phys. Rev. C 58 (1998) 3696 [arXiv:astro-ph/9809242].

27. G. C. McLaughlin, J. M. Fetter, A. B. Balantekin and G. M. Fuller, Phys.

Rev. C 59 (1999) 2873 [arXiv:astro-ph/9902106].

28. D. O. Caldwell, G. M. Fuller and Y. Z. Qian, Phys. Rev. D 61 (2000) 123005 [arXiv:astro-ph/9910175].

29. M. Patel and G. M. Fuller, arXiv:hep-ph/0003034.

30. J. Fetter, G. C. McLaughlin, A. B. Balantekin and G. M. Fuller, Astropart.

8 Phys. 18, 433 (2003) [arXiv:hep-ph/0205029].

31. Y. Z. Qian, P. Vogel and G. J. Wasserburg, Astrophys. J. 494 (1998) 285. 32. Y. Z. Qian, P. Vogel and G. J. Wasserburg, Astrophys. J. 506 (1998) 868 [arXiv:astro-ph/9803300].

33. S. E. Woosley, J. R. Wilson, G. J. Mathews, R. D. Hoffman and B. S. Meyer, Astrophys. J. 433 (1994) 229.

34. K. Takahashi, J Witti, and H.-Th. Janka, Astron. Astrophys. 286 (1994) 857.

35. Y. Z. Qian and G. M. Fuller, Phys. Rev. D 51 (1995) 1479 [arXiv:astro-ph/9406073].