arXiv:hep-ph/0305146 v2 19 May 2003

FTUAM-03-08 IFT-UAM/CSIC-03-14 Presented at XXXVIII Rencontre De Moriond: Electroweak Interactions and Unified Theories Les Arcs, France, March 15–22, 2003

PUZZLING OUT NEUTRINO MIXING THROUGH GOLDEN AND SILVER MEASUREMENTS

O. Mena Dept. de Física Teórica, Univ. Autónoma de Madrid, Spain

We update a recent work devoted to resolve the degeneracies that appear in the simultaneous extraction of θ13 and δ at future Neutrino Factories (NF, that exploit the golden channels, i.e. νe → νμ (ν̄e → ν̄μ)) and Superbeam experiments (SB, that measure the νμ → νe (ν̄μ → ν̄e) transitions). We consider the neutrino fluxes obtained with a new optics design for the CERN- SPL SB and assume the solar parameters within the LMA-I and the LMA-II regions indicated by recent KamLAND data. The dangerous fake solution associated with the θ23 -ambiguity remains after the combination of data from these two facilities: in this perspective, we analyze the impact of the NF-silver channels, i.e. νe → ντ (ν̄e → ν̄τ ). The combination of data from these three experiments-NF(golden and silver channels) plus SPL SB- can discover leptonic CP violation for values of θ13 ≥ 1^∘.

1 Introduction

The neutrino puzzle starts to be disentangled: the reactor experiment KamLAND 1 has confirmed the LMA-MSW 2 solution . Two possible regions (called LMA-I and LMA-II) have been identified in the two family oscillation scenario 3^,4^,5 after combining KamLAND, CHOOZ and solar data. As it was pointed out in Ref.6, this is the only solution of the solar neutrino problem for which it could be possible to be sensitive to the leptonic CP-violating phase δ, provided that δ and θ_{13} are not too small.

Notice that the measurement of δ must be performed at the same time as that of θ_{13}, being the latter a subleading parameter in the processes studied at the existing and planned experiments. The correlations between δ and θ_{13} give rise to undesired degeneracies in the parameter space 7^,8^,9^,10, similar to the solar neutrino data previous than KamLAND and SNO experiments.

A lot of work has been carried on in the past two years in order to eliminate some of these fake solutions, advocating the combination of different baselines 7; an improved experimental

Figure 1: The CERN-SPL neutrino (left) and antineutrino (right) spectra for π^+ (left) and for π^− (right) focused in the horn. We show the beam with the new optics design vs. old beam.

technique allowing the measurement of the neutrino energy with good precision 11; the supplementary detection of ν_e → ν_τ transitions 12; or the combination of a cluster of detectors at a superbeam facility located at different angles with respect to the beam axis, so as to have different ⟨E⟩ 13. The authors of Ref. 14 performed an analytic study of the parameter degeneracies and more recently they have considered different runnings (ν_μ or ν̄_μ) at JHF 15 and NuMI Off Axis 16 experiments in order to extract the sign of Δm^2_{13} and/or θ_{13}, see Ref. 17. A detailed analysis of different suitable detectors for the NuMI Off Axis beam option has been recently presented 18.

2 KamLAND data plus SPL new optics design

It was shown in Ref. 19 how almost all the degeneracies were eliminated by combining the expected results from NF and CERN-SPL SB due to the different E_ν , L, dependence of the two experiments. However, in the previous numerical analysis, a rather optimistic value for Δm^2_{12} was considered, Δm^2_{12} = 1 × 10^{−4} eV^2 and sin^2 2θ_{12} = 1.

The best fit values in Ref. 3 for LMA-I -the most favored solar parameter region after KamLAND data- are Δm^2_{12} = 7.3 × 10^{−5} eV^2 and sin^2 2θ_{12} = 0.86. In principle, this decrease of 40% in Δm^2_{12} · sin^2 2θ_{12} could have important consequences with respect to the conclusions in Ref. 19, as regarding the extraction of θ_{13} and δ.

Fortunately, a new optics design for the CERN-SPL SB has been recently made available 20 and we shall consider it here. The neutrino beam from the new optics design is much more intense than the one in the first CERN-SPL proposal 21^,22, as can be noted in Fig. 1.(In these references the detector systematic was also discussed). For the NF we consider the experimental setup presented in Refs. 6^,7^,19^,23. Regarding the neutrino oscillation parameters, whenever it is not specified we take |Δm^2_{13}| = 3 × 10^{−3} eV^2 and sin 2θ_{23} = 1, and the solar parameters within the LMA-I region. Fig. 2 shows the results of measuring (θ_{13}, δ) before and after the combination of the data from a NF baseline at L = 2810 km with the data from the CERN-SPL facility for θ_{13} = 1^∘ and the central values of δ = −180, −90, 90, 180^∘. Notice that fake intrinsic solutions have completely disappeared. For larger values of θ_{13} the fit shows much smaller uncertainties on the determination of the CP-violating phase δ.

We have also considered the solar parameters within the LMA-II region 3: Δm^2_{12} = 1.54 × 10^{−4} eV^2, sin^2 2θ_{12} = 0.84. These new values imply an improvement of 40% respect to our

Figure 2: 1, 2, 3 and 4σ contours resulting from the fits before and after combining the results from a NF baseline at L = 2810 km with those from the CERN-SPL facility. The true values illustrated (indicated by a star) correspond to δ = −90^∘, 0^∘, 90^∘ , 180^∘ and θ13 = 1^∘.

previous central values 19. In fact, within this region, we have found no intrinsic degeneracies for values of θ_{13} > 0.6^∘, when considering one NF baseline at L = 2810 km and CERN-SPL SB (see Fig. 3).

3 θ_{23}-octant ambiguity

In previous work, Ref. 19, two types of fake solutions were found: those closer to nature’s values (Solution I), E/L-independent, and consequently, difficult to overcome, and solutions of type II, E/L-dependent. In spite of the new fluxes for the SPL-SB facility, the dangerous fake Solution I associated with the θ_{23}-octant ambiguity remains after the combination of these data with those from a future NF (see Fig. 4): the extraction of θ_{13} and δ is not possible due to the location of the degeneracies.

However, as pointed out in Ref.12, an additional measurement of an independent appearance channel, ν_e → ν_τ and ν̄_e ↔ ν̄_τ (silver channels) helps enormously to resolve the fake solution I associated with the θ_{23}-ambiguity, since the locations of the fake solutions that arise from the data analysis of silver and golden channels differ substantially.

We have thus considered24 the impact of three simultaneous experiments (see Fig. 5) with 2 years running in the π^+ polarity and 10 years running in the π^− polarity. For the analysis of the silver channel we assume the setup of the Opera proposal 25, with one fixed baseline, 732 km, i.e. the distance from CERN to CNGS, and a 4 Kton lead emulsion detector with spectrometers. A dedicated analysis can be found in Ref. 26.

As the first stage of a detailed study with a realistic experimental setup 24 we consider here an ideal situation, neglecting backgrounds and efficiencies for an emulsion cloud chamber (ECC) detector. We have found that after the combination of the results from NF golden (L = 2810 km) and silver (L = 732 km) channels no degeneracy related to the θ_{23}-octant ambiguity survives for θ_{13} > 0.6^∘. This limit is expected to become more stringent, namely, θ_{13} > 1^∘, when adding efficiencies and backgrounds. At very small values of θ_{13} (θ_{13} < 0.6^∘), the θ_{23}-octant ambiguity remains, but it does not interfere with the extraction of the two unknown parameters, θ_{13} and δ, due to the location of the fake solution: θ_{13}^′ ∼ θ_{13} and δ^′ ∼ π − δ.

Figure 3: The same as Fig. 2 but for the solar parameters within the LMA-II region and θ13 = 0.6^∘.

Figure 4: Fake solutions due to θ23 degeneracies for NF (L = 2810 km) results, with the wrong choice of octant for θ23 (θ23 = 40^∘ ), for θ13 = 3^∘ and δ = −90^∘, 0^∘, 90^∘ , 180^∘ . The combination of these results with those from a NF (L = 732 km) exploiting the silver channels resolves the degeneracies.

Figure 5: The complex of NF (golden and silver) and the SPL-SB experiments.

4 Summary

After KamLAND data, the discovery of leptonic CP violation may be clearly at reach. Much research has been devoted to study the possibility for LBL experiments to measure precisely the neutrino oscillation parameters and hopefully the CP-odd phase δ.

We have shown the enormous potential of combining the data from the CERN-SPL SB and NF facilities to eliminate the degeneracies in the simultaneous measurement of δ and θ_{13} with neutrino fluxes from a new beam optics design for the CERN-SPL SB, which could be the first step of a NF based at CERN. We have considered both LMA-I and LMA-II regions for the solar parameters, the only that survive after KamLAND data. Previous results 19 are unchanged in the case of the most favored solution, that is, the LMA-I, in spite of the notorious reduction of the solar parameters, due to the increased statistics.

The only degeneracy that survives after the combination is that associated with the θ_{23} ambiguity. We have shown that it is possible to eliminate it through the combination of NF golden and silver channels down to values of θ_{13} ∼ 0.6^∘ in the present analysis. A realistic experimental scenario is under study 24.

It is very important to notice that there exist several alternative experimental setups that could help enormously in disentangling the neutrino puzzle: NuMI Off Axis beam, JHF 17^,18, reactor experiments 27 and the beta-beams facility 28^,29, whose potential is not discussed here.

All the latter experimental options have to be thoroughly explored in order to ascertain the ultimate precision in the determination of the detailed pattern of neutrino mass differences and mixing angles, a prerequisite to understand their origin and their relationship to the analogous parameters in the quark sector. The NF (golden and silver channels) plus its predecessor, the SB experiment, would provide the key to fulfill this goal.

References

1. K. Eguchi et al. [KamLAND Collaboration], Phys. Rev. Lett. 90 (2003) 021802. 2. L. Wolfenstein, Phys. Rev. D 17 (1978) 2369 and D 20 (1979) 2634.

S.P. Mikheyev and A. Yu. Smirnov, Sov. J. Nucl. Phys. 42 (1986) 913. 3. G. L. Fogli et al., hep-ph/0212127.

4. J. N. Bahcall et al., JHEP 0302 (2003) 009. 5. V. Barger and D. Marfatia, Phys. Lett. B 555, (2003) 144;

A. Bandyopadhyay et al., hep-ph/0212146; M. Maltoni et al., hep-ph/0212129; P. Aliani et al., hep-ph/0212212;

P. C. de Holanda and A. Y. Smirnov, hep-ph/0212270.

6. A. Cervera et al., Nucl. Phys. B579 (2000) 17; Erratum-ibid. B593 (2001) 731. 7. J. Burguet-Castell et al., Nucl. Phys. B608 (2001) 301. 8. G. L. Fogli and E. Lisi, Phys. Rev. D 54 (1996) 3667. 9. H. Minakata and H. Nunokawa, JHEP 0110 (2001) 001. 10. V. Barger et al., Phys. Rev. D65 (2002) 073023. 11. M. Freund et al., Nucl. Phys. B615 (2001) 331;

P. Huber et al., Nucl. Phys. B 645 (2002) 3. 12. A. Donini et al., Nucl. Phys. B 646 (2002) 321. 13. V. Barger et al., Phys. Rev. D 66 (2002) 053007. 14. H. Minakata et al., Phys. Rev. D 66 (2002) 093012. 15. Y. Itow et al., hep-ex/0106019. 16. D. Ayres et al., hep-ex/0210005. 17. H. Minakata et al., hep-ph/0301210. 18. G. Barenboim et al., hep-ex/0304017.

19. J. Burguet-Castell et al., Nucl. Phys. B 646 (2002) 301.

20. S. Gilardoni, talk given at Plenary meeting of Studies of A European Neutrino Factory Complex, CERN, 9-12 September 2002.

21. A. Blondel et al., CERN-NUFACT-NOTE-078. 22. J. J. Gómez-Cadenas et al., hep-ph/0105297.

23. A. Cervera, F. Dydak and J.J. Gómez-Cadenas, Nucl. Instrum. Meth. A451 (2000) 123. 24. A. Donini et al., in preparation.

25. M. Guler et al., [OPERA Collaboration], CERN-SPSC-2000-028; CERN-SPSC-2001-025. 26. D. Autiero et al., hep-ph/0305185. 27. P. Huber et al., hep-ph/0303232. 28. P. Zucchelli, hep-ex/0107006.

29. “Radioactive beams for nuclear physics and neutrino physics”,

Les Arcs , France (March 17-22, 2003)

http://www-dapnia.cea.fr/Spp/jb/index.html