arXiv:1304.4870v3 [hep-ph] 14 Jun 2013

WSU–HEP–1304

Neutrino Democratic Masses, Mixing and Incoherence

Dmitry Zhuridov^∗

Department of Physics and Astronomy, Wayne State University, Detroit, MI 48201 (Dated: June 17, 2013)

Abstract

It is shown that all established neutrino experimental results, such as atmospheric neutrino oscillations and solar neutrino deficit, can be easily explained for “democratic” left-handed Majorana neutrinos, taking into account the effect of incoherence. In this model the absolute values of the neutrino masses can be extracted from the atmospheric neutrino oscillation data, which gives the mass spectrum {0.03 eV, 0.03 eV, 0.06 eV}. The predictions of the considered model and its further testing are discussed.

∗Electronic address: dmitry.zhuridov@wayne.edu; Electronic address: jouridov@mail.ru

I. INTRODUCTION

The neutrinos were proposed by W. Pauli in 1930 [1]. However the questions on the type (Dirac or Majorana) and values of their masses still remain actual [2]. The most-studied and well established phenomena, which are governed by the neutrino masses, are the solar neutrino deficit [3] and the atmospheric neutrino oscillations [2]. In this paper I will show that the discussed phenomena can be explained within an economical model with three “democratic” Majorana neutrinos, taking into account their coherence length. If this theory is confirmed, it will provide the answers on the mentioned questions on the neutrino masses.

Due to large number of (anti)neutrino flux calculations and Monte Carlo methods in the market (see, e.g., Refs. [21-31] in Ref. [4] and Refs. [15-21] in Ref. [5]), and large number of discrepancies among them [6–8] we will concentrate on the results, which do not strongly depend on the absolute normalization of the data samples.

In the next section the neutrino mass model is introduced, and the neutrino masses and mixing are derived. The general formula for the neutrino oscillations and its applications to the atmospheric and solar neutrinos in the considered model are given in section III. The predictions of this model for other neutrino experiments, and its further testing are outlined in section IV, which is followed by a conclusion.

II. NEUTRINO MASSES AND MIXING

Consider the mass term for three left-handed Majorana neutrinos

L^ν_m = − 1 2 ∑ αβ ν̄^c_{αL}M_{αβ} ν_{βL} + H.c., (1) where α, β = e, μ, τ are the flavor indices, c denotes charge conjugation, and M = m 0 1 1 1 0 1 1 1 0 (2)

is a “democratic” mass matrix, which is invariant under the permutation group of three elements S_3 [9–14].^1 The matrix M has the eigenvalues

λ_1 = λ_2 = −m, λ_3 = 2m (3)

and the corresponding eigenvectors

N^T_1 = 1 √ 2 (1, −1, 0), N^T_2 = 1 √ 6 (1, 1, −2), (4)

N^T_3 = 1 √ 3 (1, 1, 1),

1 In general, also the second invariant under S_3 matrix M̃ = daig{m̃, m̃, m̃} can be considered, e.g., as small perturbation.

which form the leptonic mixing matrix of tri-bimaximal type [10, 15–17]

U = 1√ 2 1√ 6 1√ 3 −^{1√}_2^{1√}_6^{1√}_3

0 −^{2√}_6^{1√}_3 . (5)

This matrix can be parametrized as

U = R_{12}(θ_{12}) × R_{23}(θ_{23}) = c_{12} s_{12}c_{23} s_{12}s_{23} −s_{12} c_{12}c_{23} c_{12}s_{23}

0 −s_{23} c_{23} (6)

where c_{ij} ≡ cos θ_{ij} , s_{ij} ≡ sin θ_{ij} , θ_{12} = 45^∘, θ_{23} = π/2 − arctan(1/ √ 2) ≈ 54.7^∘, and we used nonstandard order of multiplication (compare with Ref. [17]) of the two Euler rotation matrixes

R_{12}(θ_{12}) = c_{12} s_{12} 0 −s_{12} c_{12} 0 0 0 1

, R_{23}(θ_{23}) =

1 0 0 0 c_{23} s_{23} 0 −s_{23} c_{23} . (7)

The matrix U diagonalizes the mass matrix M as

U^T MU = diag(λ_1, λ_2, λ_3), (8)

and makes the transformation from flavor to mass basis ν_{αL} = ∑ i=1,2,3 U_{αi}ν_{iL}, (9) in which the mass term in Eq. (1) has a diagonal form

L^ν_m = − 1 2 ∑ i λ_iν̄^c_{iL}ν_{iL} + H.c. (10)

Now, using the definition ν_{iL} ≡ 1 2 (1 − γ_5)ψ_i (11)

with the Majorana spinors ψ_i = ψ^c_i , Eq. (10) can be rewritten as

L^ν_m = − 1 2 ∑ i λ_iψ̄_iψ_i = − 1 2 ∑ i s_im_iψ̄_iψ_i, (12)

where m_1 = m_2 = m_3/2 ≡ m, and s_1 = s_2 = −s_3 = −1 are the sign factors, which can be absorbed by the transformation ψ_j → iγ_5ψ^′_j (j = 1, 2). On relation of the sign factors to the neutrino CP properties and mixing matrix see section 2.3.2 in Ref. [18] and references therein. The resulting neutrino mass spectrum {m, m, 2m} (13) has normal ordering and two degenerate values.

III. NEUTRINO OSCILLATIONS

The momentum of a massive neutrino ν_i, which has the mass m_i, can be expanded in powers of (m_i/E)^2 up to the first order as ⃗p_i ≈ ⃗p + m^2_i ∂⃗p_i ∂m^2_i | | |_{mi=0} = ⃗p − ⃗ξ m^{2i} 2E , (14)

where ⃗ξ is the vector, which depends on the production process, ⃗p and E = |⃗p| are the momentum and energy of a neutrino in the massless approximation, respectively. When the oscillation phase is measurable, i.e., Δm^2_{ij} L/(2E) ∼ 1, the oscillation probability for the neutrino travelled space-time interval (⃗L, T ) at the lowest order in m^2_i /E^2 can be written as [19, 20] P_{να→νβ} (L, E) = ∑ i,j U^∗_{αi}U_{βi}U_{αj} U^∗_{βj} exp ( −i2π L L^{osc}_{ij} ) E_{coh} E_{loc} = ∑ i |U_{αi}|^2|U_{βi}|^2 + 2 ∑ i>j Re [ U^∗_{αi}U_{βi}U_{αj} U^∗_{βj} exp ( −i2π L L^{osc}_{ij} )] E_{coh} E_{loc} (15)

with the coherence term

E_{coh} = exp − ( L L^{coh}_{ij} )_2 (16)

and the localization term

E_{loc} = exp −2π^2 ( 1 − ⃗L · ⃗ξ L )_2 ( σ_x L^{osc}_{ij}

)_2 , (17)

where

L^{osc}_{ij} = 4πE Δm^2_{ij} (18) and L^{coh}_{ij} = 4 √ 2E^2 |Δm^2_{ij} | σ_x (19)

are the neutrino oscillation and coherence lengths, respectively; Δm^2_{ij} = m^2_i − m^2_j is the neutrino mass splitting, and σ_x is the neutrino wave packet spatial size.

A. Atmospheric neutrinos: oscillations

In the limits

L ≪ L^{coh}_{ij} (20) and σ_x ≪ L^{osc}_{ij} (21)

Eq. (15) can be rewritten as P_{να→νβ} (L, E) = ∑ i |U_{αi}|^2|U_{βi}|^2 + 2 ∑ i>j |U^∗_{αi}U_{βi}U_{αj} U^∗_{βj} | cos ( Δm^2_{ij} 2E L − ϕ_{βα;ij} ) (22)

with ϕ_{βα;ij} = arg(U^∗_{αi}U_{βi}U_{αj} U^∗_{βj}).

For the neutrino mass spectrum in Eq. (13) and mixing in Eqs. (5) and (6) we have

P_{νe→ντ} (L, E) = P_{νμ→ντ} (L, E) = 4s^2_{12}c^2_3s^2_3 sin^2 ( Δm^2L 4E ) = 4 9 sin^2 ( Δm^2L 4E ) , (23) P_{νe→νμ} (L, E) = 0, (24) where Δm^2 ≡ m^2_3 − m^2_{i<3} = 3m^2. Using the atmospheric neutrino mass splitting Δm^2_a = (2.06 − 2.67) × 10^{−3} eV^2 (at 99.73% CL) with the best-fit value Δm^2_a = 2.35 × 10^{−3} eV^2 [2], we have 0.026 eV < m < 0.030 eV.

The flux of atmospheric neutrinos was measured with high statistics by the Super- Kamiokande (SK) detector [4, 21, 22]. Majority of them have the energies from about 0.1 GeV to 10^4 GeV. Using Eq. (18), we have L^{osc}_{32} (E > 0.1 GeV) > 100 km. Using the estimate σ_x ≲ m_μcτ_μ/(4E_ν ) [23], where m_μ = 105.6 MeV and cτ_μ = 658.6 m are the mass and mean free path of muon, respectively, we have σ_x(E > 0.1 GeV) < 200 m. Hence Eq. (21) is perfectly satisfied. Using Eq. (19), one can see that Eq. (20) is also well satisfied.

We notice that the difference between the e-like and μ-like event distributions in the SK experiment [4] can be explained by the matter effect on ν_e which travel through the Earth. Indeed, P_{νe→ντ} in Eq. (23) can be considered as the transition probability in the 2-neutrino mixing scheme

P^{2ν} (ν_e → ν_τ ) = sin^2 2θ sin^2 ( Δm^2L 4E ) (25)

with sin 2θ = 2/3. For ν_e propagating in the matter with the electron number density N_e this probability will be modified as [2, 24–26]

P^{2ν}_m (ν_e → ν_τ ) = sin^2 2θ_m sin^2 ( ΔM^2L 4E ) , (26)

where

sin 2θ_m = tan 2θ √( 1 −^{Ne}_{N rese}

)_2 + tan^2 2θ

, (27)

ΔM^2 4E ≡ Δm^2 4E [( 1 − N_e N^{res}_e

)_2

cos^2 2θ + sin^2 2θ

] 1_2

, (28)

and the Mikheyev-Smirnov-Wolfenstein “resonance density” is given by

N^{res}_e =

Δm^2 cos 2θ 2 √ 2EG_F ≈ 6.56 × 10^6

Δm^2[eV^2] E[MeV] cos 2θ cm^{−3} N_A (29) with G_F and N_A being Fermi constant and Avogadro number, respectively. In particular, for the atmospheric neutrinos with energies E ∼ 10 GeV we have N^{res}_e ≈ 1.15 cm^{−3} N_A, and using the mean electron number density in the Earth core N̄^c_e ≈ 5.4 cm^{−3} N_A [2, 27], we find

P^{2ν}_m (ν_e → ν_τ ) = 0.05 sin^2 ( 2.8 Δm^2L 4E ) , (30)

which is significantly suppressed with respect to P_{νμ→ντ} in Eq. (23).

We do not discuss here the amplitude of the muon neutrino oscillations since its value extracted from the experimental data (see, e.g., Ref. [5, 28]) depends on the methods of calculation and the normalizations of the data samples mentioned in the introduction.

B. Solar neutrinos: decoherence

Thousands of^8B solar neutrinos were detected by Sudbury Neutrino Observatory (SNO) [29] using the charged-current (CC) and neutral current (NC) reactions

ν_e + d → e^− + p + p (31) and ν_ℓ + d → ν_ℓ + p + n, (32)

respectively. The ratio of the neutrino fluxes measured with CC and NC events is [2, 29]

Φ^{CC}_{SNO} Φ^{NC}_{SNO} = 1.68 ± 0.06^{+0.08}_{−0.09} 4.94 ± 0.21^{+0.38}_{−0.34}

= 0.340^{+0.074}_{−0.063}. (33)

For the energies of solar neutrinos E ≲ 10 MeV the oscillations due to Δm^2_a proceed in the matter of the Sun as in vacuum, since the number density of electrons in the center of the Sun is by a factor of 10 smaller than the “resonance density” in Eq. (29) [2]. The wave packet size of solar neutrinos, which have the energies E ∼ 1 MeV, is σ_x ∼ 10^{−9} m [30]. Using Eq. (19) with Δm^2_a, we have L^{coh}_{31} ∼ 10^3 km. For the Earth-Sun distance L ≈ 1.5 × 10^8 km we have

L^{coh}_{31} ≪ L. (34)

In this limit Eq. (15) is reduced to the simple incoherent form

P^{incoh}_{να→νβ} = ∑ i |U_{αi}|^2|U_{βi}|^2. (35)

Hence Φ^{CC}_{sol} Φ^{NC}_{sol} = P^{incoh}_{νe→νe} ∑ β P^{incoh}_{νe→νβ} = ∑ i |U_{ei}|^4, (36)

and, using Eq. (5), we have ∑ i |U_{ei}|^4 = 7 18 = 0.3¯8, (37) which is in good agreement with the experimental data in Eq. (33).

We notice that the explanation of KamLAND experimental data by the neutrino oscillations with the mass splitting Δm^2_ν ∼ 10^{−5} eV^2 [31–33] is questionable^2, and at least one independent experiment is needed to verify the KamLAND result.

IV. OTHER NEUTRINO EXPERIMENTS

A. Direct neutrino mass experiments

Using Eqs. (5) and (13), the average mass, determined through the analysis of low energy beta decays, can be written as ⟨m_β ⟩ ≡ √∑ i m^2_i |U_{ei}|^2 = m √ 2. (38)

For m ≃ 0.03 eV we have ⟨m_β⟩ ≃ 0.04 eV, which is far below the present upper limit ⟨m_β⟩ < 2.5 eV (at 95% CL) obtained in the “Troitsk Neutrino Mass” Experiment [34], and below the sensitivity 0.2 eV (at 90% CL) of ongoing KATRIN experiment [35, 36]. However the new approaches such as the MARE, ECHO, and Project8 experiments, offer the promise to perform an independent measurement of the neutrino mass in the sub-eV region [37].

B. Neutrinoless double beta decay (0ν2β)

Using Eqs. (5) and (12), the effective Majorana mass in 0ν2β decay can be written as ⟨m⟩ ≡ ∑ i s_im_iU^2_{ei} = 0. (39)

Hence 0ν2β decay is forbidden in this model, which can be checked to very good precision in possible future ton-scale experiments, e.g., GENIUS [38], LXe 10ty and HPXe 10ty [39].

C. ν_μ ↔ ν_e oscillations

The considered model can be ruled out by direct observation of ν_μ → ν_e or/and ν_e → ν_μ oscillations. The accelerator experiments may provide such convincing results. The T2K experiment reported indication of electron neutrino appearance from an acceleratorproduced off-axis muon neutrino beam [40, 41]. The MINOS Collaboration also reported ν_μ → ν_e appearance signal by observing 62 candidate events against the expected 50 [28]. However the data collected in 2008 and 2009 in the OPERA experiment are compatible with the non-oscillation hypothesis [42]. Clearly, more data from these and coming experiments such as NOvA [43] and accurate data analysis is needed to make a definite conclusion.

2 Superposition of the neutrino fluxes from various reactors of different power can, in principle, explain the shape of the KamLAND signal and the difference between pre-Fukushima [32] and post-Fukushima [33] results without using the neutrino oscillations with Δm^2_ν ∼ 10^{−5} eV^2.

Several reactor experiments recently reported indications of electron antineutrino disappearance [44–46] with the ratios of observed to expected numbers of ν̄_e about R = 0.92−0.94, which yielded sin^2 2θ ≃ 0.1 unlike sin^2 2θ = 4/9 in Eq. (23). However reduction of R by about 15% would result in increase of sin^2 2θ to about 0.4 in agreement with Eq. (23). Interestingly, same size correction factor in observed-to-expected event ratio would disfavor the MINOS ν_μ → ν_e appearance signal. We note that 15% correction in normalization is not large with respect to about 100% difference between the results derived in the 3-Dimensional and the 1-D collinear simulations [47].

V. CONCLUSION

We introduced a simple model, which may explain all available and confirmed neutrino data, and resolve the long standing neutrino mass puzzles. This model is based on the non-diagonal “democratic” mass matrix of three Majorana neutrinos, and predicts the neutrino mass spectrum {0.03, 0.03, 0.06}(eV) with degenerate neutrino mass splittings, which govern the atmospheric neutrino oscillations. The solar neutrino deficit is explained by their incoherence in the Earth. We outlined the predictions for the direct neutrino mass and the neutrinoless double beta decay experiments, and importance of the accelerator ν_μ → ν_e oscillation and the reactor ν̄_e disappearance experiments in verification of the considered model. Definitely more detailed and careful analysis of the neutrino data with respect to the considered model will be useful.

Acknowledgements

This work was supported in part by the US Department of Energy under the contract DE-SC0007983. The author thanks Linkoln Wolfenstein and Anatoly Borisov for useful comments, and Alexey Petrov and Gil Paz for important questions.

[1] W. Pauli, Camb. Monogr. Part. Phys. Nucl. Phys. Cosmol. 14, 1 (2000). [2] J. Beringer et al. [Particle Data Group], Phys. Rev. D 86, 010001 (2012). [3] R. Davis, Jr., D. S. Harmer and K. C. Hoffman, Phys. Rev. Lett. 20, 1205 (1968). [4] Y. Ashie et al. [Super-Kamiokande Collaboration], Phys. Rev. D 71, 112005 (2005) [hepex/0501064].

[5] P. Adamson et al. [MINOS Collaboration], arXiv:1304.6335 [hep-ex]. [6] H. Paukkunen and C. A. Salgado, arXiv:1306.2432 [hep-ph]. [7] C. Zhang, X. Qian and P. Vogel, arXiv:1303.0900 [nucl-ex].

[8] G. Mention, M. Fechner, T. .Lasserre, T. .A. Mueller, D. Lhuillier, M. Cribier and A. Letourneau, Phys. Rev. D 83, 073006 (2011) [arXiv:1101.2755 [hep-ex]].

[9] H. Harari, H. Haut and J. Weyers, Phys. Lett. B 78, 459 (1978). [10] H. Fritzsch and Z. -Z. Xing, Phys. Lett. B 372, 265 (1996) [hep-ph/9509389]. [11] M. Fukugita, M. Tanimoto and T. Yanagida, Phys. Rev. D 57, 4429 (1998) [hep-ph/9709388]. [12] M. Fujii, K. Hamaguchi and T. Yanagida, Phys. Rev. D 65, 115012 (2002) [hep-ph/0202210].

[13] R. N. Mohapatra and P. B. Pal, World Sci. Lect. Notes Phys. 60, 1 (1998) [World Sci. Lect.

Notes Phys. 72, 1 (2004)].

[14] A. Nicolaidis, arXiv:1303.6479 [hep-ph]. [15] L. Wolfenstein, Phys. Rev. D 18, 958 (1978).

[16] P. F. Harrison, D. H. Perkins and W. G. Scott, Phys. Lett. B 530, 167 (2002) [hepph/0202074].

[17] Z. -Z. Xing, Phys. Lett. B 533, 85 (2002) [hep-ph/0204049]. [18] M. Doi, T. Kotani and E. Takasugi, Prog. Theor. Phys. Suppl. 83, 1 (1985). [19] M. Zralek, Acta Phys. Polon. B 29, 3925 (1998) [hep-ph/9810543]. [20] See chapter 8 in C. Giunti and C. W. Kim, Oxford, UK: Univ. Pr. (2007) 710 p. [21] Y. Ashie et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 93, 101801 (2004) [hepex/0404034].

[22] K. Abe et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 97, 171801 (2006) [hepex/0607059].

[23] Y. Farzan and A. Y. Smirnov, Nucl. Phys. B 805, 356 (2008) [arXiv:0803.0495 [hep-ph]]. [24] L. Wolfenstein, Phys. Rev. D 17, 2369 (1978).

[25] S. P. Mikheev and A. Y. Smirnov, Sov. J. Nucl. Phys. 42, 913 (1985) [Yad. Fiz. 42, 1441 (1985)].

[26] V. D. Barger, K. Whisnant, S. Pakvasa and R. J. N. Phillips, Phys. Rev. D 22, 2718 (1980). [27] A. M. Dziewonski and D. L. Anderson, Phys. Earth Planet. Interiors 25, 297 (1981). [28] P. Adamson et al. [MINOS Collaboration], Phys. Rev. Lett. 106, 181801 (2011) [arXiv:1103.0340 [hep-ex]].

[29] B. Aharmim et al. [SNO Collaboration], Phys. Rev. C 72, 055502 (2005) [nucl-ex/0502021]. [30] K. Kiers, S. Nussinov and N. Weiss, Phys. Rev. D 53, 537 (1996) [hep-ph/9506271]. [31] T. Araki et al. [KamLAND Collaboration], Phys. Rev. Lett. 94, 081801 (2005) [hepex/0406035].

[32] A. Gando et al. [KamLAND Collaboration], Phys. Rev. D 83, 052002 (2011) [arXiv:1009.4771 [hep-ex]].

[33] A. Gando et al. [KamLAND Collaboration], arXiv:1303.4667 [hep-ex]. [34] V. M. Lobashev et al., Nucl. Phys. Proc. Suppl. 91, 280 (2001). [35] N. A. Titov [KATRIN Collaboration], Phys. Atom. Nucl. 67, 1953 (2004). [36] J. A. Formaggio [KATRIN Collaboration], AIP Conf. Proc. 1441, 426 (2012). [37] G. Drexlin, V. Hannen, S. Mertens and C. Weinheimer, Adv. High Energy Phys. 2013, 293986 (2013).

[38] J. Hellmig and H. V. Klapdor-Kleingrothaus, Z. Phys. A 359, 351 (1997) [nucl-ex/9801004]. [39] J. J. Gomez-Cadenas, J. Martin-Albo, J. M. Vidal and C. Pena-Garay, JCAP 1303, 043 (2013) [arXiv:1301.2901 [hep-ph]].

[40] Z. -Z. Xing, Chin. Phys. C 36, 101 (2012) [arXiv:1106.3244 [hep-ph]]. [41] K. Abe et al. [T2K Collaboration], Phys. Rev. Lett. 107, 041801 (2011) [arXiv:1106.2822 [hep-ex]].

[42] N. Agafonova et al. [Opera Collaboration], arXiv:1303.3953 [hep-ex]. [43] D. S. Ayres et al. [NOvA Collaboration], hep-ex/0503053.

[44] Y. Abe et al. [DOUBLE-CHOOZ Collaboration], Phys. Rev. Lett. 108, 131801 (2012) [arXiv:1112.6353 [hep-ex]].

[45] F. P. An et al. [DAYA-BAY Collaboration], Phys. Rev. Lett. 108, 171803 (2012) [arXiv:1203.1669 [hep-ex]].

[46] J. K. Ahn et al. [RENO Collaboration], Phys. Rev. Lett. 108, 191802 (2012) [arXiv:1204.0626 [hep-ex]].

[47] G. Battistoni, A. Ferrari, P. Lipari, T. Montaruli, P. R. Sala and T. Rancati, Astropart. Phys.

12, 315 (2000) [hep-ph/9907408].