hep-ph/9902392 v2 12 Aug 1999

UCRHEP-T245 May 1999

Simple Connection Between Atmospheric and Solar Neutrino Vacuum Oscillations

Ernest Ma

Department of Physics University of California Riverside, California 92521

Abstract

Extending the minimal standard model of particle interactions (without righthanded singlet neutrinos) to include a heavy scalar triplet ξ to obtain nonzero Majorana neutrino masses, I derive the following simple realistic connection between atmospheric and solar neutrino vacuum oscillations: (Δm^2)_{sol}(Δm^2)_{atm}/m^4_ν (sin^2 2θ)_{atm} = 2I^2, where m_ν is the assumed common approximate mass of each neutrino (which may be suitable for hot dark matter) and I = (3/16π^2)(G_F /p2)m^2_τ ln(m^2_ξ/m^2_W ) comes from the radiative splitting of the degeneracy due to the charged leptons.

There is now a vast literature on models of neutrino oscillations [1]. Most try to understand why atmospheric neutrino oscillations [2] of ν_μ(ν̄_μ) to ν_τ (ν̄_τ ) require near-maximal mixing [3]. Many also suggest that solar neutrino oscillations [4] of ν_e to a linear combination of ν_μ and ν_τ should have near-maximal mixing as well [5]. Both are possible in the context of three nearly mass-degenerate neutrinos [6, 7] which could then be considered as candidates for hot dark matter [8].

Recently it has been pointed out [9] that if all three neutrinos obtain equal Majorana masses of order 1 eV from the canonical seesaw mechanism [10], then their splitting due to the different charged-lepton masses from the two-loop exchange of two W bosons [11] is of the right magnitude for solar neutrino vacuum oscillations. However, the inclusion of atmospheric neutrino oscillations has to be rather ad hoc in this case. In fact, it is rare indeed that any bona fide model of neutrino masses even gets a relationship between the mass difference of one oscillation and that of another. [One exception is the recently proposed model [12] of radiative masses for ν_e, ν_μ, ν_τ , plus a singlet (sterile) neutrino ν_s, which explains atmospheric and solar neutrino oscillations as well as the ν̄_μ(ν_μ) to ν̄_e(ν_e) data of the LSND (Liquid Scintillator Neutrino Detector) experiment [13]. It has the successful relationship (Δm^2)_{atm} ≃ 2[(Δm^2)_{sol}(Δm^2)_{LSN D}]^{1/2}, where (Δm^2)_{sol} refers to the matterenhanced solution [14] of the solar neutrino deficit.]

In this note I will present the most economical model to date of neutrino masses which has the following simple realistic connection between atmospheric and solar neutrino vacuum oscillations:

(Δm^2)_{sol}(Δm^2)_{atm} m^4_ν (sin^2 2θ)_{atm}

= 2I^2 = 4.9 × 10�^{13} ( ln m^2_ξ m^2_W )2 , (1) where m_ν is the assumed common approximate mass of each neutrino, m_ξ is the mass of a heavy scalar triplet, and I = 3G_F m^2_τ 16π^2 √ 2 ln m^2_ξ m^2_W (2) comes from the one-loop radiative splitting of the degeneracy due to the charged leptons, as explained below. Numerically, let m_ν = 0.6 eV, (sin^2 2θ)_{atm} = 1, and m_ξ = 1 TeV, then Eq. (1) is satisfied with the best fit values of (Δm^2)_{sol} = 4.0 × 10�^{10} eV^2 and (Δm^2)_{atm} = 4.0 × 10�^3 eV^2.

To start with, the minimal standard model (without right-handed singlet neutrinos) is extended to include a heavy scalar triplet ξ = (ξ^{++}, ξ^+, ξ^0), where m^2_ξ >> m^2_W is assumed. This provides the three neutrinos ν_e, ν_μ, ν_τ with small Majorana masses [15]. As emphasized recently [16], such an alternative is as simple and natural as the canonical seesaw mechanism [10] which was used in Ref. [9]. Now let there be a discrete S_3 symmetry (which has irreducible representations 2, 1, and 10) such that ξ is a 1 and the standard Higgs doublet Φ = (ϕ^+, ϕ^0) is also a 1, whereas two of the lepton doublets form a 2 and the third is a 1 or 10. The relevant terms in the interaction Lagrangian are then given by L_{int} = ξ^0[f_0(ν_1ν_2 + ν_2ν_1) + f_3ν_3ν_3] + μξ̄^0ϕ^0ϕ^0 + h.c. (3) The field ξ^0 acquires a naturally small vacuum expectation value [15] u ≃ −μ⟨ϕ^0⟩^2/m^2_ξ and the 3 × 3 Majorana neutrino mass matrix is of the form

M_ν =

0 m_0 0 m_0 0 0 0 0 m_3 , (4)

where m_0 = 2f_0u and m_3 = 2f_3u. Actually, the difference between m_0 and m_3 will be assumed small compared to either m_0 or m_3 in the following, i.e. each neutrino is accorded an approximate common mass m_ν .

The neutrinos are now identified with their charged-lepton partners as follows: ν_1 = ν_e, ν_2 = cν_μ − sν_τ , ν_3 = cν_τ + sν_μ, (5) where s ≡ sin θ and c ≡ cos θ. This construction is made to accommodate the atmospheric data [2] as ν_μ − ν_τ oscillations with sin^2 2θ = 4s^2c^2 and Δm^2 = m^2_0 − m^2_3. At this point, the eigenvalues of M_ν of Eq. (4) are −m_0, m_0, and m_3. However, since the charged-lepton masses break the assumed S_3 symmetry, the two-fold degeneracy of the ν_1 − ν_2 sector is broken radiatively in one loop. There are two effects. One is a finite correction to the mass matrix, as shown in Figure 1. The other is a renormalization of the coupling matrix [17] from the shift in mass scale from m_ξ to m_W . As expected, the dominant contribution comes from the τ Yukawa coupling. The two contributions are naturally of the same texture and are easily calculated to be 4I/3 and −I/3 respectively, where I is already given by Eq. (2). The mass matrix M_ν is now corrected to read

M_ν =

0 m_0(1 + s^2I) −scm_0I m_0(1 + s^2I) 0 −scm_3I −scm_0I −scm_3I m_3(1 + 2c^2I) . (6)

The two-fold degeneracy of the ν_1 − ν_2 sector is then lifted, with the following mass eigenvalues:

− m_0(1 + s^2I) − s^2c^2(m_0 − m_3)^2I^2

2(m_0 + m_3)

, m_0(1 + s^2I) + s^2c^2(m_0 + m_3)^2I^2 2(m_0 − m_3)

, (7)

where I^2 << (m_0 − m_3)^2/(m_0 + m_3)^2 has been used, being justified numerically. Hence their mass-squared difference is

Δm^2 ≃ s^2c^2m_0I^2 [ (m_0 + m_3)^2 m_0 − m_3 − (m_0 − m_3)^2 m_0 + m_3 ] ≃ 8s^2c^2I^2m^4_ν m^2_0 − m^2_3

, (8)

where m_ν ≃ m_0 ≃ m_3 has been used. Identifying this with solar neutrino vacuum oscillations then yields Eq. (1).

In the above, the choice ν_1 = ν_e leads to (sin^2 2θ)_{sol} = 1. The eigenstates of M_ν from Eq. (4) or Eq. (6) are the same to first order: 1 √ 2 (ν_e − cν_μ + sν_τ ), 1 √ 2 (ν_e + cν_μ − sν_τ ), sν_μ + cν_τ . (9)

For s = c = 1/ √ 2, the so-called bimaximal mixing solution [5] of neutrino oscillations is obtained. With the assumed form of Eq. (4), it is also worth noting that renormalization effects due to the τ and μ Yukawa couplings do not affect the degeneracy of the ν_1 − ν_2 sector to first order. This is why (Δm^2)_{sol} can be small enough here to be suitable for vacuum oscillations. The zero ν_e − ν_e entry in the neutrino mass matrix is crucial for the validity of Eq. (7) and has been chosen to avoid neutrinoless double beta decay [18]. This is an important constraint as long as m_ν is greater than about 1 eV, which used to be a desirable feature as a component of dark matter [8]. However, with the recent observation of a nonzero cosmological constant [19], whereas m_ν is probably still needed for large-scale structure formation in the universe, its magnitude can be much smaller. In general, ν_1 may be a linear combination of ν_e, ν_μ, and ν_τ , but it has to be predominantly ν_e. Otherwise, m_τ (and m_μ) radiative contributions would appear in the diagonal entries of Eq. (6) and modify Eqs. (7) and (8). For illustration, the values m_ν = 0.6 eV and m_ξ = 1 TeV have been used. It may be argued that m_ξ is naturally of order 10^{13} GeV or greater [15], in which case m_ν should be somewhat smaller. More precisely,

m_ν ∼ 1.3 eV [ ln m^2_ξ m^2_W

]�^1_2 . (10)

For m_ξ = 10^{13} GeV, the required m_ν is then about 0.18 eV.

The charged-lepton mass matrix which accompanies M_ν of Eq. (4) is not uniquely defined, because only the left-handed fields are correlated with it. Nevertheless, S_3 is clearly violated. So far, I have not identified the origin of this violation. It may simply be explicit, or it may be spontaneous, in the sense that it occurs only when the electroweak gauge symmetry is broken. An example of the latter is the following model. Under S_3, let ν_1 l_1 L , ν_2 l_2 L ∼ 2, ν_3 l_3 L ∼ 1, [l^c_{1L}, l^c_{2L}] ∼ 2, l^c_{3L} ∼ 1, (11)

ϕ^0_1 ϕ�_1 , ϕ^0_2 ϕ�_2 ∼ 2, ϕ^0_3 ϕ�_3

∼ 1, (ξ^{++}, ξ^+, ξ^0) ∼ 1. (12)

With ⟨ξ^0⟩ ≠ 0, M_ν of Eq. (4) is obtained, whereas M_l is now given by

M_l = h_1⟨ϕ^0_1⟩ h_2⟨ϕ^0_3⟩ h_3⟨ϕ^0_2⟩ h_2⟨ϕ^0_3⟩ h_1⟨ϕ^0_2⟩ h_3⟨ϕ^0_1⟩ h_4⟨ϕ^0_2⟩ h_4⟨ϕ^0_1⟩ h_5⟨ϕ^0_3⟩ , (13)

where h_{1,2,3,4,5} are the couplings of all possible Yukawa terms invariant under S_3. Before electroweak symmetry breaking, charged-lepton masses as well as neutrino masses are zero, as in the standard model. After electroweak symmetry breaking, let ⟨ϕ^0_2⟩ << ⟨ϕ^0_1⟩, then S_3 is also broken in M_l at tree level but not in M_ν . Radiative corrections then break S_3 in M_ν as shown in this paper. In the limit h_2 → 0 and ⟨ϕ^0_2⟩ → 0, e_L is indeed separated from the μ_L − τ_L sector and Eq. (5) holds as desired. In terms of fine tuning, this model is no worse than the standard model which also requires arbitrary Yukawa couplings to fix the charged-lepton masses.

In conclusion, I have presented in this note a new and economical extension of the minimal standard model, where a heavy scalar triplet ξ is added to provide the three known neutrinos with nonzero Majorana masses. This replaces the usual method of adding three heavy right-handed neutrino singlets. A discrete S_3 symmetry is then assumed so that two neutrinos are degenerate in mass, with their splitting controlled by one-loop radiative corrections. This results in a simple realistic connection between atmospheric and solar neutrino vacuum oscillations as given by Eq. (1). It is consistent with the present data and will get tested further as more data become available in the near future from planned experiments in neutrino oscillations, neutrinoless double beta decay, neutrino mass, searches for dark matter and for new particles in high-energy accelerators.

ACKNOWLEDGEMENT

This work was supported in part by the U. S. Department of Energy under Grant No. DE- FG03-94ER40837.

References

[1] For a brief review, see for example M. Tanimoto, in Proceedings of the 17th International Workshop on Weak Interactions and Neutrinos (WIN99), Cape Town, South Africa, January 1999, hep-ph/9903505.

[2] Y. Fukuda et al., Phys. Lett. B433, 9 (1998); B436, 33 (1998); Phys. Rev. Lett. 81, 1562 (1998); 82, 2644 (1999).

[3] C. H. Albright, K. S. Babu, and S. M. Barr, Phys. Rev. Lett. 81, 1167 (1998); B. C.

Allanach, Phys. Lett. B450, 182 (1999); S. F. King, Phys. Lett. B439, 350 (1998); J. K. Elwood, N. Irges, and P. Ramond, Phys. Rev. Lett. 81, 5064 (1998); R. Barbieri, L. J. Hall, D. Smith, A. Strumia, and N. Weiner, JHEP 9812, 017 (1998); G. Altarelli and F. Feruglio, Phys. Lett. B439, 112 (1998); JHEP 9811, 021 (1998); Phys. Lett. B451, 388 (1999); E. Ma, Phys. Lett. B442, 238 (1998); N. Haba, Phys. Rev. D59, 035011 (1999); K. Oda, E. Takasugi, M. Tanaka, and M. Yoshimura, Phys. Rev. D59, 055001 (1999); J. Ellis, G. K. Leontaris, S. Lola, and D. V. Nanopoulos, hep-ph/9808251; R. N. Mohapatra and S. Nussinov, Phys. Lett. B441, 299 (1998); R. Barbieri, L. J. Hall, and A. Strumia, Phys. Lett. B445, 407 (1999); Y. Grossman, Y. Nir, and Y. Shadmi, JHEP 9810, 007 (1998); M. Fukugita, M. Tanimoto, and T. Yanagida, Phys. Rev. D59, 113016 (1999); E. Ma, D. P. Roy, and U. Sarkar, Phys. Lett. B444, 391 (1998); E. Malkawi, hep-ph/9810542; E. Ma and D. P. Roy, Phys. Rev. D59, 097702 (1999); L. J. Hall and N. Weiner, Phys. Rev. D60, 033005 (1999); Z. Berezhiani and A. Rossi, JHEP 9903, 002 (1999); K. S. Babu, J. C. Pati, and F. Wilczek, hep-ph/9812538; S. Lola and G. G. Ross, hep-ph/9902283.

[4] R. Davis, Prog. Part. Nucl. Phys. 32, 13 (1994); P. Anselmann et al., Phys. Lett. B357, 237 (1995); B361, 235 (1996); J. N. Abdurashitov et al., Phys. Lett. B328, 234 (1994);

Y. Fukuda et al., Phys. Rev. Lett. 77, 1683 (1996); 81, 1158 (1998); 82, 1810 (1999); 82, 2430 (1999).

[5] V. Barger, S. Pakvasa, T. J. Weiler, and K. Whisnant, Phys. Lett. B437, 107 (1998);

A. J. Baltz, A. S. Goldhaber, and M. Goldhaber, Phys. Rev. Lett. 81, 5730 (1998); Y. Nomura and T. Yanagida, Phys. Rev. D59, 017303 (1999); M. Tanimoto, Phys. Rev. D59, 017304 (1999); M. Jezabek and Y. Sumino, Phys. Lett. B440, 327 (1998); H. Fritzsch and Z. Xing, Phys. Lett. B440, 313 (1998); S. L. Glashow, P. J. Kernan, and L. M. Krauss, Phys. Lett. B445, 412 (1999); S. Davidson and S. F. King, Phys. Lett. B445, 191 (1998); A. S. Joshipura and S. D. Rindani, hep-ph/9811252; C. Jarlskog, M. Matsuda, S. Skadhauge, and M. Tanimoto, Phys. Lett. B449, 240 (1999).

[6] D. Caldwell and R. N. Mohapatra, Phys. Rev. D48, 3259 (1993); A. S. Joshipura, Z.

Phys. C64, 31 (1994); Phys. Rev. D51, 1321 (1995); P. Bamert and C. P. Burgess, Phys. Lett. B329, 289 (1994); D.-G. Lee and R. N. Mohapatra, Phys. Lett. B329, 463 (1994); A. Ioannisian and J. W. F. Valle, Phys. Lett. B332, 93 (1994); A. Ghosal, Phys. Lett. B398, 315 (1997); A. K. Ray and S. Sarkar, Phys. Rev. D58, 055010 (1998); C. D. Carone and M. Sher, Phys. Lett. B420, 83 (1998); U. Sarkar, Phys. Rev. D59, 037302 (1999); G. C. Branco, M. N. Rebelo, and J. I. Silva-Marcos, Phys. Rev. Lett. 82, 683 (1999).

[7] F. Vissani, hep-ph/9708483; H. Georgi and S. L. Glashow, hep-ph/9808293; R. N. Mohapatra and S. Nussinov, Phys. Rev. D60, 013002 (1999); Y. L. Wu, hep-ph/9810491, 9901245, 9901320; C. Wetterich, Phys. Lett. B451, 397 (1999); R. Barbieri, L. J. Hall, G. L. Kane, and G. G. Ross, hep-ph/9901228.

[8] E. Gawiser and J. Silk, Science 280, 1405 (1998); J. R. Primack and M. A. K. Gross, astro-ph/9810204; K. S. Babu, R. K. Schaefer, and Q. Shafi, Phys. Rev. D53, 606

(1996).

[9] E. Ma, Phys. Lett. B456, 48 (1999).

[10] M. Gell-Mann, P. Ramond, and R. Slansky, in Supergravity, edited by P. van Nieuwenhuizen and D. Z. Freedman (North-Holland, Amsterdam, 1979), p. 315; T. Yanagida, in Proceedings of the Workshop on the Unified Theory and the Baryon Number in the Universe, edited by O. Sawada and A. Sugamoto (KEK Report No. 79-18, Tsukuba, Japan, 1979), p. 95; R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44, 912 (1980).

[11] K. S. Babu and E. Ma, Phys. Rev. Lett. 61, 674 (1988); Phys. Lett. B228, 508 (1989).

See also S. T. Petcov and S. T. Toshev, Phys. Lett. B143, 175 (1984). [12] N. Gaur, A. Ghosal, E. Ma, and P. Roy, Phys. Rev. D58, 071301 (1998). [13] C. Athanassopoulos et al., Phys. Rev. Lett. 75, 2650 (1995); 77, 3082 (1996); 81, 1774 (1998).

[14] L. Wolfenstein, Phys. Rev. D17, 2369 (1978); S. P. Mikheyev and A. Yu. Smirnov, Sov.

J. Nucl. Phys. 42, 913 (1986).

[15] E. Ma and U. Sarkar, Phys. Rev. Lett. 80, 5716 (1998). [16] E. Ma, Phys. Rev. Lett. 81, 1171 (1998).

[17] J. Ellis and S. Lola, hep-ph/9904279; J. A. Casas, J. R. Espinosa, A. Ibarra, and I.

Navarro, hep-ph/9904395.

[18] For a review, see for example H. V. Klapdor-Kleingrothaus, hep-ex/9901021. [19] A. G. Reiss et al., astro-ph/9805201; S. Perlmutter et al., astro-ph/9812133.

ν_i τ_L τ_R ν_τ

⟨ϕ^0⟩

⟨ϕ^0⟩

ξ� ϕ�

Fig. 1. One-loop radiative breaking of neutrino mass degeneracy.