arXiv:hep-ph/0107203 v2 26 Jul 2001

UCRHEP-T312 July 2001

Light Unstable Sterile Neutrino

Ernest Ma^a and G. Rajasekaran^b

a Physics Department, University of California, Riverside, California 92521

b Institute of Mathematical Sciences, Chennai (Madras) 600113, India

Abstract

The three massless active (doublet) neutrinos may mix with two heavy and one light sterile (singlet) neutrinos so that the induced masses and mixings among the former are able to explain the present data on atmospheric and solar neutrino oscillations. If the LSND result is also to be explained, one active neutrino mass eigenstate must mix with the light sterile neutrino. A specific model is proposed with the spontaneous and soft explicit breaking of a new global U(1)_S symmetry so that a sterile neutrino will decay into an active antineutrino and a nearly massless pseudo-Majoron.

Present experimental data [1, 2, 3] indicate that neutrinos oscillate. Hence they should have small nonzero masses and mix with one another. This may be achieved without additional fermions beyond those of the minimal standard model by a heavy Higgs triplet [4, 5]. On the other hand, most theoretical approaches assume the addition of 3 singlet neutral fermions (usually considered as right-handed neutrinos N_R). In that case, a Dirac mass m_D linking the left-handed doublet neutrinos ν_L with N_R as well as a Majorana mass M for N_R are allowed, thus yielding the famous mass matrix M_{νN} = 0 m_D m_D M . (1) At this point, one may impose the conservation of lepton number as an additive global symmetry, i.e. U(1)_L, so that M = 0; but then m_D would have to be extremely small, which is considered rather unnatural. The conventional solution of this problem is to not consider U(1)_L at all so that M is naturally very large and since m_D cannot be larger than the electroweak breaking scale v = (2 √ 2G_F )^{−1/2} = 174 GeV, a small mass m_ν = m^2_D/M is obtained [6]. This of course requires M to be many orders of magnitude greater than v and renders it totally undetectable experimentally. Recently, it has been pointed out [7] that if m_D comes from a different Higgs doublet with a suppressed vacuum expectation value (VEV), then M may in fact be only a few TeV or less and become observable at future colliders.

In this note we consider the case where both m_D and M are small for one (call it S) of the three singlets, but m_D is still less than M by perhaps an order of magnitude. This is in contrast to the pseudo-Dirac scenario [8], i.e. M << m_D, in which case neutrino oscillations would be maximal between active and sterile species, in disfavor with the most recent data [1, 2]. Before discussing the theoretical reasons for m_D and M to be small, consider first the phenomenology of such a possibility. The 3 active neutrinos ν_e, ν_μ, ν_τ are now each a linear combination of 4 light neutrino mass eigenstates. With m_D less than M by an order of magnitude, the mixing of S with ν is still small; hence the presumably large mixings among the 3 active neutrinos themselves are sufficient to explain the atmospheric [1] and solar [2] neutrino data. This leaves the LSND data [3] to be explained by having a neutrino mass eigenstate which is mostly S but with small amounts of ν_e and ν_μ.

In addition to the one light S and the two heavy N’s, we supplement the particle content of the standard model with a scalar singlet χ^0 and an extra scalar doublet η = (η^+, η^0), together with a new global U(1)_S symmetry such that (S, χ^0, η) have charges (1, −2, −1) respectively. The relevant terms of the Lagrangian involving these fields are then given by hχ^0SS + f_iS(ν_iη^0 − l_iη^+) + h.c. (2)

Using the canonical seesaw mechanism [6] with the two heavy N’s, we obtain two massive neutrino eigenstates in the conventional way. The original 6 × 6 neutrino mass matrix is reduced to a 4 × 4 matrix spanning (ν_1, ν_2, ν_3, S). Its most general form is given by

M_{νS} = 0 0 0 μ_1 0 m^′_2 0 μ_2 0 0 m^′_3 μ_3 μ_1 μ_2 μ_3 M

, (3)

where M = 2h⟨χ^0⟩ and μ_i = f_i⟨η^0⟩.

To obtain ⟨η^0⟩ ∼ 0.1 eV, consider the part of the Higgs potential involving η, i.e.

V_η = m^2_ηη^†η + 1 2 λ_1(η^†η)^2 + λ_3(η^†η)(Φ^†Φ) + λ_4(η^†Φ)(Φ^†η) + [μ^2_0η^†Φ + h.c.], (4) where Φ is the usual standard-model Higgs doublet and the μ^2_0 term breaks U(1)_S softly. The equation of constraint for ⟨η^0⟩ = u is then given by u[m^2_η + λ_1u^2 + (λ_3 + λ_4)v^2] + μ^2_0v = 0, (5) where v = ⟨ϕ^0⟩. For m^2_η > 0 and large, we then have u ≃ − μ^2_0v m^2_η

. (6)

Let m_η ∼ 1 TeV and μ_0 ∼ 1 MeV, we obtain u ∼ 0.1 eV as desired.

To obtain z = ⟨χ^0⟩ ∼ 1 eV, we use the shining mechanism [9] of large extra dimensions, where χ^0 is assumed to exist in the bulk and its VEV on our brane is suppressed because of its distance from the source brane of U(1)_S breaking. For consistency, the χ^0SS interaction is replaced by z exp(i √ 2φ/z)SS. This has been explained fully in a previous paper [10].

The important difference here is that U(1)_S is also broken explicitly so that the would-be massless Goldstone boson φ, i.e. the Majoron [11, 12], is not strictly massless. On the other hand, its mass may still be very small. We may call it a pseudo-Majoron.

Returning to Eq. (3), we assume for definiteness a bimaximal pattern of mixing among the active neutrinos, i.e. ν_1 ν^′_2 ν_3 = 1/ √ 2 1/2 1/2 −1/ √ 2 1/2 1/2 0 −1/ √ 2 1/ √ 2 ν_e ν_μ ν_τ , (7)

together with the ansatz that μ_1 and μ_3 are negligible. In that case, only ν^′_2 mixes significantly with S. The eigenstates are thus ν^′_2 cos θ + S sin θ with mass m^′_2 − μ^2/M ∼ 0.007 eV and S cos θ − ν^′_2 sin θ with mass M ∼ few eV, where sin θ ≃ −μ_2/M. Hence the latter decays into the conjugate of the former and the pseudo-Majoron with coupling 2 √ 2h sin θ cos θ. [If all μ_i’s were of the same order of magnitude, the present observed neutrino oscillations cannot be explained, unless the 3 active neutrinos are almost degenerate in mass, requiring thus a high degree of unnatural fine tuning of parameters. Also, the nonzero overlap with S would make ν_3 and ν_2 decay into ν_1.]

The ν_μ → ν_e probability in the LSND experiment is given by [13] P_{μe} = s^4 8 ( 1 + x^2 − 2x cos

M^2L 2E ) ∼ 10^{−3}, (8)

where s = sin θ and x = exp(−MΓL/2E) is the decay factor. [In the usual case of a stable sterile neutrino, Γ = 0 so x = 1.] The decay rate Γ is easily calculated to be Γ = h^2s^2c^2M 2π ≃ 0.18M ( h^2 4π ) ( s^2 0.1 ) ( c^2 0.9 ) , (9)

which is of the right order of magnitude for it to be significant [13] in affecting the interpretation of the LSND data in terms of both oscillation and decay.

The 4 × 4 neutrino mixing matrix is now given by ν_1 ν_2 ν_3 ν_4 = 1/ √ 2 1/2 1/2 0 −c/ √ 2 c/2 c/2 s 0 −1/ √ 2 1/ √ 2 0 s/ √ 2 −s/2 −s/2 c ν_e ν_μ ν_τ S , (10)

with m_1 ≃ 0, m_2 ≃ m^′_2 − μ^2/M ≃ 0.007 eV, m_3 ≃ m^′_3 ≃ 0.05 eV, and m_4 ≃ M ∼ few eV. The phenomenology of this scheme for atmospheric and solar neutrino oscillations has been fully described previously [13]. We emphasize here the most important prediction of this model, i.e. the decay ν_4 → ν̄_2 + ζ, (11) where ζ is the pseudo-Majoron. Since ν_e from the Sun has a ν_4 component, it will decay into ν̄_2 on its way to the Earth. The latter will be observed as ν̄_e in detectors such as BOREXINO and perhaps SNO. The advantage of having ν_4 decay is to evade the indirect constraint from the CDHSW experiment [14] on the LSND allowed parameter space for neutrino oscillations [13]. Without decay, the (3 + 1) scheme of neutrino masses may be disfavored [15]. Note also that in our model, the pseudo-Majoron does not couple to the active neutrinos, otherwise there would be significant bounds on the corresponding coupling strengths [16].

The effective number of neutrinos N_ν for successful nucleosynthesis [17] is probably not greater than 4. In our scenario, it appears that N_ν = 4 + (8/7), counting as well S and χ^0. However, these two fields decouple from the standard-model particles at the scale M_η which we take to be 1 TeV. This means that whereas ν_{e,μ,τ} are heated by the subsequent annihilations of nonrelativistic particles, S and χ^0 are not [18]. Thus the number densities of the latter are greatly suppressed at the time of nucleosynthesis in the early Universe and N_ν < 4 is easily obtained [19].

In conclusion, we have constructed a specific model in this short note in the framework of 3 active (doublet) and 3 sterile (singlet) neutrinos. Two of the latter are heavy, providing small seesaw masses for two active neutrinos. The third sterile neutrino is light and mixes with one of the massive active neutrinos. Together they allow all neutrino-oscillation data to be explained in a hierarchical pattern of neutrino masses. The light sterile neutrino is associated with a new global U(1)_S symmetry which is spontaneously and softly broken, so that it decays into an active antineutrino and a nearly massless pseudo-Majoron.

This work was supported in part by the U. S. Department of Energy under Grant No. DE- FG03-94ER40837. G.R. also thanks the UCR Physics Department for hospitality.

References

[1] S. Fukuda et al., Super-Kamiokande Collaboration, Phys. Rev. Lett. 85, 3999 (2000) and references therein.

[2] S. Fukuda et al., Super-Kamiokande Collaboration, Phys. Rev. Lett. 86, 5656 (2001) and references therein. See also Q. R. Ahmad et al., SNO Collaboration, nucl-ex/0106015.

[3] A. Aguilar et al., hep-ex/0104049; see also G. B. Mills (for the LSND Collaboration), Nucl. Phys. Proc. Suppl. 91, 198 (2001) and references therein.

[4] E. Ma and U. Sarkar, Phys. Rev. Lett. 80, 5716 (1998). [5] E. Ma, M. Raidal, and U. Sarkar, Phys. Rev. Lett. 85, 3769 (2000). [6] 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, Tsukuba, Japan, 1979), p. 95; R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44, 912 (1980).

[7] E. Ma, Phys. Rev. Lett. 86, 2502 (2001).

[8] For recent discussions, see for example M. Kobayashi and C. S. Lim, hep-ph/0012266;

B. H. J. McKellar, G. J. Stephenson Jr., T. Goldman, and M. Garbutt, hep-ph/0106121. [9] N. Arkani-Hamed and S. Dimopoulos, hep-ph/9811353; N. Arkani-Hamed, L. Hall, D.

Smith, and N. Weiner, Phys. Rev. D61, 116003 (2000).

[10] E. Ma, G. Rajasekaran, and U. Sarkar, Phys. Lett. B495, 363 (2000). [11] Y. Chikashige, R. N. Mohapatra, and R. D. Peccei, Phys. Rev. Lett. 45, 1926 (1980).

[12] J. Schechter and J. W. F. Valle, Phys. Rev. D25, 774 (1982). For its application to 4-neutrino models, see for example J. T. Peltoniemi, D. Tommasini, and J. W. F. Valle, Phys. Lett. B298, 383 (1993); J. T. Peltoniemi and J. W. F. Valle, Nucl. Phys. B406, 409 (1993).

[13] E. Ma, G. Rajasekaran, and I. Stancu, Phys. Rev. D61, 071302(R) (2000). [14] F. Dydak et al., Phys. Lett. 134B, 281 (1984).

[15] M. Maltoni, T. Schwetz, and J. W. F. Valle, hep-ph/0107150 and references therein. [16] See for example M. Kachelriess, R. Tomas, and J. W. F. Valle, Phys. Rev. D62, 023004 (2000); R. Tomas, H. Pas, and J. W. F. Valle, hep-ph/0103017 (Phys. Rev. D, in press).

[17] C. J. Copi, D. N. Schramm, and M. S. Turner, Phys. Rev. D55, 3389 (1997); N. Hata, G. Steigman, S. Bludman, and P. Langacker, Phys. Rev. D55, 540 (1997); K. A. Olive and D. Thomas, Astropart. Phys. 11, 403 (1999).

[18] K. A. Olive, D. N. Schramm, and G. Steigman, Nucl. Phys. B180, 497 (1981). [19] J. Ellis, K. Enqvist, D. V. Nanopoulos, and S. Sarkar, Phys. Lett. 167B, 457 (1986).