arXiv:hep-ph/0011121 v3 16 Feb 2001

UCRHEP-T291 November 2000

Naturally Small Seesaw Neutrino Mass with No New Physics Beyond the TeV Scale

Ernest Ma Department of Physics University of California Riverside, CA 92521

Abstract

If there is no new physics beyond the TeV energy scale, such as in a theory of large extra dimensions, the smallness of the seesaw neutrino mass, i.e. m_ν = m^2_D=m_N , cannot be explained by a very large m_N . In contrast to previous attempts to find an alternative mechanism for a small m_ν , I show how a solution may be obtained in a simple extension of the Standard Model, without using any ingredient supplied by the large extra dimensions. It is also experimentally testable at future accelerators.

In the minimal Standard Model of particle interactions, neutrinos are massless but they may acquire naturally small Majorana masses through the effective dimension-five operator [1] 1 Λ (ν_iϕ^0 − l_iϕ^+)(ν_jϕ^0 − l_jϕ^+), (1) where Λ is an effective large mass scale, and Φ = (ϕ^+, ϕ^0) is the usual Higgs doublet with a nonzero vacuum expectation value, ⟨ϕ^0⟩ = v. The most common realization of this operator is the canonical seesaw mechanism [2], where three heavy (right-handed) singlet neutrinos N_i are introduced so that m_ν = m^2_D m_N , (2) with m_D = fv, hence Λ = m_N /f^2 in Eq. (1). Given that m_ν is at most of order 1 eV and f should not be too small, the usual thinking is that m_N has to be very large, i.e. m_N >> v. As such, this famous mechanism must be accepted on faith, because there cannot be any direct experimental test of its validity.

Consider now the possibility that there is no new physics beyond the TeV energy scale. This is an intriguing idea proposed recently in theories of large extra dimensions [3]. Since a large m_N is not available, the smallness of m_ν in such theories is usually accomplished [4, 5] by putting N in the bulk and then pairing it with ν to form a Dirac neutrino so that its mass is suppressed by the volume of the extra dimensions. Another approach is to break lepton number spontaneously in the bulk through a scalar singlet [6] which “shines” in our world as a small vacuum expectation value. This mechanism may then be combined with the triplet Higgs model of Majorana neutrino mass [7] to allow direct experimental determination of the relative magnitude of each element of the neutrino mass matrix from ξ^{++} → l^+_i l^+_j decay [8].

Instead of using an ingredient supplied by the large extra dimensions, I show in the following how Eq. (2) may be realized naturally with m_N of order 1 TeV in a simple extension of the Standard Model. This means that m_D should be small, i.e. m_D << 10^2 GeV. If it comes from ϕ^0 as in the Standard Model, that would not be natural; but as shown below, it will come instead from another doublet with a naturally small vacuum expectation value [9]. This new realization of the seesaw mechanism will allow direct experimental tests of its validity, as discussed below.

Consider the minimal Standard Model with three lepton families: ν_i l_i L ∼ (1, 2, −1/2), l_{iR} ∼ (1, 1, −1), (3) where their transformations under the standard SU(3)_C × SU(2)_L × U(1)_Y gauge group are denoted as well. I now add three neutral fermion singlets

N_{iR} ∼ (1, 1, 0), (4)

but instead of assigning them lepton number L = 1, so they can pair up with the lepton doublet through the interaction N̄_R(ν_Lϕ^0 − l_Lϕ^+), I assign them L = 0 to forbid this Yukawa term. To complete my model, a new scalar doublet η^+ η^0

∼ (1, 2, 1/2) (5) is introduced with lepton number L = −1. Hence the terms 1 2 M_iN^2_{iR} + f_{ij}N̄_{iR}(ν_{jL}η^0 − l_{jL}η^+) + h.c. (6)

appear in the Lagrangian. The effective operator of Eq. (1) for neutrino mass is then replaced by one with η instead of ϕ, and if ⟨η^0⟩ = u is naturally small, the corresponding scale Λ will not have to be so large and M_i of Eq. (6) may indeed be of order 1 TeV.

The Higgs potential of this model is given by

V = m^2_1Φ^†Φ + m^2η^†η + 1 2 λ_1(Φ^†Φ)^2 + 1 2 λ_2(η^†η)^2 +λ_3(Φ^†Φ)(η^†η) + λ_4(Φ^†η)(η^†Φ) + μ^2_{12}(Φ^†η + η^†Φ), (7) where the μ^2_{12} term breaks L explicitly but softly [10]. Note that given the particle content of this model, the μ^2_{12} term is the only possible soft term which also breaks L.

For ⟨ϕ^0⟩ = v and ⟨η^0⟩ = u, the equations of constraint are v[m^2_1 + λ_1v^2 + (λ_3 + λ_4)u^2] + μ^2_{12}u = 0, (8) u[m^2 + λ_2u^2 + (λ_3 + λ_4)v^2] + μ^2_{12}v = 0. (9) Consider the case m^2_1 < 0, m^2 > 0, |μ^2_{12}| << m^2, (10) then v^2 ≃

−m^2_1 λ_1 , u ≃ −μ^2_{12}v m^2 + (λ_3 + λ_4)v^2

. (11) Hence u may be very small compared to v(= 174 GeV). For example, if m_2 ∼ 1 TeV, |μ^2_{12}| ∼ 10 GeV^2, then u ∼ 1 MeV. The relative smallness of |μ^2_{12}| may be attributed to the fact that it corresponds to the explicit breaking of lepton number in V of Eq. (7). [The usual argument here is that if |μ^2_{12}| were zero, then the model’s symmetry is increased, i.e. lepton number would be unbroken. Hence the assumption that it is small compared to |m^2_1| or m^2 is “natural”. If |μ^2_{12}| were much larger, then u would be proportionally larger, and since m_ν scales as u^2, neutrino masses would be too large. It would also mean that the two scalar doublets mix to a substantial degree, which is not the case here, as discussed later in the paper. If |μ^2_{12}| were much smaller, then neutrino masses would be too small to account for the present observation of neutrino oscillations.]

The 6 × 6 mass matrix spanning [ν_e, ν_μ, ν_τ , N_1, N_2, N_3] is now given by

M_ν =

0 0 0 f_{e1}u f_{e2}u f_{e3}u 0 0 0 f_{μ1}u f_{μ2} u f_{μ3}u 0 0 0 f_{τ1}u f_{τ2}u f_{τ3}u f_{e1}u f_{μ1}u f_{τ1}u M_1 0 0 f_{e2}u f_{μ2}u f_{τ2}u 0 M_2 0 f_{e3}u f_{μ3}u f_{τ3}u 0 0 M_3

. (12)

The mixing between ν and N is thus of order fu/M, which will allow the physical N to decay through its small component of ν to l^±W^∓. The effective mass matrix spanning the three light neutrinos is then M_{ij} = ∑ k f_{ik}f_{jk}u^2 M_k (13) and is of order 1 eV if f is of order unity.

There are five physical Higgs bosons:

h^± = vη^± − uϕ^± √ v^2 + u^2 , A = √ 2(vImη^0 − uImϕ^0) √ v^2 + u^2

, (14)

h^0_1 ≃ √ 2(vReϕ^0 + uReη^0) √ v^2 + u^2

, h^0_2 ≃ √ 2(vReη^0 − uReϕ^0) √ v^2 + u^2

, (15)

with masses given by

m^2_h� = m^2 + λ_3v^2 + (λ_2 − λ_4)u^2 − μ^2_{12}u/v, (16) m^2_A = m^2 + (λ_3 + λ_4)v^2 + λ_2u^2 − μ^2_{12}u/v, (17) m^2_h0_1 = 2λ_1v^2 + O(u^2), (18) m^2_h0_2 = m^2 + (λ_3 + λ_4)v^2 + O(u^2). (19)

From Eq. (15), it is clear that h^0_1 behaves very much like the standard Higgs boson, as far as its coupling to all other particles are concerned. The new scalar particles of this model, i.e. h^± , A, and h^0_2 (all with mass ∼ m_2), as well as N_{iR} are now also accessible to direct experimental discovery in future accelerators. The key is of course Eq. (6).

Consider first the case m_2 > M_i. The decay chain

h^+ → l^+_i N_j, then N_j → l^±_k W^∓, (20)

will determine the relative magnitude of each element of M_ν in Eq. (12). Note that h^+ → l^+_i l^+_k W^− can be a very distinct experimental signature. This direct test of the seesaw mechanism as the source of neutrino mass will remove all uncertainties regarding the indirect determination of M_ν from neutrino-oscillation experiments.

Whereas h^± is readily produced through its electromagnetic interaction, h^0_2 and A are only produced through their weak interactions, i.e. Z → h^0_2A and W^± → h^± (h^0_2, A). Their decay chain h^0_2, A → νN, then N → l^±W^∓, (21) is also less informative because the flavor of the neutrino in the first decay product cannot be identified experimentally.

Consider now the case M_i > m_2. The decay

N_i → l^±_j h^∓ (22)

will determine |f_{ij}| in Eqs. (6) and (12). The subsequent decay of h^± occurs through its small component of ϕ^± , so it is dominated by the final states tb̄ or t̄b and should be easily identifiable. The production of N in a hadron collider is difficult, but with an e^+e^− or μ^+μ^− collider, it can be produced easily in pairs through h^± exchange. The decay of the two N’s will include final states of the type l^+_i l^+_j bbt̄t̄ which are very distinctive. Note that whether m_2 > M_i or M_i > m_2, e^+e^− or μ^+μ^− production of N is possible. In the former case, N decays into l^± W^∓, νZ, and ν̄Z, whereas in the latter case, it decays into l^±h^∓, νh^0_2, ν̄h^0_2, νA, and ν̄A (with h^0_2 and A both decaying into t̄t). Either possibility will allow the experimenter to determine |f_{ij}| and M_i, thereby obtaining the neutrino mass matrix up to an overall scale factor.

Lepton flavor violation (LFV) is a generic feature of all models of neutrino mass. In this model, there is no LFV at tree level for charged leptons. However, it does occur in one loop through η and N exchange. The extra scalar doublet (η^+, η^0) also contributes to the oblique parameters in precision electroweak measurements [11]. These contributions are easily calculated [12]. For example, with m^2 >> M^2_Z,

ΔS = 1 24π λ_4v^2 m^2

, (23) ΔT = 1 96π 1 s^2c^2M^2_Z λ^2_4v^2 m^2

, (24)

where s^2 = sin^2 θ_W , c^2 = cos^2 θ_W . They are clearly negligible and will not change the excellent experimental fit of the minimal Standard Model.

In summary, a new seesaw model of neutrino mass is proposed, where a second scalar doublet (η^+, η^0) with lepton number L = −1 is added to the minimal Standard Model together with three neutral right-handed fermion singlets N_i with lepton number L = 0. Thus N_i is allowed to have a Majorana mass M_i as well as the interaction f_{ij}N̄_{iR}(ν_{jL}η^0 − l_{jL}η^+). Hence m_ν is proportional to ⟨η^0⟩^2/M_i and if ⟨η^0⟩ << ⟨ϕ^0⟩, M_i may be of order 1 TeV and be observable experimentally. This is accomplished with the Higgs potential of Eq. (7) where L is broken explicitly and uniquely with the soft term Φ^†η + η^†Φ.

The decay of N_i into a charged lepton together with a charged Higgs boson or W boson will determine the relative magnitude of each element of the neutrino mass matrix. Just as the discovery of the standard Higgs boson would settle the question of how quarks and leptons acquire mass, the discovery of N_i and the new scalar doublet of this model would settle the question of how neutrinos acquire mass, and remove all uncertainties regarding the indirect determination of M_ν from neutrino-oscillation experiments.

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

References

[1] S. Weinberg, Phys. Rev. Lett. 43, 1566 (1979); E. Ma, Phys. Rev. Lett. 81, 1171 (1998).

[2] 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).

[3] N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, Phys. Lett. B429, 263 (1998); I.

Antoniadis, N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, Phys. Lett. B436, 257 (1998); N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, Phys. Rev. D59, 086004 (1999).

[4] N. Arkani-Hamed, S. Dimopoulos, G. Dvali, and J. March-Russell, hep-ph/9811448; K.

R. Dienes, E. Dudas, and T. Gherghetta, Nucl. Phys. B557, 25 (1999). [5] A. E. Faraggi and M. Pospelov, Phys. Lett. B458, 237 (1999); R. N. Mohapatra, S.

Nandi, and A. Perez-Lorenzana, Phys. Lett. B466, 115 (1999); A. Das and O. C. W. Kong, Phys. Lett. B470, 149 (1999); G. Dvali and A. Yu. Smirnov, Nucl. Phys. B563, 63 (1999); R. Barbieri, P. Creminelli, and A. Strumia, Nucl. Phys. B585, 28 (2000); A. Ioannisian and J. W. F. Valle, hep-ph/9911349; R. N. Mohapatra and A. Perez- Lorenzana, Nucl. Phys. B593, 451 (2001); A. Lukas, P. Ramond, A. Romanino, and G. G. Ross, Phys. Lett. B495, 136 (2000); K. Agashe and G.-H. Wu, hep-ph/0010117; N. Cosme, J. M. Frere, Y. Gouverneur, F. S. Ling, D. Monderen, and V. Van Elewyck, hep-ph/0010192.

[6] N. Arkani-Hamed and S. Dimopoulos, hep-ph/9811353; N. Arkani-Hamed, L. Hall, D.

Smith, and N. Weiner, Phys. Rev. D61, 116003 (2000); Y. Sakamura, hep-ph/9912511. [7] E. Ma and U. Sarkar, Phys. Rev. Lett. 80, 5716 (1998). [8] E. Ma, M. Raidal, and U. Sarkar, Phys. Rev. Lett. 85, 3769 (2000).

[9] X. Li and E. Ma, J. Phys. G23, 885 (1997).

[10] E. Ma, in Particle Phenomenology in the 90’s, edited by A. Datta, P. Ghose, and A.

Raychaudhuri (World Scientific, Singapore, 1992), p. 383.

[11] K. Hagiwara, D. Haidt, and S. Matsumoto, Eur. J. Phys. C2, 95 (1998). [12] E. Keith and E. Ma, Phys. Rev. Lett. 79, 4318 (1997).