arXiv:1202.5231v2 [hep-ph] 20 Mar 2012

UT-HET 065

Dark matter and a suppression mechanism for neutrino masses in the Higgs triplet model

Shinya Kanemura^{1, ∗} and Hiroaki Sugiyama^{2, †} 1 Department of Physics, University of Toyama, Toyama 930-8555, Japan 2 Department of Physics, Ritsumeikan University, Kusatsu, Shiga 525-8577, Japan

Abstract

We extend the Higgs triplet model so as to include dark matter candidates and a simple suppression mechanism for the vacuum expectation value (v_Δ) of the triplet scalar field. The smallness of neutrino masses can be naturally explained with the suppressed value of v_Δ even when the triplet fields are at the TeV scale. The Higgs sector is extended by introducing Z_2-odd scalars (an SU(2)_L doublet η and a real singlet s^0_2) in addition to a Z_2-even complex singlet scalar s^0_1 whose vacuum expectation value violates the lepton number conservation by a unit. In our model, v_Δ is generated by the one-loop diagram to which Z_2-odd particles contribute. The lightest Z_2-odd scalar boson can be a candidate for the dark matter. We briefly discuss a characteristic signal of our model at the LHC.

PACS numbers: 14.60.Pq, 12.60.Fr, 14.80.Ec, 95.35.+d

∗Electronic address: kanemu@sci.u-toyama.ac.jp †Electronic address: hiroaki@fc.ritsumei.ac.jp

I. INTRODUCTION

Existence of dark matter (DM) has been established, and its thermal relic abundance has been determined by the WMAP experiment [1, 2]. If the essence of DM is an elementary particle, the weakly interacting massive particle (WIMP) would be a promising candidate. It is desired to have a viable candidate for the dark matter in models beyond the standard model (SM). The WIMP dark matter candidate can be accommodated economically by introducing only an inert scalar field [3–5], where we use “inert” for the Z_2-odd property. The imposed Z_2 parity ensures the stability of the DM candidate. Phenomenology in such models have been studied in, e.g., Refs. [6–12].

On the other hand, it has been confirmed by neutrino oscillation measurements that neutrinos have nonzero but tiny masses as compared to the electroweak scale [13–17]. The different flavor structure of neutrinos from that of quarks and leptons may indicate that neutrino masses are of Majorana type. In order to explain tiny neutrino masses, many models have been proposed. The seesaw mechanism is the simplest way to explain tiny neutrino masses, in which right-handed neutrinos are introduced with large Majorana masses [18, 19]. Another simple model for generating neutrino masses is the Higgs Triplet Model (HTM) [19, 20]. However, these scenarios do not contain dark matter candidate in themselves.

In a class of models where tiny neutrino masses are generated by higher orders of perturbation, the DM candidate can be naturally contained [21–26]. In models in Refs. [21–25], the Yukawa couplings of neutrinos with the SM Higgs boson are forbidden at the tree level by imposing a Z_2 parity. The same Z_2 parity also guarantees the stability of the lightest Z_2- odd particle in the model which can be the candidate of the DM as long as it is electrically neutral.

In this paper, we consider an extension of the HTM in which by introducing the Z_2 parity m_ν is generated at the one-loop level and the DM candidate appears. In the HTM, Majorana masses for neutrinos are generated via the Yukawa interaction h_{ℓℓ}′ L^c_ℓ iσ_2ΔL_ℓ′ with a nonzero vacuum expectation value (VEV) of an SU(2)_L triplet scalar field Δ with the hypercharge of Y = 1. The VEV of Δ is described by v_Δ ∼ √ 2μv^2/(2M^2_Δ), where v is the VEV of the Higgs doublet field Φ and M_Δ is the typical mass scale of the triplet field; the dimensionful parameter μ breaks lepton number conservation at the trilinear term μ Φ^T iσ_2Δ^†Φ which we refer to as the μ-term. As the simplest explanation for the smallness of neutrino masses, the mass of the triplet field is assumed to be much larger than the electroweak scale. On the other hand a characteristic feature of the HTM is the fact that the structure of the neutrino mass matrix (m_ν )_{ℓℓ}′ is given by that of the Yukawa matrix, h_{ℓℓ}′ ∝ (m_ν )_{ℓℓ}′ . The direct information on (m_ν )_{ℓℓ}′ would be extracted from the decay H^{±±} → ℓ^±ℓ^{′′±} [27] if H^{++} is light enough to be produced at collider experiments, where H^{++} is the doubly charged component of the triplet field Δ. At hadron colliders, the H^{±±} can be produced via qq → Z^∗(γ^∗) → H^{++}H^{−−} [28] and q^′q → W^{±∗} → H^{±±}H^∓ [29]. The H^{±±} searches at the LHC put lower bound on its mass as m_{H±±} ≳ 300 GeV [30, 31], assuming that the main decay mode is H^{±±} → ℓ^±ℓ^{′±}. Phenomenological analyses for H^{±±} in the HTM at the LHC have also been performed in Ref. [32]. Triplet scalars can contribute to lepton flavor violation (LFV) in decays of charged leptons, e.g., μ → ēee and τ → ℓ̄ℓ^′ℓ^{′′} at the tree level and ℓ → ℓ^′γ at the one-loop level. Relation between these LFV decays and neutrino mass matrix constrained by oscillation data was discussed in Refs. [33, 34]. In order to explain the small v_Δ with such a detectable light H^{++}, the μ parameter has to be taken to be unnaturally much lower than the electroweak scale. Therefore, it would be interesting to extend the HTM in order to include a natural suppression mechanism of the μ parameter (therefore v_Δ) in addition to the DM candidate.

In our model, lepton number conservation is imposed to the Lagrangian in order to forbid the μ-term in the HTM at the tree level while the triplet Yukawa term h_{ℓℓ}′ L^c_ℓ iσ_2ΔL exists. The VEV of a Z_2-even complex singlet scalar s^0_1 breaks the lepton number conservation by a unit. An SU(2)_L doublet η and a real singlet s^0_2 are also introduced as Z_2-odd scalars in order to accommodate the DM candidate. Then, the μ-term is generated at the one-loop level by the diagram in which the Z_2-odd scalars are in the loop. By this mechanism, the smallness of v_Δ ≪ v is realized, and the tiny neutrino masses are naturally explained without assuming the triplet fields to be heavy. The Yukawa sector is then the same as the one in the HTM, so that its predictions for the LFV processes are not changed. See Refs. [33, 35] for some discussions about two-loop realization of the μ-term^1.

This paper is organized as follows. In Sec. II, we give a quick review for the HTM to define notation. In Sec. III, the model for radiatively generating the μ parameter with the dark matter candidate is presented. Some phenomenological implications are discussed in

1 The two-loop μ-term in Ref. [35] is given with softly-broken Z_4 symmetry, but the tree level μ-term would be also accepted as a soft breaking term. The two-loop μ-term in Ref. [33] is given with Z_3 symmetry which is broken by a VEV of a scalar S, but the tree level Φ^T iσ_2Δ^†ΦS^∗ seems allowed by the Z_3.

Sec. IV, and the conclusion is given in Sec. V. The full expressions of the Higgs potential and mass formulae for scalar bosons in our model are given in Appendix.

II. HIGGS TRIPLET MODEL

In the HTM, an SU(2)_L triplet of complex scalar fields with hyperchage Y = 1 is introduced to the SM. The triplet Δ can be expressed as

Δ = Δ^+/ √ 2 Δ^{++} Δ^0 −Δ^+/ √ 2 , (1)

where Δ^0 = (Δ^0_r + iΔ^0_i )/ √ 2. The triplet has a new Yukawa interaction term with leptons as

L_{triplet-Yukawa} = h_{ℓℓ}′ L^c_ℓ iσ_2 Δ L_ℓ′ + h.c., (2)

where h_{ℓℓ}′ (ℓ, ℓ^′ = e, μ, τ) are the new Yukawa coupling constants, L_ℓ [= (ν_{ℓL}, ℓ)^T ] are lepton doublet fields, a superscript c means the charge conjugation, and σ_i (i = 1-3) denote the Pauli matrices. Lepton number (L#) of Δ is assigned to be −2 as a convention such that the Yukawa term does not break the conservation. A vacuum expectation value v_Δ [= √ 2 ⟨Δ^0⟩] breaks lepton number conservation by two units. The new Yukawa interaction then yields the Majorana neutrino mass term (m_ν )_{ℓℓ}′ (ν_{ℓL})^c ν_ℓ′_L/2 where (m_ν )_{ℓℓ}′ = √ 2 v_Δ h_{ℓℓ}′ .

The scalar potential in the HTM can be written as

V_{HTM} = −m^2_Φ Φ^†Φ + m^2_Δtr(Δ^†Δ) + { μ Φ^T iσ_2Δ^†Φ + h.c. } + λ_1(Φ^†Φ)^2 + λ_2 [ tr(Δ^†Δ)

]_2 + λ_3 tr[(Δ^†Δ)^2] + λ_4 (Φ^†Φ)tr(Δ^†Δ) + λ_5 Φ^†ΔΔ^†Φ, (3)

where Φ = (ϕ^+, ϕ^0)^T [ϕ^0 = (ϕ^0_r + iϕ^0_i )/ √ 2 ] is the Higgs doublet field in the SM. The μ parameter can be real by using rephasing of Δ. Because we take m^2_Δ > 0, there is no Nambu-Goldstone boson for spontaneous breaking of lepton number conservation. The small triplet VEV v_Δ is generated by an explicit breaking parameter μ of the lepton number conservation as

v_Δ ≃ √ 2 μv^2 2m^2_Δ + (λ_4 + λ_5)v^2

, (4)

where v (≃ 246 GeV) is the doublet VEV defined by v = √ 2 ⟨ϕ^0⟩.

In order to obtain small neutrino masses in the HTM, at least one of v^2/m^2_Δ, h_{ℓℓ}′ , μ/v should be tiny. A small μ is an attractive option because m_Δ can be small (≲ 1 TeV) so that triplet scalars can be produced at the LHC. Furthermore, large h_{ℓℓ}′ can be taken, which have direct information on the flavor structure of (m_ν )_{ℓℓ}′ . There is, however, no reason why the μ parameter is tiny in the HTM. In our model presented below, the μ parameter is naturally small because it arises at the one-loop level.

III. AN EXTENSION OF THE HIGGS TRIPLET MODEL

Since we try to generate the μ-term in the HTM radiatively, the term must be forbidden at the tree level. The simplest way would be to impose lepton number conservation to the Lagrangian. The conservation is assumed to be broken by the VEV of a new scalar field s^0_1 which is singlet under the SM gauge symmetry. Notice that s^0_1 [= (s^0_{1r} + is^0_{1i})/ √ 2] is a complex (”charged”) field with non-zero lepton number although it is electrically neutral. One might think that the VEV of s^0_1 could be generated by using soft breaking terms of L#. However, the μ-term is also a soft breaking term. Therefore lepton number must be broken spontaneously in our scenario. One may worry about Nambu-Goldstone boson corresponds to the spontaneous breaking of the lepton number conservation (the so-called Majoron, J^0). However the Majoron which comes from gauge singlet field can evade experimental searches (constraints) because it interacts very weakly with matter fields [36]. It is also possible to make it absorbed by a gauge boson by introducing the U(1)_{B−L} gauge symmetry to the model (See, e.g., Ref. [37]). In this paper we just accept the Majoron without assuming the U(1)_{B−L} gauge symmetry for simplicity.

If s^0_1 has L# = −2, we can have a dimension-4 operator λ s^0_1 Φ^T iσ_2Δ^†Φ. This gives a trivial result μ = λ⟨s^0_1⟩ at the tree level. Although the dim.-4 operator could be forbidden by some extra global symmetries with extra scalars to break them, we do not take such a possibility in this paper. We just assume the s^0_1 has L# = −1. Then the lepton number conserving operator which results in the μ-term is of dimension-5 as

(s^0_1)^2Φ^T iσ_2Δ^†Φ. (5)

We consider below how to obtain the dim.-5 operator at the loop level by using renormal-

L Φ Δ s^0_1 s^0_2 η SU(2)_L 2 2 3 1 1 2 U(1)_Y 1/2 1/2 1 0 0 1/2 L# 1 0 −2 −1 0 −1 Z_2 + + + + − −

TABLE I: List of particle contents of our one-loop model.

izable interactions^2. We restrict ourselves to extend only the SU(3)_c-singlet scalar sector in the HTM because it seems a kind of beauty that the HTM does not extend the fermion sector and colored sector in the SM. An unbroken Z_2 symmetry is introduced in order to obtain dark matter candidates, and new scalars which appear in the loop diagram for the μ-term are aligned to be Z_2-odd particles. We emphasize that the unbroken A_2 symmetry is not for a single purpose to introduce dark matter candidates but utilized also for our radiative mechanism for the μ-term.

We present the minimal model where the dim.-5 operator in eq. (5) is generated by a one-loop diagram with dark matter candidates. Table I shows the particle contents. A real singlet scalar field s^0_2 and the second doublet scalar field η [= (η^+, η^0)^T , η^0 = (η^0_r + iη^0_i )/ √ 2 ] are introduced to the HTM in addition to s^0_1. Lepton numbers of s^0_2 and η are 0 and −1, respectively. Then η^T iσ_2Δ^†η conserves lepton number. In order to forbid the VEV of η, we introduce an unbroken Z_2 symmetry for which s^0_2 and η are odd. Other fields are even under the Z_2.

The Yukawa interactions are the same as those in the HTM. The Higgs potential is given as V = 1 2 m^2_s0_2 (s^0_2)^2 + { μ_η η^T iσ_2 Δ^† η + h.c. } + { λ_{sΦη} s^0_1 s^0_2 (η^† Φ) + h.c. } + · · · . (6) Here we show only relevant parts for radiative generation of the μ-term. See Appendix for the other terms. Vacuum expectation values v and v_s [= √ 2 ⟨s^0_1⟩] are given by v^2 v^2_s = 2 4λ_{1Φ}λ_{s1} − λ^2_{sΦ1} 2λ^{s1} −λ^{sΦ1} −λ_{sΦ1} 2λ_{1Φ} m^{2Φ} m^2_{s1} . (7)

2 It will not be difficult to do the same consideration for cases of higher dimensional operators, e.g., dim.-6 one with s^0_1 of L# = −2/3.

FIG. 1: One-loop diagram for the μ-term. We call it ”A. oryzae diagram” [38].

The Z_2-odd scalars in this model are two CP-even neutral ones (H^0_1 and H^0_2), a CP-odd neutral one (A^0 = η^0_i ), and a charged pair (H^± = η^±). The CP-even scalars are defined as H^{01} H^0_2 = cos θ^{′0} − sin θ^{′0} sin θ^′_0 cos θ^′_0 η^{0r} s^0_2

, tan 2θ^′_0 = √ 2 λ_{sΦη} v v_s (M_0)^2_{ss} − (M_0)^2_{ηη}

, (8)

where (M_0)^2_{ηη} ≡ m^2_η + (λ_{1ΦΦ} + λ_{1Φη}) v^2/2 + λ_{sη1} v^2_s /2 and (M_0)^2_{ss} ≡ m^2_s0_2 + λ_{s3} v^2_s + λ_{sΦ2} v^2. Squared masses of these scalars are given by

m^2_H0_1 = 1 2 { (M_0)^2_{ηη} + (M_0)^2_{ss} − √{ (M_0)^2_{ηη} − (M_0)^2_{ss}

}_2 + 2 λ^2_{sΦη} v^2 v^2_s } , (9)

m^2_H0_2 = 1 2 { (M_0)^2_{ηη} + (M_0)^2_{ss} + √{ (M_0)^2_{ηη} − (M_0)^2_{ss}

}_2 + 2 λ^2_{sΦη} v^2 v^2_s } , (10)

m^2_A0 = (M_0)^2_{ηη}, (11)

m^2_H± = (M_0)^2_{ηη} − 1 2 λ_{1Φη} v^2. (12)

Notice that m_H0_1 ≤ m_A0 ≤ m_H0_2 . We assume m_H0_1 < m_H± and then H^0_1 becomes the dark matter candidate. Hereafter it is assumed that the mixing θ^′_0 is small.

The μ-term is generated by the one-loop diagram. Figure 1 is the dominant one in the case of small θ^′_0. Then, the parameter μ is calculated as μ = λ^2_{sΦη} μ_ηv^2_s 64π^2 { (M_0)^2_{ss} − (M_0)^2_{ηη} } { 1 − (M_0)^2_{ss} (M_0)^2_{ss} − (M_0)^2_{ηη} ln (M_0)^2_{ss} (M_0)^2_{ηη} } . (13)

The one-loop induced μ parameter can be expected to be much smaller than μ_η. The suppression factor |μ/μ_η| is estimated in Sec. IV A.

IV. PHENOMENOLOGY

A. Dark matter

If (M_0)_{ηη} < (M_0)_{ss}, the dark matter candidate H^0_1 is given by η^0_r approximately because we assume small mixing. See, e.g., Ref. [8] for studies about the inert doublet scalar. Let us assume m_{H01} ≃ 75 GeV and m_{A0} ≳ 125 GeV. As shown in Ref. [9], these values satisfy constraints from the LEP experiments [39, 40] and the WMAP experiment [2]. The mass splitting (m_A0 − m_H0_1 ≳ 50 GeV) suppresses quasi-elastic scattering on nuclei (H^0_1N → A^0N mediated by the Z boson) enough to satisfy constraints from direct search experiments of the DM [41]. By using eqs. (9) and (11), we obtain λ^2_{sΦη}v^2_s (M_0)^2_{ss} ≃ 2 v^2 ( m^2_A0 − m^2_H0_1 ) ≳ 0.3. (14)

In order to be consistent with our assumption of small θ^′_0 (e.g., ≃ 0.1), (M_0)_{ss} ≳ 3 TeV is required. The value in eq. (14) results in μ μ_η ≳ 10^{−4}. (15)

For the greater value of m_{A0} , the larger μ/μ_η is predicted. In particular, by taking m_{A0} to be the TeV scale, we obtain μ/μ_η ∼ 10^{−2}, which yields v_Δ ∼ 1 GeV for μ_η and m_Δ to be at the electroweak scale. Such a value for v_Δ is suggested in the recent study of radiative corrections to the electroweak parameters [42].

On the contrary, if we take m_{A0} ≃ 83 GeV which is allowed in a tiny region [9], values in eqs. (14) and (15) become 10 times smaller. We mention that the WMAP constraint might be changed by a characteristic annihilation process H^0_1H^0_1 → Δ^0_r → ν ν where H^0_1H^0_1(Δ^0_r )^∗ interaction is governed by μ_η (not by a tiny μ). This additional process could sift allowed value of m_{H01} to lower one while m_{A0} ≳ 100 GeV due to the LEP constraint. Then, μ/μ_η might become larger than the value in eq. (15) because of larger m_{A0} − m_{H01} . This undesired effect would be easily avoided if m_{Δ0r} is away enough from 2m_{H01} .

On the other hand, H^0_1 comes dominantly from s^0_2 if (M_0)_{ηη} > (M_0)_{ss}. See, e.g., Ref. [7] for studies about the real inert singlet scalar. Coupling √ 2 λ_{sΦ1} v of the H^0_1H^0_1h^0 interaction (h^0 is the SM Higgs boson) determines annihilation cross section of H^0_1 and scattering cross section on nuclei. If we introduce the U(1)_{B−L} gauge symmetry, the scattering of s^0_2 on nuclei can be mediated also by the gauge boson Z^′. Notice that the parameter λ_{sΦ1} (and

FIG. 2: The unique process in our model for H^0_1 ≃ η^0_r . The bosonic decay of H^+ contains information of μ_η indicated by a red blob.

also the U(1)_{B−L} gauge coupling constant) does not affect on μ parameter in eq. (13). Let us estimate the magnitude of μ/μ_η. In the usual HTM, h_{ℓℓ}′ is expected to be ≲ 10^{−2} for m_H±± ∼ 100 GeV in order to suppress LFV processes. Thus, we may accept λ_{sΦη} ∼ 1-10^{−2} as a value which is not too small. Assuming (M_0)_{ss} ≪ (M_0)_{ηη} ∼ v_s ∼ 1 TeV for example^3, we have a suppression factor as | | | μ μ_η | | | ∼ λ^{2sΦη}v^{2s} 64π^2(M_0)^2_{ηη}

∼ 10^{−3}-10^{−7}. (16)

Thus, even if the value of μ_η is in the TeV scale, we can obtain μ ∼ 0.1 MeV although we need further suppression with h_{ℓℓ}′ ≲ 10^{−5} to have m_ν ≲ 1 eV. If we use h_{ℓℓ}′ ∼ λ_{sΦη} ∼ 10^{−3}, we obtain |μ/μ_η|h_{ℓℓ}′ ∼ 10^{−12} which can connect the TeV scale μ_η to the eV scale m_ν .

B. Collider

The characteristic feature of our model is that μ_η is much larger than μ. Let us consider possibility to probe the large μ_η in collider experiments.

A favorable process is shown in Fig. 2 for H^0_1 ≃ η^0_r . For simplicity, we take λ_5 = 0 which results in m_{H±±} ≃ m_{H±} ≃ m_{H0,A0} . Recently, it was found in Ref. [42] that the electroweak precision test prefers λ_5 > 0 in the HTM where the electroweak sector is described by four input parameters. However, results in Ref. [42] might not be applied directly to our

3 If we introduce U(1)_{B−L} gauge symmetry in order to eliminate the Majoron, v_s should be a little bit larger (e.g., ≥ 3 TeV) due to constraint on the mass of Z^′.

model^4 because the scalar sector is extended. Since H^{±±} → ℓ^±ℓ^{′±} is the most interesting decay in the HTM, we assume 2m_{H±} > m_{H±±} in order to forbid H^{±±} → H^±H^±. Even in this case, the DM H^0_1 can be light enough (m_H± > m_H± + m_H0_1 ) so that Z_2-even charged scalar H^± (≃ Δ^±) can decay into H^±H^0_1 via μ_η-term which is indicated by a red blob in Fig. 2. The partial decay width of H^± → H^±H^0_1 is determined by (μ_η/μ)^2v^2_Δ/m_{H±} while the width of H^± → ℓ^±ν is proportional to m_H± m^2_ν /v^2_Δ. Taking μ_η/μ ∼ 10^4, v_Δ ∼ 10 keV, m_{H±} ∼ 100 GeV, and m_ν ∼ 0.1 eV for example, we have (μ_η/μ)^2v^2_Δ/m_{H±} ∼ 10^5 eV and m_{H±} m^2_ν /v^2_Δ ∼ 10 eV. Then, H^± dominantly decays into H^±H^0_1. Finally, H^± decays into (W^±)^∗H^0_1. Therefore, from a production mechanism pp → (W^±)^∗ → H^{±±}H^∓, we would have ℓℓjjE_T as a final state^5 for which ℓℓ has the invariant mass m(ℓℓ) at m_{H±±} assuming that the value of m_{H±±} has been known already.

If H^0_1 ≃ s^0_2, then H^± decays via μ_η-term into H^±A^0 or H^±H^0_2 followed by H^0_2 → A^0J^0 where a sizable λ_{sη1} is assumed^6. Because of A^0 → H^0_1J^0 through λ_{sΦη}, we have again ℓℓjjE_T with m(ℓℓ) = m_{H±±} from pp → (W^±)^∗ → H^{±±}H^∓.

In the usual HTM in contrast, the final state with such ℓℓ is likely to include additional charged leptons (ℓℓℓℓ from H^{++}H^{−−}, ℓℓℓE_T from H^{±±}H^∓, etc.) if H^{±±} decay dominantly into ℓ^±ℓ^{′±}. Therefore, our model would be supported if experiments observe final states which include jets and only two ℓ whose invariant mass gives m(ℓℓ) = m_H±± . This potential signature might be disturbed by hadronic decays of τ because H^{++}H^{−−} → ℓℓττ can result in ℓℓjjE_T with m(ℓℓ) = m_{H±±} . Realistic simulation is necessary to see the feasibility.

V. CONCLUSIONS AND DISCUSSION

We have presented the simple extension of the HTM by introducing a Z_2-even neutral scalar s^0_1 of L# = −1, a Z_2-odd neutral real scalar s^0_2 of L# = 0, and a Z_2-odd doublet scalar field η of L# = −1. The DM candidate H^0_1 in our model is made from s^0_2 and η_r. The μΦ^T iσ_2Δ^†Φ interaction which is the origin of v_Δ (and neutrino masses) is induced at the one-loop level while the μ_ηη^T iσ_2Δ^†η interaction exists at the tree level. Because of the

4 Our model also has four parameters for the electroweak sector although v_Δ is generated at the 1-loop level.

5 Each of two H^0_1 in Fig. 2 can be replaced with A^0 which decays into Z^∗H^0_1 for H^0_1 ≃ η^0_r . 6 If λ_{sη1} is small, H^0_2 (≃ η^0_r ) decays into Z^∗A^0.

loop suppression for μ parameter, the model gives small neutrino masses naturally without using very heavy particles.

For H^0_1 ≃ η^0_r , the suppression factor |μ/μ_η| is constrained by the DM relic abundance measured by the WMAP experiment. We have shown that |μ/μ_η| ∼ 10^{−4} - 10^{−5} is possible. On the other hand, for H^0_1 ≃ s^0_2, the suppression factor is somewhat free from experimental constraints on the DM. In our estimate, |μ/μ_η| ∼ 10^{−3}-10^{−7} can be obtained as an example with λ_{sΦη} ∼ 1-10^{−2}.

The characteristic feature of the model is that μ_η is not small while μ can be small. A possible collider signature which depends on μ_η would be ℓℓjjE_T with the invariant mass m(ℓℓ) = m_{H±±} because more charged leptons are likely to exist in such final states in the usual HTM.

Acknowledgments

The work of S.K. was supported by Grant-in-Aid for Scientific Research Nos. 22244031 and 23104006. The work of H.S. was supported by the Sasakawa Scientific Research Grant from the Japan Science Society and Grant-in-Aid for Young Scientists (B) No. 23740210.

appendix

The Higgs potential of our model is given by V = V_2 + V_3 + V_4 where

V_2 ≡ −m^2_{s1} |s^0_1|^2 + 1 2 m^2_{s2} (s^0_2)^2 − m^2_Φ Φ^†Φ + m^2_η η^†η + m^2_Δ tr(Δ^†Δ), (17)

V_3 ≡ (μ_η η^T iσ_2 Δ^† η) + h.c., (18)

V_4 ≡ λ_{1Φ} (Φ^†Φ)^2 + λ_{1η} (η^†η)^2 + λ_{1ΦΦ} (Φ^†Φ)(η^†η) + λ_{1Φη} (Φ^†η)(η^†Φ) + λ_2 [tr(Δ^†Δ)]^2 + λ_3 tr[(Δ^†Δ)^2] + λ_{4Φ} (Φ^†Φ) tr(Δ^†Δ) + λ_{4η} (η^†η) tr(Δ^†Δ) + λ_{5Φ} (Φ^†ΔΔ^†Φ) + λ_{5η} (η^†ΔΔ^†η) + λ_{s1} |s^0_1|^4 + λ_{s2} (s^0_2)^4 + λ_{s3} |s^0_1|^2(s^0_2)^2 + λ_{sΦ1} |s^0_1|^2 (Φ^†Φ) + λ_{sΦ2} (s^0_2)^2 (Φ^†Φ) + λ_{sη1} |s^0_1|^2 (η^†η) + λ_{sη2} (s^0_2)^2 (η^†η) + { λ_{sΦη} s^0_1 s^0_2 (η^†Φ) + h.c. } + λ_{sΔ1} |s^0_1|^2tr(Δ^†Δ) + λ_{sΔ2} (s^0_2)^2tr(Δ^†Δ). (19)

All coupling constants are real because the phases of μ_η and λ_{sΦη} can be absorbed by Δ and s^0_1, respectively.

Mass eigenstates of two Z_2-even CP-even neutral scalars which are composed of s^0_{1r} and ϕ^0_r are obtained as h^0 H^0 = cos θ^0 − sin θ^0 sin θ_0 cos θ_0 ϕ^{0r} s^0_{1r}

, tan 2θ_0 = λ^{sΦ1} v v^s λ_{s1}v^2_s − λ_{1Φ}v^2

. (20)

Their masses eigenvalues are given by

m^2_h0 ≃ λ_{1Φ}v^2 + λ_{s1}v^2_s − √ (λ_{1Φ}v^2 − λ_{s1}v^2_s )^2 + λ^2_{sΦ1}v^2 v^2_s , (21) m^2_H0 ≃ λ_{1Φ}v^2 + λ_{s1}v^2_s + √ (λ_{1Φ}v^2 − λ_{s1}v^2_s )^2 + λ^2_{sΦ1}v^2 v^2_s , (22)

where small contributions from v_Δ are neglected. Two Z_2-even CP-odd neutral bosons (ϕ^0_i and s^0_{1i}) are Nambu-Goldstone bosons; ϕ^0_i is absorbed by the Z boson, and s^0_{1i} is the Majoron (or absorbed by the Z^′ boson).

Masses of bosons made dominantly from Δ are given by

m^2_H0_T ≃ m^2_A0_T ≃ m^2_H± + 1 4 λ_{5Φ}v^2, (23) m^2_H± ≃ m^2_Δ + 1 4 (2λ_{4Φ} + λ_{5Φ})v^2 + 1 2 λ_{sΔ1}v^2_s , (24) m^2_H±± ≃ m^2_H± − 1 4 λ_{5Φ}v^2. (25)

[1] E. Komatsu et al. [WMAP Collaboration], Astrophys. J. Suppl. 192, 18 (2011).

[2] E. Komatsu et al. [WMAP Collaboration], Astrophys. J. Suppl. 180, 330 (2009). [3] V. Silveira and A. Zee, Phys. Lett. B 161, 136 (1985). [4] N. G. Deshpande and E. Ma, Phys. Rev. D 18, 2574 (1978).

[5] M. Cirelli, N. Fornengo and A. Strumia, Nucl. Phys. B 753, 178 (2006); T. Hambye, F. S. Ling, L. Lopez Honorez and J. Rocher, JHEP 0907, 090 (2009) [Erratum-ibid. 1005, 066 (2010)].

[6] J. McDonald, Phys. Rev. D 50, 3637 (1994); Phys. Rev. Lett. 88, 091304 (2002). [7] C. P. Burgess, M. Pospelov and T. ter Veldhuis, Nucl. Phys. B 619, 709 (2001); G. Cynolter, E. Lendvai and G. Pocsik, Acta Phys. Polon. B 36, 827 (2005); C. Bird, R. V. Kowalewski and M. Pospelov, Mod. Phys. Lett. A 21, 457 (2006); S. Profumo, M. J. Ramsey-Musolf and G. Shaughnessy, JHEP 0708, 010 (2007); V. Barger, P. Langacker, M. McCaskey, M. J. Ramsey-Musolf and G. Shaughnessy, Phys. Rev. D 77, 035005 (2008); J. March-Russell, S. M. West, D. Cumberbatch and D. Hooper, JHEP 0807, 058 (2008); M. Pospelov and A. Ritz, Phys. Lett. B 671, 391 (2009); Phys. Rev. D 84, 113001 (2011); R. N. Lerner and J. McDonald, Phys. Rev. D 80, 123507 (2009); M. Gonderinger, Y. Li, H. Patel and M. J. Ramsey-Musolf, JHEP 1001, 053 (2010); C. S. Kim, S. C. Park, K. Wang and G. Zhu, Phys. Rev. D 81, 054004 (2010); X. G. He, T. Li, X. Q. Li, J. Tandean and H. C. Tsai, Phys. Lett. B 688, 332 (2010); M. Asano and R. Kitano, Phys. Rev. D 81, 054506 (2010); C. Arina, F. X. Josse-Michaux and N. Sahu, Phys. Rev. D 82, 015005 (2010); A. Badin and A. A. Petrov, Phys. Rev. D 82, 034005 (2010); S. Kanemura, S. Matsumoto, T. Nabeshima and N. Okada, Phys. Rev. D 82, 055026 (2010); W. L. Guo and Y. L. Wu, JHEP 1010, 083 (2010). S. Profumo, L. Ubaldi and C. Wainwright, Phys. Rev. D 82, 123514 (2010); A. Abada, D. Ghaffor and S. Nasri, Phys. Rev. D 83, 095021 (2011); S. Kanemura, S. Matsumoto, T. Nabeshima and H. Taniguchi, Phys. Lett. B 701, 591 (2011); J. McDonald, Phys. Rev. D 84, 103514 (2011); X. G. He and J. Tandean, Phys. Rev. D 84, 075018 (2011); A. Drozd, B. Grzadkowski and J. Wudka, arXiv:1112.2582 [hep-ph]; A. Djouadi, O. Lebedev, Y. Mambrini and J. Quevillon, arXiv:1112.3299 [hep-ph]; A. Abada and S. Nasri, arXiv:1201.1413 [hep-ph].

[8] R. Barbieri, L. J. Hall and V. S. Rychkov, Phys. Rev. D 74, 015007 (2006); J. A. Casas, J. R. Espinosa and I. Hidalgo, Nucl. Phys. B 777, 226 (2007); L. Lopez Honorez, E. Nezri, J. F. Oliver and M. H. G. Tytgat, JCAP 0702, 028 (2007); M. Gustafsson, E. Lundstrom, L. Bergstrom and J. Edsjo, Phys. Rev. Lett. 99, 041301 (2007); T. Hambye and M. H. G. Tytgat, Phys. Lett. B 659, 651 (2008); E. M. Dolle and S. Su, Phys. Rev. D 80, 055012 (2009);

M. Gustafsson, PoS C HARGED2010, 030 (2010); L. Lopez Honorez and C. E. Yaguna, JCAP 1101, 002 (2011).

[9] E. Lundstrom, M. Gustafsson and J. Edsjo, Phys. Rev. D 79, 035013 (2009). [10] T. Araki, C. Q. Geng and K. I. Nagao, Phys. Rev. D 83, 075014 (2011). [11] X. G. He, T. Li, X. Q. Li and H. C. Tsai, Mod. Phys. Lett. A 22, 2121 (2007); X. G. He, T. Li, X. Q. Li, J. Tandean and H. C. Tsai, Phys. Rev. D 79, 023521 (2009); H. S. Goh, L. J. Hall and P. Kumar, JHEP 0905, 097 (2009); M. Aoki, S. Kanemura and O. Seto, Phys. Lett. B 685, 313 (2010); B. Grzadkowski, O. M. Ogreid and P. Osland, Phys. Rev. D 80, 055013 (2009); G. K. Yeghiyan, Phys. Rev. D 80, 115019 (2009); B. Grzadkowski and P. Osland, Phys. Rev. D 82, 125026 (2010); H. E. Logan, Phys. Rev. D 83, 035022 (2011); T. Li and Q. Shafi, Phys. Rev. D 83, 095017 (2011); Y. Cai, X. G. He and B. Ren, Phys. Rev. D 83, 083524 (2011); X. G. He, B. Ren and J. Tandean, arXiv:1112.6364 [hep-ph].

[12] I. Gogoladze, N. Okada and Q. Shafi, Phys. Lett. B 679, 237 (2009); C. Arina and N. Sahu, Nucl. Phys. B 854, 666 (2012); Y. Farzan, JHEP 1202, 091 (2012).

[13] B. T. Cleveland et al., Astrophys. J. 496, 505 (1998); W. Hampel et al. [GALLEX Collaboration], Phys. Lett. B 447, 127 (1999); J. N. Abdurashitov et al. [SAGE Collaboration], J. Exp. Theor. Phys. 95, 181 (2002) [Zh. Eksp. Teor. Fiz. 122, 211 (2002)]; K. Abe et al. [Super-Kamiokande Collaboration], Phys. Rev. D 83, 052010 (2011); B. Aharmim et al. [SNO Collaboration], arXiv:1109.0763 [nucl-ex]; C. Arpesella et al. [The Borexino Collaboration], Phys. Rev. Lett. 101, 091302 (2008).

[14] R. Wendell et al. [Super-Kamiokande Collaboration], Phys. Rev. D 81, 092004 (2010). [15] M. H. Ahn et al. [K2K Collaboration], Phys. Rev. D 74, 072003 (2006); P. Adamson et al. [The MINOS Collaboration], Phys. Rev. Lett. 106, 181801 (2011); K. Abe et al. [T2K Collaboration], Phys. Rev. Lett. 107, 041801 (2011).

[16] M. Apollonio et al. [CHOOZ Collaboration], Eur. Phys. J. C 27, 331 (2003); Y. Abe et al.

[DOUBLE-CHOOZ Collaboration], arXiv:1112.6353 [hep-ex].

[17] A. Gando et al. [The KamLAND Collaboration], Phys. Rev. D 83, 052002 (2011). [18] P. Minkowski, Phys. Lett. B 67, 421 (1977); T. Yanagida, in Proceedings of the “Workshop on the Unified Theory and the Baryon Number in the Universe”, Tsukuba, Japan, Feb. 13-14, 1979, edited by O. Sawada and A. Sugamoto, KEK report KEK-79-18, p. 95; Prog. Theor. Phys. 64, 1103 (1980); M. Gell-Mann, P. Ramond and R. Slansky, in ”Supergravity” eds.

D. Z. Freedom and P. van Nieuwenhuizen, (North-Holland, Amsterdam, 1979); [19] R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44, 912 (1980). [20] W. Konetschny and W. Kummer, Phys. Lett. B 70, 433 (1977); M. Magg and C. Wetterich, Phys. Lett. B 94, 61 (1980); T. P. Cheng and L. F. Li, Phys. Rev. D 22, 2860 (1980); J. Schechter and J. W. F. Valle, Phys. Rev. D 22, 2227 (1980); G. Lazarides, Q. Shafi and C. Wetterich, Nucl. Phys. B 181, 287 (1981).

[21] L. M. Krauss, S. Nasri and M. Trodden, Phys. Rev. D 67, 085002 (2003); K. Cheung and O. Seto, Phys. Rev. D 69, 113009 (2004).

[22] E. Ma, Phys. Rev. D 73, 077301 (2006); Phys. Lett. B 662, 49 (2008); T. Hambye, K. Kannike, E. Ma and M. Raidal, Phys. Rev. D 75, 095003 (2007); E. Ma and D. Suematsu, Mod. Phys. Lett. A 24, 583 (2009).

[23] M. Aoki, S. Kanemura and O. Seto, Phys. Rev. Lett. 102, 051805 (2009); Phys. Rev. D 80, 033007 (2009); M. Aoki, S. Kanemura and K. Yagyu, Phys. Rev. D 83, 075016 (2011).

[24] M. Aoki, S. Kanemura and K. Yagyu, Phys. Lett. B 702, 355 (2011). [25] S. Kanemura and T. Ota, Phys. Lett. B 694, 233 (2010). [26] P. H. Gu and U. Sarkar, Phys. Rev. D 77, 105031 (2008).

[27] J. Garayoa and T. Schwetz, JHEP 0803, 009 (2008); M. Kadastik, M. Raidal and L. Rebane, Phys. Rev. D 77, 115023 (2008); A. G. Akeroyd, M. Aoki and H. Sugiyama, Phys. Rev. D 77, 075010 (2008).

[28] V. D. Barger, H. Baer, W. Y. Keung and R. J. N. Phillips, Phys. Rev. D 26, 218 (1982);

J. F. Gunion, J. Grifols, A. Mendez, B. Kayser and F. I. Olness, Phys. Rev. D 40, 1546 (1989); J. F. Gunion, C. Loomis and K. T. Pitts, eConf C960625, LTH096 (1996) [arXiv:hep-ph/9610237]; M. Muhlleitner and M. Spira, Phys. Rev. D 68, 117701 (2003); T. Han, B. Mukhopadhyaya, Z. Si and K. Wang, Phys. Rev. D 76, 075013 (2007); K. Huitu, J. Maalampi, A. Pietila and M. Raidal, Nucl. Phys. B 487, 27 (1997).

[29] B. Dion, T. Gregoire, D. London, L. Marleau and H. Nadeau, Phys. Rev. D 59, 075006 (1999);

A. G. Akeroyd and M. Aoki, Phys. Rev. D 72, 035011 (2005). [30] CMS Collaboration, CMS PAS HIG-11-007 (July 2011).

[31] G. Aad et al. [ATLAS Collaboration], arXiv:1201.1091 [hep-ex]; ATLAS Collaboration, ATLAS-CONF-2011-158 (November 2011); ATLAS-CONF-2011-144 (October 2011).

[32] P. Fileviez Perez, T. Han, G. y. Huang, T. Li and K. Wang, Phys. Rev. D 78, 015018

(2008); F. del Aguila and J. A. Aguilar-Saavedra, Nucl. Phys. B 813, 22 (2009); S. T. Petcov, H. Sugiyama and Y. Takanishi, Phys. Rev. D 80, 015005 (2009); A. G. Akeroyd and C. W. Chiang, Phys. Rev. D 80, 113010 (2009). A. G. Akeroyd, C. W. Chiang and N. Gaur, JHEP 1011, 005 (2010); A. G. Akeroyd and H. Sugiyama, Phys. Rev. D 84, 035010 (2011); A. G. Akeroyd and S. Moretti, Phys. Rev. D 84, 035028 (2011); A. Melfo, M. Nemevsek, F. Nesti, G. Senjanovic and Y. Zhang, arXiv:1108.4416 [hep-ph]; M. Aoki, S. Kanemura and K. Yagyu, arXiv:1110.4625 [hep-ph]; A. Arhrib, R. Benbrik, M. Chabab, G. Moultaka and L. Rahili, arXiv:1112.5453 [hep-ph]; C. W. Chiang, T. Nomura and K. Tsumura, arXiv:1202.2014 [hep-ph].

[33] E. J. Chun, K. Y. Lee and S. C. Park, Phys. Lett. B 566, 142 (2003) [arXiv:hep-ph/0304069]. [34] M. Kakizaki, Y. Ogura and F. Shima, Phys. Lett. B 566, 210 (2003); A. G. Akeroyd, M. Aoki and H. Sugiyama, Phys. Rev. D 79, 113010 (2009); T. Fukuyama, H. Sugiyama and K. Tsumura, JHEP 1003, 044 (2010).

[35] K. S. Babu and C. N. Leung, Nucl. Phys. B 619, 667 (2001).

[36] Y. Chikashige, R. N. Mohapatra and R. D. Peccei, Phys. Lett. B 98, 265 (1981); A. Adulpravitchai, P. H. Gu and M. Lindner, Phys. Rev. D 82, 073013 (2010).

[37] S. Khalil, J. Phys. G 35, 055001 (2008); S. Iso, N. Okada and Y. Orikasa, Phys. Lett. B 676, 81 (2009); Phys. Rev. D 80, 115007 (2009); N. Okada and O. Seto, Phys. Rev. D 82, 023507 (2010); S. Kanemura, O. Seto and T. Shimomura, Phys. Rev. D 84, 016004 (2011); L. Basso, A. Belyaev, S. Moretti and C. H. Shepherd-Themistocleous, Phys. Rev. D 80, 055030 (2009); L. Basso, A. Belyaev, S. Moretti, G. M. Pruna and C. H. Shepherd-Themistocleous, Eur. Phys. J. C 71, 1613 (2011); L. Basso, S. Moretti and G. M. Pruna, Eur. Phys. J. C 71, 1724 (2011); L. Basso, arXiv:1106.4462 [hep-ph]; M. Lindner, D. Schmidt and T. Schwetz, Phys. Lett. B 705, 324 (2011); S. Kanemura, T. Nabeshima and H. Sugiyama, Phys. Rev. D 85, 033004 (2012).

[38] http://en.wikipedia.org/wiki/Moyasimon:_Tales_of_Agriculture [39] ALEPH, DELPHI, L3, OPAL, SLD Collaborations, Phys. Rept. 427, 257 (2006). [40] M. Espirito Santo, K. Hultqvist, P. Johansson and A. Lipniacka, DELPHI Report No. 2003-002, PHYS Report No. 928, 2003,

http://delphiwww.cern.ch/pubxx/delnote/dn2003.html

[41] E. Aprile et al. [XENON100 Collaboration], Phys. Rev. Lett. 107, 131302 (2011).

[42] S. Kanemura and K. Yagyu, arXiv:1201.6287 [hep-ph].