arXiv:hep-ph/0406299 v1 26 Jun 2004

IFT-P.027/2004 June 2004

Supersymmetric 3-3-1 model with right-handed neutrinos

J. C. Montero^{a∗}, V. Pleitez^{a†} and M. C. Rodriguez^{b‡} a Instituto de Física Teórica Universidade Estadual Paulista Rua Pamplona, 145 01405-900– São Paulo, SP Brazil b Fundação Universidade Federal do Rio Grande/FURG Departamento de Física Av. Itália, km 8, Campus Carreiros 96201-900, Rio Grande, RS Brazil (Dated: June 26, 2004)

Abstract

We consider the supersymmetric extension of the 3-3-1 model with right-handed neutrinos. We study the mass spectra in the scalar and pseudoscalar sectors, and for a given set of the input parameters, we find that the lightest scalar in the model has a mass of 130 GeV and the lightest pseudoscalar has mass of 5 GeV. However, this pseudoscalar decouples from the Z^0 at high energy scales since it is almost a singlet under SU(2)_L ⊗ U(1)_Y .

PACS numbers: PACS number(s): 12.60.Jv; 12.60.-i; 14.60.St

∗ E-mail address: montero@ift.unesp.br † E-mail address: vicente@ift.unesp.br ‡ E-mail address: mcrodriguez@fisica.furg.br

I. INTRODUCTION

Models with SU(3)_C ⊗ SU(3)_L ⊗ U(1)_N gauge symmetry (called 3-3-1 models for short) are interesting possibilities for the physics at the TeV scale [1, 2, 3]. At low energies they coincide with the standard model and some of them give at least partial explanation to some fundamental questions that are accommodated but not explained by the standard model. For instance, in order to cancel the triangle anomalies, together with asymptotic freedom in QCD, the model predicts that the number of generations must be three and only three; (ii) the model of Ref. [1] predicts that (g^′/g)^2 = sin^2 θ_W /(1 − 4 sin^2 θ_W ), thus there is a Landau pole at the energy scale μ at which sin^2 θ_W (μ) = 1/4. According to recent calculations μ ∼ 4 TeV [4, 5] ; (iii) the quantization of the electric charge [6] and the vectorial character of the electromagnetic interactions [7] do not depend on the nature of the neutrinos i.e., if they are Dirac or Majorana particles; (iv) as a consequence of item ii) above, the model possesses perturbative N = 1 supersymmetry naturally at the μ scale [8, 9]; (v) the Peccei-Quinn [10] symmetry occurs naturally in these models [11]; (vi) since one generation of quarks is treated differently from the others this may be lead to a natural explanation for the large mass of the top quarks [12]. Moreover, if right-handed neutrinos are considered transforming non-trivially [3], 3-3-1 models [1, 2] can be embedded in a model with 3-4-1 gauge symmetry in which leptons transform as (ν_l, l, ν^c_l , l^c)_L ∼ (1, 4, 0) under each gauge factors [13]. The SU(3)_L symmetry is possibly the largest symmetry involving the known leptons (and SU(4)_L if right-handed neutrinos do really exist). This make 3-3-1 or 3-4-1 models interesting by their own.

Models with SU(3) (or SU(4)) electroweak symmetry may have doubly charged vector bosons. These sort of bileptons may be detected by measuring several left-right asymmetries in Møller scattering [14] or, in future lepton-lepton accelerators. It is interesting that one these parity non-conserving asymmetry was observed in Møller scattering for the first time only recently and its value is, at present, in agreement with the standard model prediction [16]. However, in the future those asymmetries in e^−e^− colliders [14] may also be used for searching doubly charged particles and a heavy neutral Z^{′0} vector bosons, which is also a prediction of those models, may be discovered in e^−μ^− colliders [17]. Singly and doubly charged vector bileptons may also be produced in e^−γ [18] or γγ [19] or hadron [20] colliders. New heavy quarks are also part of the electroweak quark multiplets in the minimal model representation. They are singlets under the standard model SU(2)_L ⊗ U(1)_Y group symmetry and in some versions of the 3-3-1 models the electric charges of these heavy quarks are different from the usual ones, so that it can be used to distinguish such models from their viable competitors. In fact, the pp production of these exotic quarks at the energies of the Tevatron have been studied in Ref. [21] where a lower bound of 250 GeV on their masses was found. This sort of models are also predictive with respect to neutrino masses [22]: they can implement the large mixing angle MSW solution to the solar neutrino issue [23], and also the almost bi-maximal mixing matrix in the lepton sector [24].

Gauge models based on the 3-3-1 gauge symmetry can have several representation contents [1, 3] depending on the embedding of the charge operator in the SU(3)_L generators, Q e = 1 2 (λ_3 − ϑλ_8) + N I, (1)

where the ϑ parameter defines two different representation contents, N denotes the U(1)_N charge and λ_3, λ_8 are the diagonal generators of SU(3). The supersymmetric version of the model of Ref. [1], with ϑ = √ 3, has already been considered in Refs. [8, 9]. In this work we build the supersymmetric model based on the representation content of the 3-3-1 model of Refs. [3] which corresponds the the case when ϑ = 1/ √ 3. The outline of this paper is as follows. In Sec. II we review the non-supersymmetric 3-3-1 model with right-handed neutrinos, introduce the respective superpartners and the superfields. The Lagrangian of this 3-3-1 supersymmetric model, including the soft term, is considered in Sec. III; the scalar potential and the scalar mass spectra are given in Sec. IV. Finally, the last section is devoted to our conclusions.

II. THE MODEL

In this section (Sec. II A) we review the non-supersymmetric 3-3-1 model with righthanded neutrinos of Refs. [3] and add the superpartners (Sec. II B). The superfields are introduced in Sec. II C.

A. The representation content

Let us first summarize the non-supersymmetric model with the charge operator defined by Eq. (1) with ϑ = 1/ √ 3 [3], i.e.,. Q e = 1 2 ( λ_3 − 1 √ 3 λ_8 ) + NI, (2)

which implies leptons transforming under the 3-3-1 factors as

L_{aL} = ν_a l_a ν^c_a L ∼ (1, 3, −1/3), (3)

with a = e, μ, τ and ν^c_a = Cν̄_a^T , plus the singlets

l^c_{aL} ∼ (1, 1, 1). (4)

In the quark sector we have the first two families transforming as antitriplets of SU(3)_L

Q_{αL} = d_α u_α d^′_α L ∼ (3, 3^∗, 0) , α = 1, 2; (5)

with the respective singlets u^c_{αL} ∼ (3^∗, 1, −2/3) , d^c_{αL}, d^{′c}_{αL} ∼ (3^∗, 1, 1/3) . (6) The third family transforms as triplet under SU(3)_L in such a way that, the triangle anomaly cancels out only among the three families and taken into account also the color charges.

Q_{3L} = u_3 d_3 u^′ L ∼ (3, 3, 1/3), (7)

and their respective singlets

u^c_{3L}, u^{′c}_L ∼ (3^∗, 1, −2/3), d^c_{3L} ∼ (3^∗, 1, 1/3). (8)

In the scalar sector only two triplets η ∼ (1, 3, −1/3) and ρ ∼ (1, 3, 2/3) are necessary to break appropriately the gauge symmetry and also to give the correct mass to all the fermions in the model. However, to eliminate flavor changing neutral currents we add an extra scalar triplet transforming like η.

η = η^0_1 η^− η^0_2 , χ = χ^0_1 χ^− χ^0_2 ∼ (1, 3, −1/3),

ρ = ρ^+_1 ρ^0 ρ^+_2

∼ (1, 3, 2/3), (9)

and we will denote the vacuum expectation values which are different from zero as v = ⟨η^0_1 ⟩/ √ 2, w = ⟨χ^0_2⟩/ √ 2 and u = ⟨ρ^0⟩/ √ 2.

B. Supersymmetric partners

Here we will follow the usual notation writing for a given fermion f, the respective sfermions by f̃ i.e., l̃ and q̃ denote sleptons and squarks respectively. Then, we have the following additional representations

Q̃_{αL} = d̃_α ũ_α d̃′_α L ∼ (3, 3^∗, 0), Q̃_{3L} = ũ_3 d̃_3 ũ^′ L ∼ (3, 3, 1/3),

L̃_{aL} = ν̃_a l̃_a ν̃^c_a L ∼ (1, 3, −1/3), (10)

l̃^c_{aL} ∼ (1, 1, 1), ũ^c_{iL}, ũ^{′c}_L ∼ (3^∗, 1, −2/3), d̃^c_{iL}, d̃^{′c}_{αL} ∼ (3^∗, 1, 1/3), (11) with a = e, μ, τ ; i = 1, 2, 3; and α = 1, 2. However, when considering quark (or squark) singlets of a given charge we will use the notation u^c_{iL}, d^c_{iL} (ũ_{iL}, d̃^c_{iL} with i(j) = 1, 2, 3.

The supersymmetric partner of the scalar Higgs fields, the higgsinos, are

η̃ = η̃^0_1 η̃^− η̃^0_2 , χ̃ = χ̃^0_1 χ̃^− χ̃^0_2 ∼ (1, 3, −1/3),

ρ̃ = ρ̃^+_1 ρ̃^0 ρ̃^+_2

∼ (1, 3, 2/3), (12)

and the respective extra higgsinos, needed to cancel the chiral anomaly of the higgsinos in Eq. (12), are

η̃^′ = η̃^{′0}_1 η̃^{′+} η̃^{′0}_2

, χ̃^′ = χ̃^{′0}_1 χ̃^{′+} χ̃^{′0}_2

∼ (1, 3^∗, 1/3),

ρ̃^′ = ρ̃^{′−}_1 ρ̃^{′0} ρ̃^{′−}_2 ∼ (1, 3^∗, −2/3), (13)

and the corresponding scalar partners denoted by η^′,χ^′, ρ^′, with the same charge assignment as in Eq. (13), and with the following VEVs: v^′ = ⟨η^{′0}_1 ⟩/ √ 2, w^′ = ⟨χ^{′0}_2 ⟩/ √ 2 and u^′ = ⟨ρ^{′0}⟩/ √ 2. This complete the representation content of this supersymmetric model.

Concerning the gauge bosons and their superpartners, if we denote the gluons by g^b the respective superparticles, the gluinos, are denoted by λ^b_C , with b = 1, . . . , 8; and in the electroweak sector we have V^b, the gauge boson of SU(3)_L, and their gauginos partners λ^b_A; finally we have the gauge boson of U(1)_N , denoted by V^′, and its supersymmetric partner λ_B . This is the total number of fields in the minimal supersymmetric extension of the 3-3-1 model of Refs. [3].

C. Superfields

The superfields formalism is useful in writing the Lagrangian which is manifestly invariant under the supersymmetric transformations [25] with fermions and scalars put in chiral superfields while the gauge bosons in vector superfields. As usual the superfield of a field ϕ will be denoted by ϕ̂ [26]. The chiral superfield of a multiplet ϕ is denoted by ϕ̂ ≡ ϕ̂(x, θ, θ̄) = ϕ̃(x) + i θσ^mθ̄ ∂_mϕ̃(x) + 1 4 θθ θ̄θ̄ □ϕ̃(x) + √ 2 θϕ(x) + i √ 2 θθ θ̄σ̄^m∂_mϕ(x) + θθ F_ϕ(x), (14)

while the vector superfield is given by V̂ (x, θ, θ̄) = −θσ^mθ̄V_m(x) + iθθθ̄Ṽ (x) − iθ̄θ̄θṼ (x) + 1 2 θθθ̄θ̄D(x). (15) The fields F and D are auxiliary fields which are needed to close the supersymmetric algebra and eventually will be eliminated using their motion equations.

For fermion superfields we use the notation L̂_{aL}, l̂^c_{aL}, Q̂_{αL}, Q̂_{3L}, û^c_{iL}, d̂^c_{iL}, û^{′c}_L, d̂^{′c}_{αL}. (16) For scalar superfields we write: η̂, χ̂, ρ̂ and similar expressions for η̂^′, χ̂^′, ρ̂^′ and we must change (field) by (field)^′.

The vector superfield for the gauge bosons of each factor SU(3)_C , SU(3)_L and U(1)_N are denoted by V̂_C , ^̄V_C ; V̂ , ^̄V ; and V̂^′, respectively, where we have defined V̂_C = T^bV̂^b_C , V̂ = T bV̂ b; ^̄V_C = T̄ bV̂ b_C , ^̄V = T̄ bV̂ b; T b = λb/2, T̄ b = −λ∗b/2 are the generators of triplet and antitriplets representations, respectively, and λ^b are the Gell-Mann matrices.

III. THE LAGRANGIAN

The Lagrangian of the model has the following form

L_{331S} = L_{SU SY} + Lsoft, (17)

where L_{SU SY} is the supersymmetric part and Lsoft the soft terms breaking explicitly the supersymmetry.

A. The supersymmetric Lagrangian

The supersymmetric part of the Lagrangian is decomposed in the lepton, quark, gauge, and the scalar sectors as follow:

L_{SU SY} = LLepton + LQuark + LGauge + LScalar, (18)

where

LLeptons = ∫ d^4θ [ ^̄L_{aL}e2g^^V −^{g′}_3^^V^′L̂_{aL} + ^̄l^c_{aL}eg^{′^}V^′l̂c_{aL} ] , (19)

in the lepton sector, we have omitted the sum over the three lepton family for simplicity, and LQuarks = ∫ d^4θ [ ^̄Q_{αL}e[2(gs^^VC +g^{^̄}V )]Q̂_{αL} + ^̄Q_{3L}e[2(gs^^VC +g^^V )+^{g′}_3^^V^′]Q̂_{3L} + ^̄u^c_{iL}e^{[2gs ^̄V C − 2g′3 V̂ ′]}û^c_{iL} + ^̄d^c_{iL}e^{[2gs ^̄V C + g′3 V̂ ′]}d̂^c_{iL} + ^̄u^{′c}_Le^{[2gs ^̄V C − 2g′3 V̂ ′ ]}û^{′c}_L + ^̄d^{c′}_{αL}e^{[2gs ^̄V C + g′3 V̂ ′ ]}d̂^{′c}_{αL} ] , (20)

in the quark sector, and we have denoted g_s, g, g^′ the gauge coupling constants for the SU(3)_C , SU(3)_L, U(1)_N factors, respectively. In the gauge sector we have

LGauge = 1 4 ∫ d^2θ [W_C W_C + WW + W^′W^′ ] + 1 4 ∫ d^2θ̄ [¯ W_CW̄_C + W̄W̄ + W̄^′W̄^′ ] , (21)

where W_C , W e W^′ are fields that can be written as follows W_{ζC} = − 1 8g_s D̄D̄e^{−2g}s^{V̂}C D_ζ e^{2g}s^{V̂}C , W_ζ = − 1 8g D̄D̄e^{−2gV̂} D_ζ e^{2gV̂} , W^′_ζ = − 1 4 D̄D̄D_ζV̂^′, ζ = 1, 2. (22)

Finally, in the scalar sector we have

LEscalar = ∫ d^4θ [ ^̄η e^{[2gV̂ − g′}3^{V̂ ′]}η̂ + ^̄χ e^{[2gV̂ − g′}3^{V̂ ′]}χ̂ + ^̄ρ e^{[2gV̂ + 2g′}3^{V̂ ′ ]}ρ̂

+ ^̄η^′ e^{[2g ^̄V + g′3 V̂ ′]}η̂^′ + ^̄χ^′ e^{[2g ^̄V + g′3 V̂ ′]}χ̂^′ + ^̄ρ^′ e^{[2g ^̄V − 2g′3 V̂ ′]}ρ̂^′ ]

+ ∫ d^2θW + ∫ d^2θ̄W̄, (23)

where W is the superpotential.

B. Superpotential The superpotential of the model is decomposed as follows W = W_2 2 + W_3 3 , W̄ = W̄_2 2 + W̄_3 3 , (24) W_2(W̄_2) having two chiral superfields and W_3(W̄_3) three superfields. Explicitly we have that the term with two superfields is given by: W_2 = τ∑ a=e [μ_{0a}L̂η̂^′ + μ_{1a}L̂χ̂^′] + μ_ηη̂η̂^′ + μ_χχ̂χ̂^′ + μ_ρρ̂ρ̂^′, (25) where L̂η̂^′ ≡ L̂_iη̂^′_i. The term with three superfields is written explicitly as W_3 = τ∑ a=e τ∑ b=e λ_{1ab}L̂_{aL}ρ̂^′l̂^c_{bL} + τ∑ a=e [λ_{2a}ϵL̂_{aL}χ̂ρ̂ + λ_{3a}ϵL̂_{aL}η̂ρ̂] + τ∑ a=e τ∑ b=e λ_{4ab}ϵL̂_{aL}L̂_{bL}ρ̂

+ 3∑ i=1 κ_{1i}Q̂_{3L}η̂^′û^c_{iL} + κ^′_1Q̂_{3L}η̂^′û^{′c}_L + 3∑ i=1 κ_{2i}Q̂_{3L}χ̂^′û^c_{iL} + κ^′_2Q̂_{3L}χ̂^′û^{′c}_L + 3∑ i=1 κ_{3i}Q̂_{3L}ρ̂^′d̂^c_{iL}

+ 2∑ α=1 κ^′_{3α}Q̂_{3L}ρ̂^′d̂^c_{αL} + 2∑ α=1 3∑ i=1 κ_{3αi}Q̂_{αL}η̂d̂^c_{iL} + 2∑ α=1 2∑ β=1 κ^′_{3αβ}Q̂_{αL}η̂d̂^{′c}_{βL} + 2∑ α=1 3∑ i=1 κ_{4αi}Q̂_{αL}ρ̂û^c_{iL}

+ 2∑ α=1 κ^′_{4α}Q̂_{αL}ρ̂û^{′c}_L + 2∑ α=1 3∑ i=1 κ_{5αi}Q̂_{αL}χ̂d̂^c_{iL} + 2∑ α=1 2∑ β=1 κ^′_{5αβ}Q̂_{αL}χ̂d̂^{′c}_{βL}

+ 2∑ α=1 2∑ β=1 2∑ γ=1 ϵf_{1αβγ}Q̂_{αL}Q̂_{βL}Q̂_{γL} + f_2ϵρ̂χ̂η̂ + f^′_2ϵρ̂^′χ̂^′η̂^′ + 3∑ i=1 2∑ β=1 3∑ j=1 ξ_{1iβj}d̂^c_{iL}d̂^{′c}_{βL}û^c_{jL}

+ 3∑ i=1 2∑ β=1 ξ_{2iβ}d̂^c_{iL}d̂^{′c}_{βL}û^{′c}_L + 3∑ i=1 3∑ j=1 3∑ j=1 ξ_{3ijk}d̂^c_{iL}d̂^c_{jL}û^c_{kL} + 3∑ i=1 3∑ j=1 ξ_{4ij}d̂^c_{iL}d̂^c_{jL}û^{′c}_L

+ 2∑ α=1 2∑ β=1 3∑ i=1 ξ_{5αβi}d̂^{′c}_{αL}d̂^{′c}_{βL}û^c_{iL} + 2∑ α=1 2∑ β=1 ξ_{6αβ}d̂^{′c}_{αL}d̂^{′c}_{βL}û^{′c}_L + τ∑ a=e 2∑ α=1 3∑ i=1 ξ_{7aαj}L̂_{aL}Q̂_{αL}d̂^c_{jL}

+ τ∑ a=e 2∑ α=1 2∑ β=1 ξ_{8aαβ}L̂_{aL}Q̂_{αL}d̂^{′c}_{βL}. (26) As usual it is necessary to introduce the so called soft terms that break the supersymmetry explicitly.

C. The soft terms

The soft terms can be written as

Lsoft = L_{GM T} + LsoftScalar + L_{SM T} , (27)

where L_{GM T} = − 1 2 [m_{λC} 8∑ b=1 ( λ^b_C λ^b_C ) + m_λ 8∑ b=1 ( λ^b_Aλ^b_A )

+ m^′λ_B λ_B + H.c.], (28)

give mass to the boson superpartners and

LsoftScalar = −m^2_ηη^†η − m^2_ρρ^†ρ − m^2_χχ^†χ − m^2_η′ η^{′†}η^′ − m^2_ρ′ ρ^{′†}ρ^′ − m^2_χ′ χ^{′†}χ^′ + [k_1ϵ_{ijk} ρ_iχ_j η_k + k^′_1ϵ_{ijk} ρ^′_iχ^′_j η^′_k + H.C.], (29)

in order to give mass to the scalars, we have omitting the sum upon repeated indices, i, j, k = 1, 2, 3 . Finally, we have to add

− L_{SM T} = m^2_{La}L̃^†_{aL}L̃_{aL} + m^2_{la}l̃^{c†}_{aL}l̃^c_{aL} + m^2_{Q3}Q̃^†_{3L}Q̃_{3L} + m^2_{QαL}Q̃^†_{αL}Q̃_{αL} + m^2_{ui}ũ^{c†}_{iL}ũ^c_{iL} + m^2_{di}d̃^{c†}_{iL}d̃^c_{iL} + m^2_u′ũ^{′c†}_L ũ^{′c}_L + m^2_d′_αd̃^{′c†}_{βL}d̃^{′c}_{βL} + [M^2_aL̃_{aL}η^{′†} + M^{′2}_a L̃_{aL}χ^{′†} + ε_{1a}L̃_{aL}ρ^′l̃^c_L + ε_{2a}ϵL̃_{aL}χρ + ε_{3a}ϵL̃_{aL}ηρ + ε_{4ab}ϵL̃_{aL}L̃_{bL}ρ + ϱ_{1i}Q̃_{3L}η^′ũ^c_{iL} + ϱ^′_1Q̃_{3L}η^′ũ^{′c}_L + ϱ_{2i}Q̃_{3L}χ^′ũ^c_{iL} + ϱ^′_2Q̃_{3L}χ^′ũ^{′c}_L + ϱ_{3αi}Q̃_{αL}ηd̃^c_{iL} + ϱ^′_{3αβ}Q̃_{αL}ηd̃^{′c}_{βL} + ϱ_{4αi}Q̃_{αL}ρũ^c_{iL} + ϱ^′_{4α}Q̃_{αL}ρũ^{′c}_L + ϱ_{5i}Q̃_{3L}ρ^′d̃^c_{iL} + ϱ^′_{5α}Q̃_{3L}ρ^′d̃^c_{αL} + ϱ_{6αi}Q̃_{αL}χd̃^c_{iL} + ϱ^′_{6αβ}Q̃_{αL}χd̃^{′c}_{βL} + ϱ_{7αβγ}Q̃_{αL}Q̃_{βL}Q̃_{γL} + υ_{1iβj}d̃^c_{iL}d̃^{′c}_{βL}ũ^c_{jL} + υ_{2iβ}d̃^c_{iL}d̃^{′c}_{βL}ũ^{′c}_L + υ_{3ijk}d̃^c_{iL}d̃^c_{jL}ũ^c_{kL} + υ_{4ij}d̃^c_{iL}d̃^c_{jL}ũ^{′c}_L + υ_{5αβi}d̃^{′c}_{αL}d̃^{′c}_{βL}ũ^c_{iL} + υ_{6αβ}d̃^{′c}_{αL}d̃^{′c}_{βL}ũ^{′c}_L + υ_{7aαj}L̃_{aL}Q̃_{αL}d̃^c_{jL} + υ_{8aαβ}L̃_{aL}Q̃_{αL}d̃^{′c}_{βL} + H.C.], (30) in order to give appropriate masses to the sfermions.

IV. THE SCALAR POTENTIAL

In the present model the scalar potential is written as

V_{331} = V_F + V_D + V_{soft}, (31) where

V_F = −L_F = ∑ m F^†_mF_m

= ∑ ijk [ | | | | μ_η 2 η^′_i + f_2 3 ϵ_{ijk}ρ_j χ_k | | | | 2 + | | | | μ_χ 2 χ^′_i + f_2 3 ϵ_{ijk}η_j ρ_k | | | | 2 + | | | | μ_ρ 2 ρ^′_i + f_2 3 ϵ_{ijk}χ_j η_k | | | | 2

+ | | |μ^η 2 η_i + f^′_2 3 ϵ_{ijk} ρ^′_j χ^′_k | | |^2 + | | |μ^χ 2 χ_i + f^′_2 3 ϵ_{ijk}η^′_j ρ^′_k | | |^2 + | | |μ^ρ 2 ρ_i + f^′_2 3 ϵ_{ijk}χ^′_j η^′_k | | |^2] (32) and V_D = −L_D = 1 2 (D^aD^a + DD) = g^{′2} 18 (−η^†η + η^{′†}η^′ − χ^†χ + χ^{′†}χ^′ + 2ρ^†ρ − 2ρ^{′†}ρ^′)^2 + g^2 8 (η^†_i λ^b_{ij} η_j − η^{′†}_i λ^{∗b}_{ij} η^′_j + χ^†_i λ^b_{ij} χ_j − χ^{′†}_i λ^{∗b}_{ij} χ^′_j + ρ^†_i λ^b_{ij} ρ_j + ρ^{′†}_i λ^{∗b}_{ij} ρ^′_j )^2, (33)

finally,

V_{soft} = −L_{soft} = m^2_ηη^†η + m^2_ρρ^†ρ + m^2_χχ^†χ + m^2_η′ η^{′†}η^′

+ m^2_ρ′ ρ^{′†}ρ^′ + m^2_χ′ χ^{′†}χ^′ − ϵ_{ijk}(k_1ρ_iχ_j η_k + k^′_1ρ^′_iχ^′_j η^′_k + H.c.), (34) where we have used the scalar multiplets in Eqs. (9) and (13).

With Eqs. (32)-(34) we can work out the mass spectra of the scalar and pseudoscalar fields by making the usual shift X^0 →^{1√}_2 (v_X + H_X + iF_X ). The analysis is similar to that of Ref. [8] and we will not write the constraints equation, etc.

By using as input the following values for the parameters: sin^2 θ_W = 0.2314, g = 0.6532, g^′ = 1.1466; f_2 = 2, f^′_2 = 10^{−3}; k_1 = k^′_1 = 10 GeV; μ_η = μ_ρ = μ_χ = −10^3 GeV; m_η = 15 GeV, m_ρ = 10 GeV. m_ρ = 244.99 GeV; m_{χ2} = m_χ′_2 = 10^3 GeV and m_ρ′ = 13 GeV, we obtain the masses

m_1 ≈ 1702, m_2 ≈ 1449, m_3 ≈ 387,

m_4 ≈ 380, m_5 ≈ 361, m_6 ≈ 130, (35)

for the scalar sector (all masses are in GeV). Note that the lightest neutral scalar is heavier than the lower limit of the Higgs scalar of the standard model, i.e., m_H^>∼ 114 GeV. For the pseudoscalar sector we obtain

M_1 ≈ 1702, M_2 ≈ 1449, M_3 ≈ 363,

M_4 ≈ 5, M_5 = 0, M_6 = 0, (36) only the two massless pseudoscalars are exact values, i.e., there are two Goldstone bosons as it should be. Notice that there is a light pseudoscalar. Although the values of the masses above are only an exercise, and it is possible that other values of the input parameters would give another set of masses, we would like to point out the following. In the basis (F_{η1} , F_ρ, F_{χ2} , F_η′_1 , F_ρ′ , F_χ′_2 ) the lightest pseudoscalar is given by (0.0099, 0.0012, 0.7070, 0.0071, 0.0170, 0.7070), hence we see that it is mainly F_{χ2} and F_χ′_2 . So, we need to investigate the couplings of these pseudoscalars with the Z^0.

In the (W_3, W_8, B) basis we have the mass square of the real vector bosons given by:

g^2 4 V^2 + U^{2 1√}_3 (V^2 − U^2) −^{2t}_3 (V^2 + 2U^2) 1 3 (V^2 + U^2 + 4W^2) −^{2t}_3^√_3 (V^2 − 2U^2 − 2W^2)

4t^2

9 (V^2 + 4U^2 + W^2),

(37)

where we have defined V^2 = v^2 + v^{′2}, U^2 = u^2 + u^{′2} and W^2 = w^2 + w^{′2}, and

t^2 = ( g^′ g )_2 = sin^2 θ_W 1 −^4_3 sin^2 θ_W

. (38)

The eigenstates of Eq. (37) are A = √ 3 4t^2 + 3 ( t W_3 − t √ 3 W_8 + B ) , (39) for the photon, and Z^0 ≈ 3t 4t^2 + 15t^2 + 9 [ − ( t^2 + 3 3t ) W_3 − t √ 3 W_8 + B ] , (40) and Z^{0′} ≈ t t^2 + 3 ( √ 3 t W_8 + B ) (41)

for the Z^0 and Z^{0′}, we have neglected the mixing among Z^0 and Z^{0′}, so that M^2_Z /M^2_W ≈ (3 + 4t^2)/(3 + t^2) = 1/ cos^2 θ_W . With this at hand, we were able to verify that the couplings of F_{χ2} , F_χ′_2 are given by the usual vertex of the Higgs scalar in the standard model times a factor proportional to (W/v_W )(U/W )^4 or (W/v_W )(V/W )^4, where v_W ≈ 246 GeV, and these couplings go to zero as W → ∞. This behavior is expected since both χ^0_2, χ^{0′}_2 are singlets of SU(2)_L ⊗ U(1)_Y and do not couple to the Z^0 in this limit.

For completeness we show that the lightest scalar, in the basis (H_{η1} , H_ρ, H_{χ2} , H_η′_1 , H_ρ, H_χ′_2 ), is written as (−0.0581, −0.9775, 0.0610, −0.0394, −0.0592, 0.1800), that is, it is mainly H_ρ which transforms as doublet under SU(2)_L ⊗ U(1)_Y .

V. CONCLUSIONS

We have put forward a supersymmetric version of the 3-3-1 model of Refs. [3] which includes right-handed neutrinos transforming non-trivially under SU(3)_L. This sort of models is an interesting possibility since neutrinos are massive particles and right-handed neutrinos should to be added eventually to any extension of the standard model.

Concerning the scalar and pseudoscalar mass spectra we have found two different situations: for the scalar sector we were able to find all the Higgs scalars with masses above the Z^0 mass and above the lower limit of the standard model Higgs boson obtained by LEP: m_H^>∼ 114 GeV; for the pseudoscalars, for the same set of the input parameters, we have found a considerably light one (M_4 = 5 GeV) which in principle can bring some problems. However, a carefully analysis have shown that the mass eigenstate corresponding to M_4 is mainly formed by the symmetry eigenstates F_{χ2} and F_χ′_2 , and studying the couplings of these pseudoscalars with the Z^0 we have noted that they vanish in the limit where w and w^′ go to infinity i.e., both pseudoscalars decouple from Z^0 in this limit since they are singlets under SU(3)_L ⊗ U(1)_Y .

In the other supersymmetric 3-3-1 model [8], the proton decay modes are p → K^+ν̄_μ and p → K^+e^∓μ^±ν̄_τ but in the present one, only the mode p → π^+ν̄_μ is possible. It means that the constraints coming from SuperKamiokande data on p → K^+ν̄_e, which implies that τ_P > 10^{33} years in this decay mode [30], are avoided.

However, there are higher-dimension (nonrenormalizable) operators, that arise from new physics at some scale Λ. For instance, there are dimension-5 operators that violate baryon or lepton number, that are allowed by the gauge invariance, and that contribute to the proton decay unless they are sufficiently suppressed. In the context of the MSSM we have [31] κ^1_{ijkl} Λ Q̂_iQ̂_jQ̂_kL̂_l + κ^{2ijka} Λ û^c_iû^c_jd̂^c_kl̂^c_a. (42)

These terms contribute to the proton decay with diagrams at 1-loop level involving gauginos and gluinos, known as dressing diagrams. These are the dangerous terms that induce the decay mode p → K^+ν̄_e. This channel is enough to exclude the minimal supersymmetric SU(5) model [32] since the SuperKamiokande data [30].

In the present model dimension-5 operators that violate lepton and baryon number, that are allowed by the 3-3-1 symmetry, may arise in unification theories [33], and are given by κ^1_{aαβ} Λ (L̂_aQ̂_α)(Q̂_3Q̂_β) + κ^2_{aijk} Λ l̂^c_aû^c_iû^c_jd̂^c_k + κ^{3abi} Λ (L̂_aL̂_b)(Q̂_3d̂^c_i ) + κ^4_{αij} Λ (Q̂_αQ̂_3)û^c_id̂^c_j + κ^5_{ab} Λ (L̂_aη̂^′)(L̂_bη̂^′) + κ^6_{ab} Λ (L̂_aχ̂^′)(L̂_bχ̂^′) + κ^7_{αβ} Λ (Q̂_3Q̂_α)(Q̂_βη̂) + κ^8_{αβ} Λ (Q̂_3Q̂_α)(Q̂_βχ̂), (43)

while in the SUSY 3-3-1 model of Ref. [8] these operators are κ^1_{aαβ} Λ (L̂_aQ̂_α)(Q̂_3Q̂_β) + κ^2_{αβ} Λ (Q̂_αĴ^c)(Q̂_3ĵ^c_β ) + κ^3_{abi} Λ (L̂_aL̂_b)(Q̂_3û^c_i ) + κ^4_{αβ} Λ (η̂Q̂_α)(Q̂_3Q̂_β ) + κ^5_{ab} Λ (L̂_aη̂^′)(L̂_bη̂^′). (44)

The suppression of the effective operators in Eqs. (43) and (44) in the context of SUSY 3-3-1 models will be considered elsewhere [35].

Finally, we would like to say that the 3-3-1 model with non-supersymmetric right-handed neutrinos furnishes a good candidate for self-interacting dark matter (SIDM) since there are two Higgs bosons, one scalar, and one pseudoscalar, which have the properties of the candidates for dark matter like, stability, neutrality, and that they must not overpopulate the universe [34] and, in particular for a self-interacting dark matter candidates, they have large scattering cross-section and negligible annihilation or dissipation. It means that the candidate for SIDM has not to be introduced ad hoc as in other models [36]. This feature remains valid in the supersymmetric version that we have developed in this work, but it deserves a more careful study.

Acknowledgments

This work was partially supported by CNPq under the processes 305185/2003-9 (JCM) and 306087/88-0 (VP).

[1] F. Pisano and V. Pleitez, Phys. Rev. D 46, 410, (1992); P.H. Frampton, Phys. Rev. Lett. 69, 2889, (1992); R. Foot, O. F. Hernandez, F. Pisano and V. Pleitez, Phys. Rev. D 47, 4158, (1993).

[2] V. Pleitez and M. D. Tonasse, Phys. Rev. D 48, 2353 (1993); W. A. Ponce, Y. Giraldo, and L. A. Sanchez, Phys. Rev. D 67, 075001 (2003).

[3] J. C. Montero, F. Pisano and V. Pleitez, Phys. Rev. D 47, 2918, (1993); R. Foot, H. N. Long and T. A. Tran, Phys. Rev. D 50, 34 (1994); H. N. Long, Phys. Rev. D 53, 437 (1996).

[4] P. H. Frampton and T. W. Kephart, Phys. Lett. B585, 24 (2004); P. H. Frampton, Plenary Talk at SUGRA 20, Northeastern University, March 2003, hep-th/0306029.

[5] A. G. Dias, R. Martinez and V. Pleitez, in preparation. [6] C. A. de S. Pires and O. Ravinez, Phys. Rev. D 58, 035008 (1998). [7] C. A. de S. Pires, Phys. Rev. D 60, 075013 (1999).

[8] H. N. Long and P. B. Pal, Mod. Phys. Lett. A13, 2355 (1998); T. V. Duong and E. Ma, Phys.

Lett. B316, 307 (1993); J. C. Montero, V. Pleitez and M. C. Rodriguez, Phys. Rev. D 65, 035006 (2002); R. A. Diaz, R. Ramirez, J. Mira and J. A. Rodriguez, Phys. Lett B552, 287 (2003).

[9] M. Capdequi-Peyranere and M. C. Rodriguez, Phys. Rev. D 65, 035006 (2002). [10] R. D. Peccei and H. Quinn, Phys. Rev. Lett. 38, 1440 (1977); Phys. Rev. D 16, 1791 (1977). [11] P. B. Pal, Phys, Rev. D 52, 1659 (1995); A. G. Dias, V. Pleitez, and M. D. Tonasse, Phys.

Rev. D 67, 095008 (2003); A. G. Dias and V. Pleitez, Phys. Rev. D69, 015007 (2004); A. G. Dias, C. A. de S. Pires, and P. S. Rodrigues da Silva ,Phys. Rev. D 68, 115009 (2003).

[12] H. N. Long and V. T. Van, J. Phys. G25, 2319 (1999). [13] F. Pisano and V. Pleitez, Phys. Rev. D 51, 3865 (1995).

[14] J. C. Montero, V. Pleitez, and M. C. Rodriguez, Contribution to XXII Encontro Nacional de Partículas e Campos, São Lorenço (MG), Brazil, Oct. 22-26/2002; hep-ph/0204130, and references therein.

[15] See http://www.slac.stanford.edu/exp/e158.

[16] P. L. Anthony et al. (E158 Collaboration), Phys. Rev. Lett. 92, 181602 (2004). [17] J. C. Montero, V. Pleitez, and M. C. Rodriguez, Phys. Rev. D 58, 097505 (1998). [18] E. M. Gregores, A. Gusso, and S. F. Novaes, Phys. Rev. D 64, 015004 (2002); D. V. Soa, T.

Inami, and H. N. Long, Eur. Phys. J. C34, 285 (2004).

[19] G. Tavares-Velasco and J. J. Toscano, Europhys. Lett. 53, 465 (2001); Phys. Lett. B472, 105 (2000).

[20] B. Dion, T. Grégoire, D. London, L. Marleau, and H. Nadeu, Phys. Rev. D 59, 075006 (1999). [21] P. Das, P. Jain and D. W. McKay, Phys. Rev. D 59, 055011 (1999).

[22] T. Kitabayashi and M. Yasue, Phys. Rev. D 63, 095006 (2001); T. Kitabayashi, Phys. Rev.

D 64, 057301 (2001).

[23] T. Kitabayashi and M. Yasue, Phys. Lett. B508, 85 (2001).

[24] J. C. Montero, C. A. de S. Pires, and V. Pleitez, Phys. Rev. D 65, 095001 (2002). [25] J. Wess e J. Bagger, Supersymmetry and Supergravity 2nd edition, Princeton University Press, Princeton NJ, (1992).

[26] H. E. Haber and G. L. Kane, Phys. Rep. 117, 75 (1985). [27] M. Kuze and Y. Sirois, Prog. Part. Nucl. Phys. 50, 1 (2003).

[28] P. H. Frampton and M. Harada, Phys. Rev. D 58, 095013 (1998); H. N. Long and T. Inami, Phys. Rev. D 61, 075002 (2000).

[29] D. Ng, Phys. Rev. D 49, 4805 (1994); P. Jain and S. D. Joglekar, Phys. Lett. B, 407, 151 (1997).

[30] Y. Hayato et al. (SuperKamiokande Collaboration), Phys. Rev. Lett. 83, 1529 (1999). [31] S. Weinberg, Phys. Rev. D 26, 287 (1982); P. Nath, A. H. Shamseddine, and R. Arnowitt, Phys. Rev. D 32, 2348 (1985); I. Hinchliffe and T. Kaeding, Phys. Rev. D 47, 279 (1993); T. Goto and T. Nihei, Phys. Rev. D 59, 115009 (1999).

[32] H. Murayama and A. Pierce, Phys. Rev. D 65, 055009 (2002); B. Bajc, P. F. Perez, and G.

Senjanovic, Phys. Rev. D 66, 075005 (2002), and references therein.

[33] R. Martinez, W. A. Ponce, L. A. Sanchez, Phys.Rev.D 65, 055013 (2002); L. A. Sanchez, W.

A. Ponce, R. Martinez, Phys.Rev.D 64, 075013 (2001). [34] H. N. Long and N. Q. Lan, Europhys. Lett. 64, 571 (2003). [35] M. C. Rodriguez, work in progress.

[36] V. Silveira and A. Zee, Phys. Lett. B161, 136 (1985); D. E. Holz and A. Zee, Phys. Lett.

B517, 239 (2000); D. N. Spergel and P. J. Steinhardt, Phys. Rev. Lett. 84, 3760 (2000); C. P. Burgess, M. Pospelov, and T. ter Veldhuis, Nucl. Phys. B619, 709 (2002); B. C. Bento, O. Bertolami, R. Rosenfeld, and L. Teodoro, Phys. Rev. 62, 041302 (2000).