arXiv:1210.3390v1 [hep-ph] 11 Oct 2012

Dynamical Symmetry Breaking in a Minimal 3-3-1 Model

A. Doff Universidade Tecnológica Federal do Paraná - UTFPR - DAFIS Av. Monteiro Lobato, Km 04, 84016-210, Ponta Grossa - PR, Brazil agomes@utfpr.edu.br

A. A. Natale Instituto de Física Teórica, UNESP - Universidade Estadual Paulista Rua Dr. Bento T. Ferraz, 271, Bloco II, 01140-070, São Paulo - SP, Brazil natale@ift.unesp.br

Abstract

The gauge symmetry breaking in some versions of 3-3-1 models can be implemented dynamically because at the scale of a few TeVs the U(1)_X coupling constant becomes strong. In this work we consider the dynamical symmetry breaking in a minimal SU(3)_{T C} × SU(3)_L × U(1)_X model, where we propose a new scheme to cancel the chiral anomalies, including two-index symmetric (6) technifermions, which incorporates naturally the walking behavior in the TC sector. The composite scalar content of the model is minimal and all the symmetry breaking is implemented by a multiplet of technifermions. The choice of TC representations not only provide the anomaly cancellation with a walking behavior, but is crucial to promote the model’s full dynamical symmetry breaking. We consider the dynamical generation of technigluon masses and, depending on the 3-3-1 symmetry breaking scale (μ_{331}), we verify that the technigluon mass is strongly linked to the Z^′ mass scale, for instance, if μ_{331} = 1T eV , we have M_{Z′} > 1 TeV only if M_{T G} < 350GeV .

PACS numbers: 12.60.Cn, 12.60.Rc, 12.60.Nz, 12.38.Lg

I. INTRODUCTION

The standard model of electroweak and strong interactions is in excellent agreement with the experimental data and has explained many features of particle physics throughout the years. However, despite its success, there are some fundamental questions that remain unexplained as, for instance, the enormous range of masses between the lightest and heaviest fermions. In order to explain these aspects many models have been proposed assuming the introduction of new fields or symmetries as, for example, the extension of the standard model based on G_{331} ≡ SU(3)_C × SU(3)_L × U(1)_X [1–3]. This class of models predicts interesting new physics at TeV scale [4–8] and addresses some fundamental questions that cannot be explained in the framework of the Standard Model [9–11].

In Refs.[12, 13] it was suggested that the gauge symmetry breaking of a specific version of a 3-3-1 model [3] would be implemented dynamically because at the scale of a few TeVs the U(1)_X coupling constant becomes strong and the exotic quark T introduced in the model forms a condensate breaking SU(3)_L ⊗ U(1)_X to the electroweak symmetry. This possibility was explored in the Ref.[14] assuming a model based on the gauge symmetry SU(2)_{T C} ⊗ SU(3)_L ⊗ U(1)_X , where the electroweak symmetry is broken dynamically by a technifermion condensate, that is characterized by the SU(2)_{T C} Technicolor(TC) gauge group. In Ref.[14] it was computed the mass generated for the charged and neutral gauge bosons of the model that result from this symmetry breaking, and it was verified the equivalence between a 3-3-1 model with a scalar content formed by the set of the fundamental scalar bosons χ, ρ and η [3] with a version where the full dynamical symmetry breaking is implemented by a set of composite bosons Φ_T , Φ_{T C(1)} and Φ_{T C(2)} .

The model described above is not the most economical from the point of view of the scalar content required to promote the dynamical symmetry breaking, because, as commented in [14], the minimal scalar content is fixed by the cancellation of triangular anomaly condition in the TC sector, independently of the cancellation that occur in the standard fermionic sector. In this paper we just propose a new scheme to cancel chiral anomalies in the sector assigned to TC with the ordinary fermionic sector of the model, i.e. in order to make the model anomaly free we will assume that the three quark generations transform as 3^∗, whereas the three lepton generations and the technifermion multiplet Ψ_{ijL} transform as 3 of SU(3)_L . The key to produce this cancellation scheme is also consistent with the conditions to have a

TC model that incorporates the so called walking behavior [15].

Usually the walking behavior is obtained assuming a large number of technifermions, n_{T F} ∼ 4N_{T C} , if technifermions are in the fundamental representation of the TC gauge group [15–20], when we deal with the SU(N_{T C} ) technicolor group. Moreover, recently Sannino et. al. showed that it is possible to obtain the walking behavior for a small number of technifermions if these are in higher dimensional representations of the TC gauge group[21–27] which is precisely the case that we are considering in this work.

At this point we should emphasize that the choice of representations leading to the walking behavior displayed by the TC theory is not only essential to produce the model’s anomaly cancellation, it is also crucial to promote the full dynamical symmetry breaking. Due to our choice for the fermionic content of the model, the exotic quarks D_a do not lead to the critical coupling constant value necessary to promote the dynamical symmetry breaking of G_{331} ≡ SU(3)_c × SU(3)_L × U(1)_X to the Standard Model at the μ_{331} scale. However, the full gap equation for the “exotic techniquark U^′” takes also into account, besides the U(1)_X interaction, the TC interaction. Due to the walking behavior, at the scale of order μ_{331} ≈ O(1 − 2)TeV the value of coupling constant α_{T C} (μ_{331}) is still large enough, together with the U(1)_X interaction α_X (μ), to promote the dynamical symmetry breaking of G_{331} to the Standard Model. So, in this case, it is the combined effect of the U(1)_X interaction of U^′ with the TC interaction (with walking behavior) which produces the dynamical symmetry breaking of the G_{331} to G_{321}, while the electroweak symmetry is broken dynamically by the technifermion condensate.

In order to verify the influence of the walking behavior in the symmetry breaking of G_{331} to G_{321} , we will assume two possible values for the scale where the degrees of freedom associated with the 3-3-1 model become relevant: a) μ^a_{331} = O(1)T eV and b) μ^b_{331} = O(2)T eV . The most interesting effects occur for the situation (a), where TC still has significant influence due to the walking behavior. In this case strong effects in the TC sector, as the existence of a dynamical mass scale for technigluons[28], can directly affect the phenomenology of this class of models, in the sense that M_Z′ is limited by the existence of a technigluon mass scale.

This paper is composed as follows: In Section II we present the fermionic content of the model. In Section III we obtain the gap equation for U^′. In the Section IV we determine the mass generated for the charged gauge bosons of the model(V, U, W ) that result from the symmetry breaking assuming the charged current interactions associated to the technifermions, we also determine the masses generated for the neutral gauge bosons (Z, Z^′). Finally, in Section V we draw our conclusions.

II. THE MINIMAL SU(3)_{T C} × SU(3)_L × U(1)_X MODEL

The fermionic content of this model is analogous to the one proposed in Ref.[3], moreover in this case the three quarks generations transform as Q_{aL} = (d_a, u_a, D_a)^T_L ∼ (1, 3^∗, −1/3), with the singlets D_{aR} = (1, 1, −4/3), d_{aR} = (1, 1, −1/3) and u_{aR} = (1, 1, 2/3).

The leptonic sector includes, besides the conventional charged leptons and their respective neutrinos, charged heavy leptons E_a, transforming as l_{aL} = (ν_a, l_a, E^c_a)^T_L ∼ (1, 3, 0)_L, with l_{aR} ∼ (1, 1, −1) and E^c_{aR} ∼ (1, 1, +1), where a = 1...3 is the family generation and (1, 3^∗, X), (1, 3, X) or (1, 1, X) denote the transformation properties under SU(3)_{T C} ⊗SU(3)_L ⊗U(1)_X and X is the corresponding U(1)_X charge.

The main difference between this model version and the one of Ref.[14] is related to the TC sector. The minimal technicolor sector is now represented by

Ψ_{ijL} = U_{ij} D_{ij} U^′_{ij} L ∼ (6, 3, 1/2)

U_{ijR} ∼ (6, 1, 1/2) , D_{ijR} ∼ (6, 1, −1/2) , (1) U^′_{ijR} ∼ (6, 1, 3/2). and (ij) is the two-index symmetric representation (6) of SU(3)_{T C} . The model is anomaly free if we have equal number of triplets (3) and anti triplets (3^∗), counting the color of SU(3)_c and the technicolor charge in the case of technifermions [29]. Therefore, in order to make the model anomaly free, the three quark generations transform as 3^∗, whereas the three lepton generations and the technifermion multiplet Ψ_{ijL} transform as 3 of SU(3)_L . The advantage of the model described in this paper relative to the model Ref.[14] is that it is most economical from the point of view of the scalar content required to promote the dynamical symmetry breaking. In the Ref.[14] the dynamical symmetry breaking is implemented by a set of composite bosons Φ_T , Φ_{T C(1)} and Φ_{T C(2)} , and in that case the minimal composite scalar content is fixed by the condition of the cancellation of triangular anomaly in the TC sector.

On the lines below we present the anomaly-free conditions of our model

T r[SU(3)_c]^2[U(1)_X ] = ∑ c X_{cL} − ∑ c X_{cR} = 0 (2)

T r[SU(3)_{T C} ]^2[U(1)_X ] = ∑ t X_{tL} − ∑ t X_{tR} = 0 (3)

T r[SU(3)_L]^2[U(1)_X ] = ∑ k X_{kL} = 0 (4)

T r[U(1)_X ]^3 = ∑ k X^3_{kL} − ∑ k X^3_{kR} = 0, (5)

where the index (k) represents a sum over all fermionic hipercharges, while the sum indicated by (c) and (t) are related with fermions that carry degrees of freedom of color and technicolor respectively.

In order to determine the spectrum of composite scalars of the model we will assume the most attractive channel(MAC) hypothesis[30]. For U(1)_X the MAC should satisfy α_c(μ_{331})(X_LX_R) ∼ 1, and once α_c(μ_{331}) is close to 1, we can roughly estimate that U(1)_X condensation should occur only for the channel where (X_LX_R) ≳ 1. Since [(X_{DaR} X_{DaL} )α_X (μ_{331}) < 1] the exotic quarks D_a does not lead to the critical coupling with the necessary value to promote the dynamical symmetry breaking of SU(3)_c × SU(3)_L × U(1)_X to the Standard Model. At this energy scale α_{T C} = 0.16, and we do not expect the formation of SU(3)_{T C} condensate ⟨Ū^′U⟩ ∼ F^{′2}_Π . Thus, assuming the statements made in this paragraph we avoid the complexity of taking into account the problem of vacuum alignment.

As we will show in the following section, the full gap equation for U^′ takes also into account, besides the U(1)_X interaction, the TC interaction. Due to the choice of the TC fermionic representation, the TC theory coupling constant (α_{T C} (μ)) exhibits a walking behavior, and at the scale of order O(1 − 2)TeV its value is still large enough. The value of this coupling together with the one of the U(1)_X interaction (α_X (μ)), when added in the expression for the gap equation are enough to promote the dynamical symmetry breaking of G_{331} to Standard Model. In other words, the combined effect of the U(1)_X interaction of U^′ with TC interaction (with walking behavior) is the mechanism responsible for promoting the dynamical symmetry breaking of the G_{331} to G_{321}.

Therefore, the dynamical symmetry breaking of G_{331} to the Standard Model in this model is implemented by the composite scalar triplet ϕ^{′T} ∝ (Ū^′U, Ū^′D, Ū^′U^′) ∝ (ϕ^{′−}, ϕ^{′−−}, ϕ^{′0})

, and the electroweak symmetry is broken dynamically by a technifermion condensate, ⟨(U, D)(U, D)⟩, which in this case is given by the composite scalar doublet ϕ^T ∝ (ŪU, ŪD) ∝ (ϕ^{′0}, ϕ^{′−}).

III. GAP EQUATION CRITICAL BEHAVIOR

Assuming only the U(1)_X interaction , we can write the Schwinger-Dyson equation for the U^′ quark as [12, 13] S^{−1}_U ′_X (p) = /p − i ∫ d^4k (2π)^4

Γ_αS(k)Γ_βD^{αβ}_{MZ′} (p − k) (6)

where we consider the rainbow approximation for the vertex Γ_{αβ} , and Γ_{α,β} = g_V γ_{α,β} + g_A γ_{α,β}γ_5, g_V = g^2_X (X_U ′_L + X_U ′_R )/2, g_A = g^2_X (X_U ′_R − X_U ′_L )/2. In this expression X_U ′_L and X_U ′_R are respectively U(1)_X charges attributed to the chiral components of the U^′, U^′_L and U^′_R. To simplify the calculations it is convenient to choose the Landau gauge, and in this case the Z^′ propagator can be written as iD^{αβ}_{MZ′} (p − k) = −i [ g^{αβ} − (p − k)^α(p − k)^β/(p − k)^2 ] (p − k)^2 − M^2_Z′

. (7)

However, as we mentioned in the last section, the full gap equation for U^′ must also take into account the TC interaction of U^′, and we can write this contribution in the form S^{−1}_U ′_{T C} (p) = /p − i ∫ d^4k (2π)^4

Γ^α_a S(k)Γ^β_b Δ^{ab}_{αβ,MT G} (p − k) (8)

where Γ^{α(β)}_{a(b)} = γ^{α(β)}λ_{a(b)}g^2_{T C} (μ), the scale of G_{331} dynamical symmetry breaking is written as μ ≡ μ_{331}, λ_{a(b)} are Gell-Mann matrices and the technigluon propagator in Landau gauge and in Euclidean space is given by Δ^{ab}_{αβ,MT G} (q) = P_{αβ}(q)δ^{ab}Δ(q^2) , where P_{αβ}(q) = g_{αβ} − q_αq_β/q^2 , Δ^{−1} ≈ M^2_{T G}(q^2) + q^2 , which is a solution for the gluon propagator consistent with lattice simulations and Schwinger- Dyson equations [31–33]. The momentum dependence of the technigluon mass will be neglected in the following, because its effect is quite small in the calculations that we will perform.

Note that in pure gauge theories the existence of dynamical gauge boson mass generation is well accepted by now [31–36], however in the present case we are considering an almost conformal TC theory with the 6 technifermions, and in this case it is possible that the effect of fermion loops erase part of the gauge boson loops effects generating a smaller dynamical technigluon mass. This last point will be discussed again afterwards, meanwhile we can make an useful approximation in our gap equations 1 (p − k)^2 + M^2_Z′_{or T G} → θ(p^2 − k^2) p^2 + M^2_Z′_{or T G} + θ(k^2 − p^2) k^2 + M^2_Z′_{or T G} , which is known as the angle approximation [37]. With this approximation and using the Eqs.(6-8) we can write the following expression for the dynamical mass M_U ′ (p^2) of the U^′ fermion

M_U ′ (p^2) = ∫ dk^2k^2

M_U ′ (k^2) k^2 + M^2_U ′ (k^2)

A(p^2, k^2, M^2_Z′ ) + ∫ dk^2k^2

M_U ′ (k^2) k^2 + M^2_U ′ (k^2)

B(p^2, k^2, M^2_{T G}), (9)

where we defined

A(p^2, k^2, M^2_Z′ ) ≡ ( aθ(p^2 − k^2) p^2 + M^2_Z′ + aθ(k^2 − p^2) k^2 + M^2_Z′ )

B(p^2, k^2, M^2_{T G}) ≡ ( bθ(p^2 − k^2) p^2 + M^2_{T G} + bθ(k^2 − p^2) k^2 + M^2_{T G} ) . and a =^{3g2X (μ)XU′ L XU′R} 16π^2 and b =

3C_2(R)g^2_{T C} (μ) 16π^2 .

Besides the two kernels present in Eq.(9) it is possible that we should also add some confinement effect in the TC sector, as discussed in Ref.[34, 38], introducing into the gap equation an effective confining propagator given by D^{μν}_{eff} (k) ≡ δ^{μν} D_{eff} (k); D_{eff} (k) = 8πK_R (k^2 + m^2)^2

. (10)

where this confining effect is not related to the propagation of an elementary field, K_R is the string tension for fermions in the representation R and m is proportional to the dynamical fermion mass [38]. However in this particular case the TC fermions in the 6 representation may also produce screening of the confining force, and it is not clear, up to now, how to take this effect into account [34]. Independently of this effect, which can only increase the conditions for the TC group chiral symmetry breaking, we will show that Eq.(9) has enough strength to bifurcate and to generate a “walking type” solution.

Assuming the gap equation described in (9) we can now proceed analogously to Refs.[34, 39] in order to obtain the bifurcation equation of the U^′, and verify at what point the nontrivial solution of Eq.(9) bifurcates away from trivial solution characterizing the dynamical symmetry breaking of the model. Substituting (k^2 + M^2_U ′ (k^2)) by (k^2 + M^2_U ′ ) in the denominators of Eq.(9), where the value of dynamical mass (M_U ′ ) at the scale of dynamic symmetry breaking of the G_{331} symmetry is defined by the normalization δM_U ′ (μ) = M_U ′ , we arrive at the bifurcation equation for U^′

δM_U ′ (p^2) = ∫ dk^2 δM_U ′ (k^2)k^2 k^2 + M^2_U ′

A(p^2, k^2, M^2_Z′ ) + ∫ dk^2 δM_U ′ (k^2)k^2 k^2 + M^2_U ′

B(p^2, k^2, M^2_{T G}). (11)

Defining the new variables u = p^2/M^2_U ′ , v = k^2/M^2_U ′ , κ = M^2_{T G}/M^2_U ′ , ϵ = M^2_Z′ /M^2_U ′ , and f(u) = δM_U ′ (p^2)/M^2_U ′ , we can write f(u) = 1 π ∫_Λ2_{/M} 2_{U′} 0 dv K(u, v)f(v) , (12) where (Λ) is an ultraviolet cutoff, and the kernel K(u, v) is equal to K(u, v) = v (v + 1) [( a (v + ϵ) + b (v + κ) ) θ(v − u) + ( a (u + ϵ) + b (u + κ) ) θ(u − v) ] (13)

The kernel K is square integrable

‖K‖^2 =

∫_Λ2_{/M} 2_{U′} 0 du ∫_u 0 dv v^2 (v + 1)^2 ( a (u + ϵ) + b (u + κ)

)_2 + ∫_Λ2_{/M} 2_{U′} 0 du ∫_Λ2_{/M} 2_{U′} u dv v^2 (v + 1)^2 ( a (v + ϵ) + b (v + κ)

)_2 , (14)

and Eq.(14) has a nontrivial solution, where the first bifurcation of the nonlinear equation satisfies^1_π ‖K‖ = 1.

As in the Kernel described in Ref.[34] , the Eq.(13) contains the sum of two contributions, corresponding in this case to the U(1)_X interaction (K_X ) and to the TC interaction (with walking behavior) (K_{T C} ). Our main aim in this section is to verify the gross critical behavior of the gap equation including the walking behavior displayed by the TC sector of the model. This point is important because the U(1)_X interaction, due to the fermionic representations

FIG. 1. The criticality condition for the kernel depicted in Eq.(13) is plotted assuming Λ_{T C} = 250GeV, α_{T C} (μ^a_{331}) = 0.16(Left panel), α_{T C} (μ^b_{331}) = 0.14(Right panel), α_X (μ^a_{331}) = 0.264 and α_X (μ^b_{331}) = 0.40 . The solid (blue) curve corresponds to the critical line in the case where we do not take in account the effect of a mass scale for technigluons, the dot (black) curve was obtained with M_{T G} = 200GeV , the dot-dashed (red) curve with M_{T G} = 250 GeV and the solid (green) curve with M_{T G} = 350 GeV.

that we have chosen, is not strong enough to promote the dynamical symmetry breaking by itself, as happens in the models of Ref.[12–14].

The bifurcation condition is depicted in Figs.(1a) and (1b) for two different choices of the energy scale assigned to the 3-3-1 model, (a) μ^a_{331} = 1T eV and (b)μ^b_{331} = 1.8T eV . To obtain these curves we calculated the running of α_{T C} (μ) giving α_{T C} (μ^a_{331}) = 0.16 and α_{T C} (μ^b_{331}) = 0.14, and with the Casimir operator for the representation (6) of SU(3)_{T C} given by C_2(R) =^{10}_3 .

The values of α_X at the scales μ^a_{331} and μ^b_{331} were obtained in the same way as described in Ref.[40], i.e assuming the running of α_X (μ) given by Eq.(13) of that paper. However, in our model b_X = 35 which leads to α_X (μ^a_{331}) = 0.264 and α_X (μ^b_{331}) = 0.40.

In the Fig.(1a), the solid (blue) curve corresponds to the critical line in the case where we do not take into account the effect of a mass scale for technigluons, the other curves were obtained taking into account this effect. The result for M_{T G} = 200 GeV is shown by the dotted (black) curve, while the dot-dashed (red) curve and solid (green) curve correspond to the results for M_{T G} = 250 GeV and M_{T G} = 350 GeV respectively. The Fig.(1b) is analogous to Fig.(1a), however, as we commented in the previous paragraph, this corresponds to the case where μ_{331} = 1.8T eV . It should be noticed that each point of these curves indicate the bifurcation point for a given M_Z′ value generating a dynamical mass M_U ′ .

Comparing the results described in these figures we can identify that the dynamical mass (M_U ′ ) generated at μ^b_{331} scale is smaller compared with the one obtained at μ^a_{331} . This behavior is a consequence that at this energy scale TC contributes much less to the dynamical symmetry breaking of the G_{331} symmetry, and therefore its effects are less pronounced, since M_U ′ is not strongly influenced by the effect of a mass scale for technigluons.

At the scale μ^a_{331}, where TC still has significant effects due to the walking behavior, we identified some interesting phenomenological aspects. From the analysis in Fig.(1a) we can see that the existence of a technigluon mass scale would be bounded above by the experimental limits imposed on the mass of the Z^′ boson, i.e. we can only generate reasonable M_U ′ masses when the TC interaction is not damped by large technigluon masses. For large 331 mass scales the TC interaction does not contribute appreciably, however the M_U ′ masses are much smaller and generated primarily by the U(1)_X interaction. The model has enough parameters to not be restrained by the experimental data, but it is quite interesting in the sense that the phenomenology associated with the weak sector of this particular version of the 3-3-1 model would then be linked directly to strong effects in the TC sector! Furthermore, the model described in this paper is most economical from the point of view of the scalar content required to promote the dynamical symmetry breaking, contrarily to the model described in the Ref.[14]. In that case the symmetry breaking was promoted by a set of composite bosons Φ_T , Φ_{T C(1)} and Φ_{T C(2)} , and in this case the minimal composite scalar content is fixed by the condition of the cancellation of triangular anomaly in the TC sector.

IV. GAUGE BOSONS MASSES

In this section we will determine the masses generated for the charged and neutral gauge bosons of our model resulting from the symmetry breaking. The charged and neutral current interactions associated to U^′, U and D, will be the ones responsible for the mass generation of the gauge bosons masses in the model (V^±, U^{±±} and W^±, Z^′ and Z). The charged current interactions for the techniquarks U^′, U and D are described below by

FIG. 2. Contributions to the vacuum polarization Π_{αβ} (p^2) of the charged gauge bosons V, U and W .

L^{cc}_U ′_{,U,D} = g √ 2 (¯ U^′_Lγ^μU_LV^+_μ + Ū^′_Lγ^μD_LU^{++}_μ + Ū_Lγ^μD_LW^+_μ + h.c) . (15)

From the above equation we can extract the couplings of charged gauge bosons with the axial currents J^μ_{5(U ′)} =^1_2Ū^′γ^μγ_5Ψ_i, with Ψ_i = U, D, J^μ_{5(U,D)} =^1_2Ūγ^μγ_5D. After considering the decay constants relations for these axial currents ⟨0|J^μ_{5(U ′)}|Π⟩ ∼ i F_Π √ 2 p^μ , ⟨0|J^μ_{5(U,D)}|π⟩ ∼ i f_π √ 2 p^μ , (16)

we can write the interaction terms of the charged bosons V^±, U^{±±} and W^± with U(1)_X and TC pions (Π, π) as L_{Π−V} = − ig 2 (F_Π + f_π) p^μV^±_μ , L_{Π−U} = − ig 2 (F_Π + f_π) p^μU^{±±}_μ , L_{π−W} = − ig 2 f_πp^μW^±_μ . (17)

The technipion decay constants, (f_π = f_π± ) , are related to the vacuum expectation value (vev) of the Standard Model through

f^2_π = v^2 =

4M^2_W g^2

(18)

In the Fig.(2) we show the couplings at O(g^2) between the charged pions, Π^± and π^±, with the charged boson V^±. From this figure we can write the correction to the V^± propagator as iD^′_V (p^2)^{μν}=iD_V (p^2)^{μν} +i g^2 2 D_V (p^2)^{μα} [ iΠ_{αβ}(p^2) ] iD_V (p^2)^{βν}

where D_V (p^2)^{μν} is the tree level propagator in the Landau gauge and Π_{αβ}(p^2) is obtained from the pions couplings. With Π_{αβ} (p^2) = (p^2g_{αβ} − p_αp_β ) Π(p^2) , the contributions for the polarization tensor depicted in the Fig. (2) lead to

M^2_U = M^2_V = g^2 4 ( F^2_Π + f^2_π ) , (19) and M^2_W = g^2 4 f^2_π . (20)

The mass generated for the neutral bosons Z_0 and Z^′_0 can be obtained in a similar way. Below we show the expression obtained after writing the mass matrix for neutral bosons in the base {W_3, W_8, B}, assuming F_Π >> f_π

M^2_A = 0 , M^2_{Z0} ≃ g^2 4 f^2_π [ 1 + 4t^2 1 + 3t^2 ] , M^2_Z′_0 ≃ g^2 4 ( F^2_Π + f^2_π ) [4 3 + 4t^2 ] , (21)

where we defined t =^{g′}_g and the value of F^2_Π can be inferred from the curves described in Figures (1a) or (1b), depending on the choice of μ_{331}. The advantage of this version over the one described in Ref.[14], is that in this case the full dynamical symmetry breaking of G_{331} to U(1)_{em} is promoted by only one multiplet Ψ of technifermions.

V. CONCLUSIONS

The gauge symmetry breaking in 3-3-1 models can be implemented dynamically because at the scale of a few TeVs the U(1)_X coupling constant becomes strong. This possibility was explored in the Ref.[14] assuming a model based on the gauge symmetry SU(2)_{T C} ⊗ SU(3)_L ⊗ U(1)_X , where the electroweak symmetry was broken dynamically by a technifermion condensate, characterized by the SU(2)_{T C} Technicolor(TC) gauge group. The model proposed in the Ref.[14] is not the most economical one from the point of view of the scalar content required to promote the full dynamic symmetry breaking, because as commented in[14] the minimal scalar content is fixed by the condition of the cancellation of triangular anomaly in the TC sector, independently of the cancellation that occur in the ordinary fermionic sector. In this paper we consider the dynamical symmetry breaking in the minimal SU(3)_{T C} × SU(3)_L × U(1)_X model and we propose a new scheme to cancel the chiral anomalies naturally incorporating the so called “walking behavior” in TC sector. In this case the triangular anomaly is canceled between the TC fermionic sector and the ordinary fermionic content of the model, therefore, the composite scalar content of the model is minimal and all the symmetry breaking is implemented by a multiplet of technifermions Ψ_{ij}.

In the Section III we have shown that the walking behavior displayed by the TC theory is not only essential to produce the effect of anomaly cancellation of model. In this approach the fermionic representation leading to a walking behavior is crucial to promote the full dynamical symmetry breaking of the model, and it provides an extra strength in the fermionic gap equation in order to generate the necessary chiral symmetry breaking. We consider the full gap equation for the “exotic techniquark U^′” that contains the sum of two contributions, the U(1)_X interaction and TC interaction (with walking behavior) and we study the bifurcation condition for this gap equation.

The bifurcation condition is depicted in Figs.(1a) and (1b) for two different choices for the energy scale assigned to the 3-3-1 model. After comparing the results described in these figures we identify that the dynamical mass (M_U ′ ) generated at μ^b_{331} scale is smaller compared with the one obtained at μ^a_{331}. For μ_{331} = μ^b_{331} the TC interaction contributes much less to the dynamical symmetry breaking of the G_{331} symmetry, and therefore its effects are less pronounced, and M_U ′ is less influenced by the effect of a mass scale for technigluons.

We have considered the presence of dynamically massive technigluons. The problems for chiral symmetry breaking in this case have been discussed recently, where confinement may play an important role [38]. In our case the effect of confinement may not be so important for the TC group because the 6 technifermions may produce some screening of the TC force. We just raise this point because if the confinement effect proposed in Ref.[38] is effective, even in the presence of the two-index symmetric technifermions, the chiral symmetry breaking would be stronger and in favor of the minimal model that we are proposing. Of course this is a difficult problem and outside the scope of this work.

From the analysis in Fig. (1a) we can see that the existence of a mass scale for technigluons would be bounded above by the experimental limits imposed on the mass of the Z^′ boson[41]. The Z^′ extra boson particle is predicted in many others extensions of the Standard Model at the TeV mass scale, as in the Sequential Standard Model (Z_{ssm})[42] with standard model like couplings. With data provided by the LHC ( √ s = 7T eV ), the CMS collaboration placed strong constraints on the mass of these particles[42]. The imposition of constraints on the Z^′ mass appearing in some extensions of the Standard Model will depend on the knowledge of the coupling of this boson with Standard Model fermions, for example, in the case of the Z_{ssm} model with standard model like couplings the Z^′ mass can be excluded below 1.14 TeV. This limit can be taken as a lower limit on the mass of the Z^′ boson obtained in our model, therefore the phenomenology associated with the weak sector of this version of 3-3-1 model would then be linked directly to strong effects in TC sector. In this particular case, if M_{Z′} > 1 TeV in order to have the necessary amount of chiral symmetry breaking we obtain a bound in the technigluon mass M_{T G} < 350GeV . Of course, this kind of bound is quite dependent on the 3-3-1 mass scale, as well as this limit does not include possible confinement effects into the gap equation[34, 38], that may weaken the bound in the case of our model.

ACKNOWLEDGMENTS

This research was partially supported by the Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq) and by the Fundação de Apoio ao Desenvolvimento Científico e Tecnológico do Paraná (Fundação Araucária)(AD).

[1] F. Pisano and V. Pleitez, Phys. Rev. D46, 410 (1992). [2] P. H. Frampton, Phys. Rev. Lett. 69, 2889 (1992). [3] V. Pleitez and M.D. Tonasse, Phys. Rev. D48, 2353 (1993).

[4] A. G. Dias, C. A. de S. Pires and P. S. Rodrigues da Silva, Phys.Rev.D 82 035013, (2010). [5] A. Alves, E.Ramirez Barreto and A.G. Dias, Phys.Rev.D 84, 075013 (2011). [6] R. Martinez, F. Ochoa and P. Fonseca, arXiv:1105.4623.

[7] J.M. Cabarcas, D. Gomez Dumm and R. Martinez, J.Phys. G 37 045001 (2010).

[8] J.K. Mizukoshi , C.A. de S.Pires, F.S. Queiroz and P.S. Rodrigues da Silva, Phys. Rev. D 83, 065024 (2011).

[9] A. Doff and F. Pisano, Mod. Phys. Lett. A 14, 1133 (1999). [10] A. Doff and F. Pisano, Mod. Phys. Lett. A 15, 1471 (2000). [11] A. Doff and F. Pisano, Phys.Rev.D 63 097903 (2001). [12] P. Das and P. Jain, Phys. Rev. D 62, 075001 (2000). [13] A. Doff, Phys. Rev. D 76, 037701 (2007). [14] A. Doff, Phys. Rev. D 81, 117702 (2010). [15] B. Holdom, Phys. Rev. D 24, 1441 (1981). [16] B. Holdom, Phys. Lett. B 150, 301 (1985).

[17] T. Appelquist, D. Karabali, and L. C. R. Wijewardhana, Phys. Rev. Lett. 57, 957 (1986). [18] T. Appelquist and L. C. R. Wijewardhana, Phys. Rev. D 36, 568 (1987). [19] K. Yamawaki, M. Bando, and K. I. Matumoto, Phys. Rev. Lett. 56, 1335 (1986). [20] T. Akiba and T. Yanagida, Phys. Lett. B 169 , 432 (1986). [21] F. Sannino, Int. J. Mod. Phys. A 20, 6133 (2005).

[22] D. D. Dietrich, F. Sannino, and K. Tuominen, Phys. Rev. D 72, 055001 (2005). [23] N. Evans and F. Sannino, arXiv:hep-ph/0512080.

[24] D. D. Dietrich, F. Sannino, and K. Tuominen, Phys. Rev. D 73, 037701 (2006). [25] D. D. Dietrich and F. Sannino, Phys. Rev. D 75, 085018 (2007).

[26] R. Foadi, M. T. Frandsen, T. A. Ryttov, and F. Sannino, Phys. Rev. D 76, 055005 (2007). [27] R. Foadi, M. T. Frandsen, and F. Sannino, Phys. Rev. D 77 097702 (2008). [28] A. Doff, F. A. Machado and A. A. Natale, hep-ph 1112.0926 (2011). [29] In this model we assumed that technifermions are singlets of SU(3)_c. [30] S. Raby, S. Dimopoulos and L. Susskind, Nucl. Phys. B ¯ 169, 373 (1980).

[31] J. M. Cornwall, Phys. Rev. D 26, 1453 (1982).

[32] J. M. Cornwall, J. Papavassiliou and D. Binosi, The pinch technique and applications to non- Abelian gauge theories, Cambridge University Press, Cambridge 2011.

[33] A. C. Aguilar, D. Binosi and J. Papavassiliou, Phys. Rev. D 78, 025010 2008. [34] A. Doff, F. A. Machado and A. A. Natale, Annals of Physics 327 , 1030 (2012). [35] A. C. Aguilar, A. A. Natale and P. S. Rodrigues da Silva, Phys. Rev. Lett. 90, 152001 (2003). [36] A. C. Aguilar, A. Mihara and A. A. Natale, Phys. Rev. D 65, 054011 (2002).

[37] C. D. Roberts and B. H. J. McKellar, Phys. Rev. D 41, 672 (1990). [38] J. M. Cornwall, Phys. Rev. D 83, 076001 (2011).

[39] D. Atkinson, V. P. Gusynin and P. Maris, Phys. Lett. B 303, 157 (1993). [40] Alex G. Dias, R. Martinez and V. Pleitez, Eur. Phys. J. C 39, 101 (2005). [41] J. Beringer et al. (Particle Data Group), Phys. Rev. D 86, 010001 (2012). [42] S. Chatrchyan et al. [CMS Collab.], JHEP 1105, 093 (2011).