arXiv:hep-ph/0511057 v1 5 Nov 2005

Study of the SU(3)_c ⊗ SU(3)_L ⊗ U(1)_X model with the minimal scalar sector

Diego A. Gutiérrez,^1 William A. Ponce,^1 and Luis A. Sánchez^2 1Instituto de Física, Universidad de Antioquia, A.A. 1226, Medellín, Colombia 2Escuela de Física, Universidad Nacional de Colombia, A.A. 3840, Medellín, Colombia

A study of the three-family local gauge group SU(3)c ⊗ SU(3)L ⊗ U(1)X with right-handed neutrinos is carried out. We use the minimal scalar sector able to break the symmetry in a proper way and produce, at the same time, masses for the fermion fields. We embed the structure into a simple gauge group and, by using experimental results from the CERN LEP, SLAC linear collider and atomic parity violation data, we also constrain relevant parameters for the new neutral and charged currents. We discuss the mass spectrum for the gauge boson sector and for the spin 1/2 particles. With the use of discrete symmetries and the introduction of extra scalar fields, a consistent mass spectrum could be constructed.

PACS numbers: 12.60.Cn, 12.15.Ff, 12.15.Mm

I. INTRODUCTION

The number of fermion families in nature and the pattern of fermion masses and mixing angles are two of the most intriguing puzzles in modern particle physics. The 3-3-1 extension of the Standard Model (SM) of the strong and electroweak interactions, based on the local gauge group SU (3)_c ⊗ SU (3)_L ⊗ U (1)_X , provides an interesting attempt to answer the question on family replication. In fact, this extension has among its best features that several models can be constructed so that anomaly cancellation is achieved by an interplay between the families, all of them under the condition N_f = N_c = 3, where N_f is the number of families and N_c is the number of colors of SU (3)_c (three-family models)[1, 2].

Two 3-3-1 three-family models have been studied extensively over the last decade. In one of them the three known left-handed lepton components for each family are associated to three SU (3)_L triplets as (ν_l, l^−, l^+)_L, where l^+_L is related to the right-handed isospin singlet of the charged lepton l^−_L in the SM [1]. In the other model the three SU (3)_L lepton triplets are of the form (ν_l, l^−, ν^c_l )_L, where ν^c_l is related to the right-handed component of the neutrino field ν_l (a model with right-handed neutrinos)[2]. In the first model anomaly cancellation implies quarks with exotic electric charges −4/3 and 5/3, while in the second one the extra particles have only ordinary electric charges.

Our aim in this paper is to carry a phenomenology analysis of the 3-3-1 model in the version that includes right-handed neutrinos with a minimal content of Higgs scalars [3]. We are going to set updated constraints on several parameters of the model (including those related to the weak neutral currents), to check if the model can be embedded into a simple gauge group structure, and most important, to check if the model can reproduce realistic results as far as the fermion mass spectrum is concerned.

We already know, from the analysis presented in Refs. [4, 5], that models based on the 3-3-1 local gauge structure are suitable to describe some neutrino properties, because they include in a natural way most of the ingredients needed to explain the masses and mixing in the neutrino sector. In particular, Ref. [4] addresses this issue in the context of the model studied here. Even though we are going to concentrate mainly in other aspects of the model, we will show an alternative way to produce tiny neutrino masses with maximal mixing.

This paper is organized as follows: In Sec. II we review and present some novel features of the model. In Sec. III we study the fermion mass spectrum, and in Sec. IV we fix the mixing angles between the flavor diagonal neutral currents present in the model. In Sec. V we present our conclusions.

II. THE MODEL

Some of the formulas presented in this section are taken from Refs. [2] and [3]. Corrections to some minor printing mistakes in the original papers are included.

A. The gauge group

As it was stated above, the model we are interested in is based on the local gauge group SU (3)_c ⊗SU (3)_L ⊗U (1)_X which has 17 gauge bosons: one gauge field B^μ associated with U (1)_X , the 8 gluon fields G^μ associated with SU (3)_c which remain massless after breaking the symmetry, and another 8 gauge fields associated with SU (3)_L and that we write for convenience as [3] 1 2 λ_αA^μ_α = 1 √ 2 D^μ_1 W^{+μ} K^{+μ} W^{−μ} D^μ_2 K^{0μ} K^{−μ} K̄^{0μ} D^μ_3 , (1)

where D^μ_1 = A^μ_3 / √ 2 + A^μ_8 / √ 6, D^μ_2 = −A^μ_3 / √ 2 + A^μ_8 / √ 6, and D^μ_3 = −2A^μ_8 / √ 6. λ_i, i = 1, 2, ..., 8, are the eight Gell-Mann matrices normalized as T r(λ_iλ_j ) = 2δ_{ij} .

The charge operator associated with the unbroken gauge symmetry U (1)_Q is given by Q = λ_{3L} 2 + λ_{8L} 2 √ 3 + XI_3, (2)

where I_3 = Diag.(1, 1, 1) (the diagonal 3 × 3 unit matrix), and the X values are related to the U (1)_X hypercharge and are fixed by anomaly cancellation. The sine square of the electroweak mixing angle is given by S^2_W = 3g^2_1/(3g^2_3 + 4g^2_1), where g_1 and g_3 are the coupling constants of U (1)_X and SU (3)_L respectively, and the photon field is given by

A^μ_0 = S_W A^μ_3 + C_W [ T_W √ 3 A^μ_8 + √ (1 − T^2_W /3)B^μ ] , (3)

where C_W and T_W are the cosine and tangent of the electroweak mixing angle, respectively.

There are two weak neutral currents in the model associated with the two flavor diagonal neutral gauge weak bosons

Z^μ_0 = C_W A^μ_3 − S_W [ T_W √ 3 A^μ_8 + √ (1 − T^2_W /3)B^μ ] , Z^{′μ}_0 = − √ (1 − T^2_W /3)A^μ_8 + T_W √ 3 B^μ, (4)

and one current associated with the flavor non diagonal neutral gauge boson K^{0μ} which carries a kind of weak V-isospin charge. In the former expressions Z^μ_0 coincides with the weak neutral current of the SM. Using Eqs. (3) and (4) we can read that the gauge boson Y^μ associated with the U (1)_Y hypercharge in the SM is

Y^μ = T_W √ 3 A^μ_8 + √ (1 − T^2_W /3)B^μ. (5)

B. The spin 1/2 particle content

The quark content for the three families is the following: Q^i_L = (u^i, d^i, D^i)_L ∼ (3, 3, 0), i = 2, 3, for two families, where D^i_L are two extra quarks of electric charge −1/3 (the numbers inside the parentheses stand for the [SU (3)_c, SU (3)_L, U (1)_X ] quantum numbers in that order); Q^1_L = (d^1, u^1, U )_L ∼ (3, 3^∗, 1/3), where U_L is an extra quark of electric charge 2/3. The right handed quarks are u^{ac}_L ∼ (3^∗, 1, −2/3), d^{ac}_L ∼ (3^∗, 1, 1/3) with a = 1, 2, 3, a family index, D^{ic}_L ∼ (3^∗, 1, 1/3), i = 2, 3, and U^c_L ∼ (3^∗, 1, −2/3).

The lepton content is given by the three SU (3)_L antitriplets L_{aL} = (e^−_a , ν^0_a, N^0_a )_L ∼ (1, 3^∗, −1/3), for a = 1, 2, 3 = e, μ, τ respectively, and the three singlets e^+_{aL} ∼ (1, 1, 1), where ν^0_a is the neutrino field associated with the lepton e_a and N^0_a plays the role of the right-handed neutrino field associated to the same flavor. Notice that this model does not contain exotic charged leptons, and universality for the known leptons in the three families is present at tree level in the weak basis.

With these quantum numbers it is just a matter of counting to check that the model is free of the following gauge anomalies [3]: [SU (3)_c]^3; (as in the SM SU (3)_c is vectorlike); [SU (3)_L]^3 (six triplets and six anti-triplets), [SU (3)_c]^2U (1)_X ; [SU (3)_L]^2U (1)_X ; [grav]^2U (1)_X and [U (1)_X ]^3, where [grav]^2U (1)_X stands for the gravitational anomaly [6].

C. SU(6) as a covering group

The Lie algebra of SU (3) ⊗ SU (3) ⊗ U (1) is a maximal subalgebra of the simple algebra of SU (6). The five fundamental irreducible representations (irreps) of SU (6) are: [6], [6^∗], [15], [15^∗] and the [20] which is real. The branching rules for these fundamental irreps into SU (3)_c ⊗ SU (3)_L ⊗ U (1)_X are [7]

[6] −→ (3, 3, −1/3) ⊕ (1, 3, 1/3), [15] −→ (3^∗, 1, −2/3) ⊕ (1, 3^∗, 2/3) ⊕ (3, 3, 0), [20] −→ (1, 1, 1) ⊕ (1, 1, −1) ⊕ (3, 3^∗, 1/3) ⊕(3^∗, 3, −1/3), where we have normalized the U (1)_X hypercharge according to our needs.

From these branching rules and from the fermion structure presented above, it is clear that all the particles in this 3-3-1 model can be included in the following SU (6) reducible representation

5[6^∗] + 3[20] + 4[15], (6)

which, besides the particles in the representations already stated in the previous section, includes new exotic particles, as for example

(N^0, E^+, E^{′+})_L ∼ (1, 3^∗, 2/3) ⊂ [15], E^−_L ∼ (1, 1, −1) ⊂ [20], (D^{′c}, U^{′c}, U^{′′c})L ∼ (3^∗, 3, −1/3) ⊂ [20]. The analysis shows that the reducible representation in Eq. (6) is anomalous. The simplest SU (6) reducible representation which is free of anomalies and includes the fields in Eq. (6) is given by [8]

8[6^∗] + 3[20] + 4[15], (7)

which includes a good deal of new exotic particles (all of them with ordinary electric charges): four families of 3-3-1 up and down type quarks, four more exotic downtype quarks, plus eight families of 3-3-1 lepton triplets, among other particles.

Our analysis, even tough producing a messy spectrum, is full of physical content, and it seems to contradict the analysis presented in Ref. [8] where a three-family standard model of particles can be embedded only into a group of rank eight or larger (as for example SU (9)). The point here is that the extra fields in Eq. (7) are not a vectorlike structure with respect to the 3-3-1 subgroup of SU (6) (the structure in Eq. (7) violates the so called survival hypothesis and then the analysis presented in Refs. [8] does not follow).

D. The minimal scalar sector

For this model the minimal scalar sector able to properly break the symmetry, to provide with masses to the eight gauge bosons related to the eight broken generators in SU (3)_L ⊗ U (1)_X and, at the same time, able to provide with Yukawa terms for the fermion fields in the model, is given by [3]: ϕ^T_1 = (ϕ^−_1 , ϕ^0_1, ϕ^{′0}_1 ) ∼ (1, 3^∗, −1/3), and ϕ^T_2 = (ϕ^0_2, ϕ^+_2 , ϕ^{′+}_2 ) ∼ (1, 3^∗, 2/3), with Vacuum Expectation Values (VEV) given by ⟨ϕ_1⟩^T = (0, v_1, V ) and ⟨ϕ_2⟩^T = (v_2, 0, 0).

The usual analysis shows that this set of VEV breaks the symmetry in one single step

SU (3)_c ⊗ SU (3)_L ⊗ U (1)_X −→ SU (3)_c ⊗ U (1)_Q. (8)

For the particular value v_1 = 0, the symmetry breaking chain becomes

3 − 3 − 1^V−→ SU (3)_c ⊗ SU (2)_L ⊗ U (1)_Y v_2−→ SU (3) c ⊗ U (1)_Q, (9)

which in turn allows for the matching conditions g_2 = g_3 and 1 g^{′2} = 1 g^2_1 + 1 3g^2

, (10)

where g_2 and g^′ are the gauge coupling constants of the SU (2)_L and U (1)_Y gauge groups in the SM, respectively. Then, for v_1 = 0 the SM becomes a low energy theory of this particular 3-3-1 gauge structure.

We will see in the next section that this scalar structure properly breaks the symmetry and provides with masses for the gauge bosons, but it is not enough to produce a consistent mass spectrum for the quark sector, and at least one more Higgs triplet, which does not develop VEV, must be introduced.

E. The gauge boson sector

After breaking the symmetry with ⟨ϕ_i⟩, i = 1, 2, and using the covariant derivative for triplets D^μ = ∂^μ − ig_3λ_{αL}A^μ_α/2−ig_1XB_μ I_3, we get the following mass terms in the gauge boson sector.

1. Spectrum in the charged gauge boson sector

In the basis (K^±_μ , W^±_μ ), the square mass matrix produced by the VEV of the scalar fields is

M^2_± = g^2_3 2 ( (V^2 + v^2) v_1V v_1V (v^2_1 + v^2) ) , (11) a symmetric mass matrix having eigenvalues M^2_W ′ = g^2_3v^2/2 and M^2_K′ = g^2_3(v^2_1 + v^2 + V^2)/2, related to the physical fields W^′_μ = κ(V W_μ − v_1K_μ), and K^′_μ = κ(V K_μ + v_1W_μ), respectively. The first of them is associated with the known charged weak current W^{′±}_μ , and the second with a new one K^{′±}_μ predicted by this model (κ^{−2} = v^2_1 + V^2 is a normalization factor). From the experimental value M_W ′ = 80.423 ± 0.039 GeV [9] we obtain v_2 ≃ 175 GeV as in the SM, with v_1 being a free parameter as far as the M_W ′ mass value is concerned.

Notice that for v_1 = 0 there is no mixing between the two charged gauge bosons, and the mass for the known physical gauge boson M^2_W ′ is not altered. A crude value for v_1 can be estimated at this point in the following way: by using for the mass of W^′_μ ≡ (cos ηW_μ − sin ηK_μ) the experimental value given above, and using the relationship [10]

tan^2 η ≡ v^2_1 V^2 = M^2_W ′ − M^2_{sm} M^2_K′ − M^2_W ′ ≃ M^2_W ′ − M^2_{sm} g^2_3V^2/2

, (12)

with M_{sm} = 80.380 ± 0.023 (the W mass calculated from the SM), and V ∼ 1 TeV, we get 0 ≤ η ≤ 0.1, which in turn implies 0 ≤ v_1 ≤ 100 GeV, small than the electroweak scale any way, with the largest value for η coming from the large experimental and theoretical errors in the value for M_W . We are going to show below that v_1 must be very small since it is related to the mass scale of the neutrinos in the model.

2. Spectrum in the neutral gauge boson sector

For the five electrically neutral gauge bosons we get first, that the imaginary part of K^0_μ = (K^0_{μR} + iK^0_{μI} )/ √ 2 decouples from the other four electrically neutral gauge bosons, acquiring a mass M^2_{K0I} = g^2_3(v^2_1 + V^2)/2. Then,

in the basis (B^μ, A^μ_3 , A^μ_8 , K^{0μ}_R ), a singular 4 × 4 matrix is obtained with the eigenvector associated with the zero eigenvalue corresponding to the photon field A^μ_0 in Eq. (3) [3]. The remaining 3×3 mass matrix, in the basis (Z^μ, Z^{′μ}, K^{0μ}_R ), reduces to

v^2_1 +v^2 δ^2 v^2_1 C_{2W} −v^2 δ −C_W v_1V δ^2 v^2_1 C_{2W} −v^2

δ (v^2_1C^2_{2W} + v^2 + 4V^2C^4_W )^{CW v1V}_δ −C_W v_1V δ^2

C_W v_1V δ C^2_W (v^2_1 +V^2) δ^2 , (13) times a coefficient δ^2g^2_3/2C^2_W , where C_{2W} = C^2_W − S^2_W and δ^{−2} = (3 − 4S^2_W ). The eigenvectors and eigenvalues of this matrix should correspond to the physical fields and their masses, respectively.

From this matrix we see that in the limit v_1 = 0, K^{0μ}_R does not mix with the fields Z^μ and Z^{′μ} and it picks up a mass value equal to the mass of M_K0_I , which in turn implies that K^{0μ} and K̄^{0μ} (the antiparticle of K^{0μ}) have equal masses, as they should in a well CPT behaved field theoretical framework.

Allowing for a v_1 ≠ 0 and using the matrix entries in Eq. (13), we can read the mixing between Z^μ_0 and K^{0μ}_R

tan(2ψ) =

2V v_1C_W V^2C^2_W − v^2 − v^2_1S^2_W

, (14)

which goes to zero in the limit v_1 = 0 as it should be. In this limit K^{0μ}_R decouples from Z^μ_0 , and also from Z^{′μ}_0 . In what follows, even when ψ ≠ 0, we will assume it takes a very small value and we will use cos ψ ≈ 1 and sin ψ ≈ ψ.

More relevant is the mixing between Z^μ_0 and Z^{′μ}_0 which is given by

tan(2θ) = 2 √ (3 − 4S^2_W )(v^2 − v^2_1 C_{2W} ) 4V^2C^4_W − 2v^2C_{2W} − v^2_1(3 − 4S^2_W − C^2_{2W} ) v_1=0−→ v 2 2 √ 3 − 4S^2_W 2V^2C^4_W − v^2C_{2W}

. (15)

The physical fields are

Z^μ_1 = Z^μ_0 cos θ cos ψ − Z^{′μ} sin θ − K^{0μ}_R cos θ sin ψ , Z^μ_2 = Z^μ_0 (sin θ cos ψ cos ϕ − sin ψ sin ϕ)

+Z^{′μ}_0 cos θ cos ϕ −K^{0μ}_R (sin ϕ cos ψ + sin θ sin ψ cos ϕ), K^{′μ}_0 = Z^μ_0 (sin θ cos ψ sin ϕ + sin ψ cos ϕ)

+Z^{′μ}_0 cos θ sin ϕ +K^{0μ}_R (cos ϕ cos ψ − sin θ sin ψ sin ϕ),

where ϕ is the mixing angle between Z^{′μ}_0 and K^{μ0}_R which is also very small and it is zero in the limit v_1 = 0. In this limit the physical fields are K^{μ0} and Z^μ_1 = Z^μ_0 cos θ − Z^{′μ}_0 sin θ , Z^μ_2 = Z^μ_0 sin θ + Z^{′μ}_0 cos θ, where the mixing angle θ is going to be bounded in Sec. IV using experimental constraints.

F. Currents

1. Charged currents

The Hamiltonian for the currents, charged under the generators of the SU (3)_L group, is H^{CC} = g_3(W^+_μ J^μ_{W +} + K^+_μ J^μ_{K+} + K^0_μJ^μ_{K0} )/ √ 2 + h.c., with

J^μ_{W +} = ( 3∑ i=2 ū^i_Lγ^μd^i_L) − ū^1_Lγ^μd^1_L − ∑ a=e,μ,τ ν̄_{aL}γ^μe^−_{aL},

J^μ_{K+} = ( 3∑ i=2 ū^i_Lγ^μD^i_L) − Ū_Lγ^μd^1_L − ∑ a=e,μ,τ N̄^0_{aL}γ^μe^−_{aL},

J^μ_{K0} = ( 3∑ i=2 d̄^i_Lγ^μD^i_L) − Ū_Lγ^μu^1_L − ∑ a=e,μ,τ N̄^0_{aL}γ^μν_{aL}, where K^0_μ is electrically neutral but carries weak Visospin, besides it is flavor non diagonal.

2. Neutral currents

The neutral currents J_μ(EM ), J_μ(Z) and J_μ(Z^′), associated with the Hamiltonian H^0 = eA^μJ_μ(EM ) + (g_3/C_W )Z^μJ_μ(Z) + (g_1/ √ 3)Z^{′μ}J_μ(Z^′), are

J_μ(EM ) = 2 3 [_3 ∑ a=1 ū_aγ_μu_a + Ūγ_μU ]

− 1 3 [_3 ∑ a=1 d̄^aγ_μd^a +^2 ∑ i=1 D̄^iγ_μD^i ]

− ∑ a=e,μ,τ ē^−_a γ_μe^−_a = ∑ f q_f f̄ γ_μf, J_μ(Z) = J_{μ,L}(Z) − S^2_W J_μ(EM ), J_μ(Z^′) = −J_{μ,L}(Z^′) + T_W J_μ(EM ),

where e = g_3S_W = g_1C_W √ (1 − T^2_W /3) > 0 is the electric charge, q_f is the electric charge of the fermion f in units of e, and J_μ(EM ) is the electromagnetic current.

The left-handed currents are J_{μ,L}(Z) = 1 2 [ 3∑ a=1 (ū^a_Lγ_μu^a_L − d̄^a_Lγ_μd^a_L) + ∑ a=e,μ,τ (ν̄_{aL}γ_μν_{aL} − ē^−_{aL}γ_μe^−_{aL})] = ∑ F F̄_LT_{3f} γ_μF_L, (16)

J_{μ,L}(Z^′) = S^{−1}_{2W} [ū_{2L}γ_μu_{2L} + ū_{3L}γ_μu_{3L} − d̄_{1L}γ_μd_{1L} − ∑ a (ē_{aL}γ_μe_{aL})] +T^{−1}_{2W} [d̄_{2L}γ_μu_{dL} + d̄_{3L}γ_μu_{dL} −ū_{1L}γ_μu_{1L} − ∑ a (ν̄_{aL}γ_μν_{aL})] +T^{−1}_W [D̄_{2L}γ_μD_{2L} + D̄_{3L}γ_μD_{3L} −Ū_{1L}γ_μU_{1L} − ∑ a (N̄_{aL}γ_μN_{aL})] = ∑ F F̄_LT^′_{3f} γ_μF_L, (17)

where S_{2W} = 2S_W C_W , T_{2W} = S_{2W} /C_{2W} , T_{3f} = Dg(1/2, −1/2, 0) is the third component of the weak isospin, T^′_{3f} = Dg(S^{−1}_{2W} , T^{−1}_{2W} , −T^{−1}_W ) is a convenient 3×3 diagonal matrix, acting both of them on the representation 3 of SU (3)_L (the negative value when acting on the representation 3^∗, which is also true for the matrix T_{3f} ) and F is a generic symbol for the representations 3 and 3^∗ of SU (3)_L. Notice that J_μ(Z) is the neutral current of the SM (with the extra fields included in J_μ(EM )).

This allows us to identify Z_μ as the neutral gauge boson of the SM, which is consistent with Eqs. (4) and (5).

The couplings of the flavor diagonal mass eigenstates Z^μ_1 and Z^μ_2 are given by H^{NC} = g_3 2C_W 2∑ i=1 Z^μ_i ∑ f {f̄ γ_μ[a_{iL}(f)(1 − γ_5)

+a_{iR}(f)(1 + γ_5)]f} = g_3 2C_W 2∑ i=1 Z^μ_i ∑ f {f̄ γ_μ[g(f)_{iV} − g(f)_{iA}γ_5]f},

with

a_{1L}(f) = cos θ cos ψ(T_{3f} − q_f S^2_W ) +Θ sin θ(T^′_{3f} − q_f T_W ), a_{1R}(f) = −q_f ( cos θ cos ψS^2_W + Θ sin θT_W ) , a_{2L}(f) = S_A(T_{3f} − q_f S^2_W )

−Θ cos θ cos ϕ(T^′_{3f} − q_f T_W ), a_{2R}(f) = −q_f ( S_AS^2_W − Θ cos θ cos ϕT_W ) , (18)

where S_A = (sin θ cos ϕ cos ψ − sin ϕ sin ψ), and Θ = S_W C_W / √ (3 − 4S^2_W ). From these coefficients we can read

g(f)_{1V} = cos θ cos ψ(T_{3f} − 2q_f S^2_W )

+Θ sin θ(T^′_{3f} − 2q_f T_W ),

g(f)_{2V} = S_A(T_{3f} − 2q_f S^2_W )

−Θ cos θ cos ϕ(T^′_{3f} − 2q_f T_W ),

g(f)_{1A} = cos θ cos ψT_{3f} + Θ sin θT^′_{3f} ,

g(f)_{2A} = S_AT_{3f} − Θ cos θ cos ϕT^′_{3f} . (19)

The values of g_{iV} and g_{iA}, with i = 1, 2, are listed in Tables I and II.

As we can see, in the limit θ = 0 the couplings of Z^μ_1 to the ordinary leptons and quarks are the same as in the SM; due to this property we can test the new physics beyond the SM predicted by this particular model.

III. FERMION MASSES

The Higgs scalars introduced in Sec. II D break the symmetry in an appropriate way and, at the same time, are the only scalar representations able to produce mass terms for the fermion fields via Yukawa interactions.

A. The up quark sector

The Yukawa terms for the up quark sector are

L^u_Y = Q^1_Lϕ^∗_1C(h^U U^c_L + 3∑ a=1 h^u_au^{ac}_L )

+ 3∑ i=2 Q^i_Lϕ_2C( 3∑ a=1 h^u_{ia}u^{ac}_L + h^U_i U^c_L) + h.c., (20) where the h^′s are Yukawa couplings and C is the charge conjugation operator. By introducing a symmetry which forbids the term proportional to h^u_a and h^U_i (see below) and in the basis (u^1, u^2, u^3, U ) we get, from Eq. (20), the following tree-level mass matrix

M_u =

0 h^u_{21}v_2 h^u_{31}v_2 0 0 h^u_{22}v_2 h^u_{32}v_2 0 0 h^u_{23}v_2 h^u_{33}v_2 0 h^U v_1 0 0 h^U V

, (21)

The matrix M^†_uM_u has one eigenvalue equal to zero associated to the quark u^1 which we identify as the u quark in the first family. The other three eigenvalues are: one at the scale V^2 with eigenvector U and two at the electroweak scale v^2, one of them suppressed by differences of Yukawa couplings; let us see:

First, if we set the 8 Yukawa couplings equal to a common real value h^u, then two zero eigenvalues are obtained, one corresponding to u^1 and the other one associated to (u^2 − u^3)/ √ 2. The two eigenvalues different from zero are: (h^uV )^2 related to the exotic U quark and (2h^uv_2)^2 related to the eigenvector (u^2 + u^3)/ √ 2 which we may identify as the top quark t, with a proper mass if we set h^u = 0.5.

Next, let us set h^u_{21} = h^u_{31} = h^U = h^u, h^u_{22} = h^u_{33} = h_a and h^u_{23} = h^u_{32} = h_b, then we have now only one zero eigenvalue related with the u^1 quark in the first family, one eigenvalue equal to (h_uV )^2 associated to the exotic U quark, a third eigenvalue (h^2_a + h^2_b )v^2 with eigenvector (u^2 + u^3)/ √ 2 that we may identify with the top quark t, and a fourth eigenvalue (h^2_a − h^2_b)v^2 with eigenvector (u^2 − u^3)/ √ 2 that we may identify with the charm quark c. This result is quite interesting by itself because it allows us to identify, for the up quark sector, the mass eigenstates as a function of the weak eigenstates, and the model becomes a realistic one (at least for the up quark sector) as far as we can identify a mechanism able to generate afterwards a mass for the u quark in the first family.

Clearly there is not an ingredient able to generate this mass in the model presented so far. What we propose here is to introduce a third scalar ϕ^T_3 = (ϕ^−_3 , ϕ^0_3, ϕ^{′0}_3 ) ∼ (1, 3^∗, −1/3) which does not develop a VEV, but that couples to the up quark sector via a Yukawa term of the form Q^1_Lϕ^∗_3C ∑ a h^{′u}_a u^{ac}_L . Then the up quark picks up a radiative mass via the diagram depicted in Fig. 1, where the mixing in the neutral sector is due to a totally antisymmetric term in the scalar potential of the form λϕ_1ϕ_2ϕ_3, where the SU (3)_L indexes are understood.

The restrictions on the Yukawa couplings in the up quark sector can be realized by requiring invariance under an anomaly free discrete Z_2 symmetry [11], with the

TABLE I: The Z^μ_1 −→ f̄f couplings. f g(f)1V g(f)1A u^{2,3} (^1_2 −^{4S2W}_3 ) cos θ cos ψ + Θ(s^{−1}_{2W} −^{4TW}_3 ) sin θ^1_2 cos θ cos ψ + ΘS^{−1}_{2W} sin θ u^1 (^1_2 −^{4S2W}_3 ) cos θ cos ψ − Θ(T^{−1}_{2W} +^{4TW}_3 ) sin θ^1_2 cos θ cos ψ − ΘT^{−1}_{2W} sin θ d^{2,3} (−^1_2 +^{2S2W}_3 ) cos θ cos ψ + Θ(T^{−1}_{2W} +^{2TW}_3 ) sin θ −^1_2 cos θ cos ψ + ΘT^{−1}_{2W} sin θ d^1 (−^1_2 +^{2S2W}_3 ) cos θ cos ψ − Θ(S^{−1}_{2W} −^{2TW}_3 ) sin θ −^1_2 cos θ cos ψ − ΘS^{−1}_{2W} sin θ U −^{4S2W}_3 cos θ cos ψ − Θ(T^{−1}_W +^{4TW}_3 ) sin θ ΘT^{−1}_W sin θ D1,2^{2S2W}_3 cos θ cos ψ + Θ(T^{−1}_W +^{2TW}_3 ) sin θ −ΘT^{−1}_W sin θ e^−_{1,2,3} (−^1_2 + 2S^2_W ) cos θ cos ψ − Θ(S^{−1}_{2W} − 2TW ) sin θ −^1_2 cos θ cos ψ − ΘS^{−1}_{2W} sin θ ν1,2,3^1_2 cos θ cos ψ − ΘT^{−1}_{2W} sin θ^1_2 cos θ cos ψ − ΘT^{−1}_{2W} sin θ N^0_{1,2,3} −ΘT^{−1}_W sin θ −ΘT^{−1}_W sin θ

TABLE II: The Z^μ_2 −→ f̄f couplings. f g(f)2V g(f)2A u^{2,3} (^1_2 −^{4S2W}_3 )SA − Θ(S^{−1}_{2W} −^{4TW}_3 ) cos θ cos ϕ^1_2 SA − ΘS^{−1}_{2W} cos θ cos ϕ u^1 (^1_2 −^{4S2W}_3 )SA + Θ(T^{−1}_{2W} +^{4TW}_3 ) cos θ cos ϕ^1_2 SA + ΘT^{−1}_{2W} cos θ cos ϕ d^{2,3} (−^1_2 +^{2S2W}_3 )SA − Θ(T^{−1}_{2W} +^{2TW}_3 ) cos θ cos ϕ −^1_2 SA − ΘT^{−1}_{2W} cos θ cos ϕ d^1 (−^1_2 +^{2S2W}_3 )SA + Θ(S^{−1}_{2W} −^{2TW}_3 ) cos θ cos ϕ −^1_2 SA + ΘS^{−1}_{2W} cos θ cos ϕ U −^{4S2W}_3 SA + Θ(T^{−1}_W +^{4TW}_3 ) cos θ cos ϕ ΘT^{−1}_W cos θ cos ϕ D^{2,3 2S2W}_3 SA − Θ(T^{−1}_W +^{2TW}_3 ) cos θ cos ϕ −ΘT^{−1}_W cos θ cos ϕ e^−_{1,2,3} (−^1_2 + 2S^2_W )SA + Θ(S^{−1}_{2W} −^{2TW}_3 ) cos θ cos ϕ −^1_2 SA + ΘS^{−1}_{2W} cos θ cos ϕ ν1,2,3^1_2 SA + ΘT^{−1}_{2W} cos θ cos ϕ^1_2 SA + ΘT^{−1}_{2W} cos θ cos ϕ N^0_{1,2,3} ΘT^{−1}_W cos θ cos ϕ ΘT^{−1}_W cos θ cos ϕ

FIG. 1: One loop diagram contributing to the radiative generation of the up quark mass.

following assignments of Z_2 charge q q(Q^a_L, U^c_L, D^{ic}_L , e^{ac}_L , ϕ_1) = 0, q(u^{ac}_L , d^{ac}_L , L^a_L, ϕ_2, ϕ_3) = 1,

for a = 1, 2, 3 and i = 1, 2; where we have included the down quark and lepton sectors, anticipating the analysis which follows.

As can be seen, we have avoided a hierarchy of the Yukawa couplings in the up quark sector just by introducing the extra Higgs field ϕ_3, obtaining in this way a neat mass spectrum in this sector.

B. The down quark sector

The most general Yukawa terms for the down quark sector, using just ϕ_1 and ϕ_2, are

L^d_Y = Q^1_Lϕ^∗_2C( ∑ i h^D_i D^{ic}_L + ∑ a h^d_ad^{ac}_L ) + ∑ i Q^i_Lϕ_1C( ∑ a h^d_{ia}d^{ac}_L + ∑ j h^D_{ij} D^{jc}_L ) + h.c. (22) In the basis (d^1, d^2, d^3, D^2, D^3) and with the Z_2 symmetry introduced above, this lagrangian produces a treelevel down quark mass matrix of the form

M_d = h^d_1v_2 0 0 0 0 h^d_2v_2 0 0 0 0 h^d_3v_2 0 0 0 0 0 h^D_{22}v_1 h^D_{32}v_1 h^D_{22}V h^D_{32}V 0 h^D_{23}v_1 h^D_{33}v_1 h^D_{23}V h^D_{33}V

. (23)

The matrix M^†_d M_d has two eigenvalues equal to zero (even for v_1 ≠ 0). For h^d_1 = h^d_2 = h^d_3 ≡ h^d, and h^D_{ij} of order one, the nonzero eigenvalues are: two of the order of V that we may identify with the masses of the heavy

FIG. 2: One loop diagram contributing to the radiative generation of the down quark mass.

exotic quarks D^1 and D^2, and one of the order of 3h^dv_2 that we may identify with the mass of the ordinary down quark d^1, with a hierarchy h^d/h^u ∼ 10^{−4} (this hierarchy can be eliminated by introducing more scalars). The two states with zero eigenvalues are linear combinations of d^2 and d^3 that we may identify with the bottom and strange quarks.

The ingredient that generates radiative masses for the two tree-level massless states is just the scalar field ϕ_3 used in the up quark sector, via a Yukawa term of the form Q^i_Lϕ_3C ∑ a h^{′d}_{ia}d^{ac}_L . The diagram in Fig. 2 shows how to generate these masses at the one loop level, one of them enhanced by sum of Yukawa couplings and the other one depleted by difference of Yukawa couplings.

Notice that the mass eigenstates are related to the weak eigenstates (up to small mixing of the order of v_1 with the two exotic down quarks) in the following way: for the bottom quark b ≈ (d^3 + d^2)/ √ 2, for the strange quark s ≈ (d^3 − d^2)/ √ 2, and for the down quark d ≈ d^1 plus mixing via radiative loops with the other four down type quarks.

Our findings here are that the spectrum in the down quark sector is not as neat as it is in the up quark sector, and that the up-down hierarchy is unavoidable in the context of the analysis presented.

C. The charged lepton sector

The Yukawa term for the three charged leptons allowed by the discrete symmetry is

L^l_Y = 3∑ a,b=1 h^e_{ab}L_{aL}ϕ^∗_2Ce_{bL} + h.c., (24)

which, in the basis (e^1, e^2, e^3), produces a mass matrix of the form

M_e = v_2 h^e_{11} h^e_{12} h^e_{13} h^e_{21} h^e_{22} h^e_{23} h^e_{31} h^e_{32} h^e_{33} . (25)

With all the Yukawa couplings equal, this is a democratic type mass matrix which, as we know, is a good starting

FIG. 3: One loop diagram contributing to the radiative generation of a Dirac mass for the neutrinos.

point to generate consistent lepton mass matrices. The disadvantage here is again the strong hierarchy to be imposed between the Yukawa couplings in the up, down and leptonic sectors.

We can avoid again the hierarchy by using a discrete symmetry in order to eliminate the tree-level mass term, and introducing Higgses (leptoquarks) able to produce radiative masses for all the charged leptons.

D. The neutral lepton sector

The discrete Z_2 symmetry avoids the only possible Yukawa term leading to tree-level neutrino masses [4], which is of the form L^n_y = λ_{ab}L^a_LL^b_Lϕ_2. However, the neutrinos can get radiative Dirac type masses using the mixing between the two charged gauge bosons as depicted in Fig. 3. The mass matrix generated in this way is of the democratic type with large mixing among the several flavors. Notice also that the value of v_1 must be very small in order to have a small neutrino mass scale, in agreement with the analysis in Sec. II (if v_1 = 0 the mechanism in Ref. [4] is still available).

Notice the particular way how the neutrinos mix and get masses in this model. They acquire only Dirac type masses via a one loop radiative correction, which is different to the well known ways of generating neutrino masses, namely, the Zee mechanism [12] and the see-saw mechanism.

IV. CONSTRAINTS ON THE GAUGE BOSONS MIXING ANGLES

After the identification of the mass eigenstates, we can properly bound sin θ and M_{Z2} by using parameters measured at the Z pole from CERN e^+e^− collider (LEP), SLAC Linear Collider (SLC), and atomic parity violation constraints which are given in Table III.

The expression for the partial decay width for Z^μ_1 → ff̄ is

Γ(Z^μ_1 → ff̄ ) =

N_C G_F M^3_{Z1} 6π √ 2 ρ { 3β − β3 2 [g(f)_{1V} ]^2

8 + β^3[g(f)_{1A}]^2 } (1 + δ_f )R_{EW} R_{QCD},(26)

where f is an ordinary SM fermion, Z^μ_1 is the physical gauge boson observed at LEP, N_C = 1 for leptons while for quarks N_C = 3(1 + α_s/π + 1.405α^2_s/π^2 − 12.77α^3_s/π^3), where the 3 is due to color and the factor in parentheses represents the universal part of the QCD corrections for massless quarks (for fermion mass effects and further QCD corrections which are different for vector and axial-vector partial widths, see Ref. [13]); R_{EW} are the electroweak corrections which include the leading order QED corrections given by R_{QED} = 1 + 3α/(4π). R_{QCD} are further QCD corrections (for a comprehensive review see Ref. [14] and references therein), and β = √ 1 − 4m^2_f /M^2_{Z1} is a kinematic factor which can be taken equal to 1 for all the SM fermions except for the bottom quark. The factor δ_f contains the one loop vertex contribution which is negligible for all fermion fields except for the bottom quark, for which the contribution coming from the top quark, at the one loop vertex radiative correction, is parameterized as δ_b ≈ 10^{−2}[−m^2_t /(2M^2_{Z1} ) + 1/5] [15]. The ρ parameter can be expanded as ρ = 1 + δρ_0 + δρ_V where the oblique correction δρ_0 is given by δρ_0 ≈ 3G_F m^2_t /(8π^2 √ 2), and δρ_V is the tree level contribution due to the (Z_μ − Z^′_μ) mixing which can be parameterized as δρ_V ≈ (M^2_{Z2} /M^2_{Z1} − 1) sin^2 θ. Finally, g(f)_{1V} and g(f)_{1A} are the coupling constants of the physical Z^μ_1 field with ordinary fermions which, for this model, are listed in Table I.

In what follows we are going to use the experimental values [9]: M_{Z1} = 91.188 GeV, m_t = 174.3 GeV, α_s(m_Z ) = 0.1192, α(m_Z )^{−1} = 127.938, and sin θ^2_W = 0.2333. These values are introduced using the definitions R_η ≡ Γ_Z (ηη)/Γ_Z (hadrons) for η = e, μ, τ, b, c, s, u, d. As a first result, notice from Table I that this model predicts R_e = R_μ = R_τ , in agreement with the experimental results in Table III, independent of any flavor mixing at the tree-level.

The effective weak charge in atomic parity violation, Q_W , can be expressed as a function of the number of protons (Z) and the number of neutrons (N ) in the atomic nucleus in the form

Q_W = −2 [(2Z + N )c_{1u} + (Z + 2N )c_{1d}] , (27)

where c_{1q} = 2g(e)_{1A}g(q)_{1V} . The theoretical value for Q_W for the cesium atom is given by [16] Q_W (^{133}_{55} Cs) = −73.19 ± 0.13 + ΔQ_W , where the contribution of new physics is included in ΔQ_W which can be written as [17]

ΔQ_W = [( 1 + 4

S^4_W 1 − 2S^2_W ) Z − N ] δρ_V + ΔQ^′_W . (28)

The term ΔQ^′_W is model dependent and it can be obtained for our model by using g(e)_{iA} and g(q)_{iV} , i = 1, 2, from Tables I and II. The value we obtain is

TABLE III: Experimental data and SM values for some parameters related with neutral currents.

Experimental results SM ΓZ (GeV) 2.4952 ± 0.0023 2.4966 ± 0.0016 Γ(had) (GeV) 1.7444 ± 0.0020 1.7429 ± 0.0015 Γ(l^+ l^−) (MeV) 83.984 ± 0.086 84.019 ± 0.027 Re 20.804 ± 0.050 20.744 ± 0.018 Rμ 20.785 ± 0.033 20.744 ± 0.018 Rτ 20.764 ± 0.045 20.790 ± 0.018 Rb 0.21664 ± 0.00068 0.21569 ± 0.00016 Rc 0.1729 ± 0.0032 0.17230 ± 0.00007 Q^{Cs}_W −72.74 ± 0.29 ± 0.36 −73.19 ± 0.13 MZ_1 (GeV) 91.1872 ± 0.0021 91.1870 ± 0.0021

ΔQ^′_W = (3.75Z + 2.56N ) sin θ + (1.22Z + 0.41N )

M^2_{Z1} M^2_{Z2} . (29) The discrepancy between the SM and the experimental data for ΔQ_W is given by [16]

ΔQ_W = Q^{exp}_W − Q^{SM}_W = 0.45 ± 0.48, (30)

which is 1.1 σ away from the SM predictions.

Introducing the expressions for Z pole observable in Eq. (26), with ΔQ_W in terms of new physics in Eq. (28) and using experimental data from LEP, SLC and atomic parity violation (see Table III), we do a χ^2 fit and we find the best allowed region in the (θ − M_{Z2} ) plane at 95% confidence level (C.L.). In Fig. 4 we display this region which gives us the constraints

− 0.00156 ≤ θ ≤ 0.00105, 2.1 TeV ≤ M_{Z2} . (31)

As we can see, the mass of the new neutral gauge boson is compatible with the bound obtained in pp̄ collisions at the Fermilab Tevatron [18]. From our analysis we can also see that for |θ| → 0, M_{Z2} peaks at a finite value larger than 100 TeV which still copes with the experimental constraints on the ρ parameter.

V. CONCLUSIONS

During the last decade several 3-3-1 models for one and three families have been analyzed in the literature, the most popular one being the Pleitez-Frampton model [1] which is certainly not the simplest construction. Other two different three-family models, more appealing but not so popular in the literature, were presented in Refs. [2] and [19]. The first one, studied in this paper, contains right-handed neutrinos, and the second one without right-handed neutrinos but with an extra exotic electron per family. The systematic analysis presented in

FIG. 4: Contour plot displaying the allowed region for θ vs MZ_2 at 95% C.L..

Refs. [20] and [3] shows that there are an infinite number of models based on the 3-3-1 gauge structure, most of them including particles with exotic electric charges; but the number of models with particles without exotic electric charges are just a few. Other two 3-3-1 models for one family and only with ordinary electric charges are analyzed for example in Refs. [21].

For the model presented in this paper we have studied the mixing of the two charged gauge bosons and its implications. Also we analyzed the mixing of the three electrically neutral gauge bosons and set limits for the mixing angles using precision measurements of the electroweak sector.

There are in this model three mass scales: the 3-3-1 scale V ∼ 1 TeV, the electroweak scale v_2 ≈ 175 GeV, and a new very small scale v_1 proportional to the neutrino mass scale

By the use of a discrete Z_2 symmetry we have constructed an appealing mass spectrum for the fermions in this model; in particular we have carried a program with a minimum set of Higgs scalars (three) and VEV in which: the exotic fermions get heavy masses at the TeV scale; the quarks t, c and d get tree-level masses, with the ordinary up quark sector getting masses at the v_2 scale and with a hierarchy between the up and down sectors; the mass for the c quark is suppressed by differences of Yukawa couplings, and the other ordinary quarks, b, s and u, get radiative masses, with the Z_2 symmetry responsible of the weak isospin breaking.

The quark mass spectrum constructed in this way is just one example of how to proceed. Different discrete symmetries and extra scalar Higgs fields with and without VEV may be used in order to avoid hierarchies and produce a more realistic mass spectrum [22].

The neutrino masses and oscillations have been analyzed for this 3-3-1 model in Ref. [4] using a different approach from the one sketched here. In particular these authors use four SU (3)_L scalar triplets instead of three, one of them with zero VEV as in this model, plus one charged scalar, three more SU (3)_L singlets of neutral spin 1/2 particles (one per family), and the extra assumption of a diagonal mass matrix for the charged leptons. In the main text we have proposed an alternative way of generating tiny neutrino masses with large mixing, but a detailed analysis of our proposal is beyond the aims of this paper.

In summary, in this paper we have presented original results completing previous analysis of the 3-3-1 model with right-handed neutrinos. First, the bounds on the mixing parameters of the neutral currents have been updated. But most important, our Higgs sector and VEV are different from the ones introduced in previous papers. They imply quite different mass matrices for gauge bosons and fermion fields, and a quite different phenomenology. The most important fact about our Higgs sector is that it allows for an acceptable fermion mass spectrum. Then we identify, for the first time for this model, the quark mass eigenstates; this allows us to do a consistent phenomenological analysis and to set reliable bounds on new physics coming from heavy neutral currents. It is worth noticing that the same scalar sector and VEV structure we have considered, have been used in Ref. [23] in order to show that, by allowing for a nonzero and small VEV v_1, the spontaneous breaking of the lepton number can be implemented in the model. A new results to remark is also the embeding of this 3-3-1 structure into SU (6).

The maybe unpleasant hierarchies present in the model can be avoided by introducing more Higgs scalar fields and new VEV, but again, the analysis is beyond the reach of this paper [22].

ACKNOWLEDGMENTS

We acknowledge partial financial support from DIME at Universidad Nacional de Colombia-Sede Medellín, and from CODI at Universidad de Antioquia. W.A. Ponce thanks the INFN laboratori di Frascati in Italy for a pleasant hospitality during the final stages of this work. We thank E. Nardi and C. García Canal for critical readings of the original manuscript and V. Pleitez for a written communication.

[1] F. Pisano and V. Pleitez, Phys. Rev. D 46, 410 (1992);

P.H. Frampton, Phys. Rev. Lett. 69, 2889 (1992); V. Pleitez and M.D. Tonasse, Phys. Rev. D 48, 2353 (1993); ibid 5274 (1993); D. Ng, Phys. Rev. D 49, 4805 (1994); L. Epele, H. Fanchiotti, C. García Canal and D. Gómez Dumm, Phys. Lett. B 343, 291 (1995); M. Özer, Phys. Rev. D 54, 4561 (1996).

[2] M. Singer, J.W.F Valle and J. Schechter, Phys. Rev. D 22, 738 (1980); J.C. Monetro F. Pisano and V. Pleitez, Phys. Rev. D 47, 2918 (1993); R. Foot, H.N. Long and T.A. Tran, Phys. Rev. D 50, R34 (1994); H.N. Long, Phys. Rev. D 53, 437 (1996); ibid 54, 4691 (1996); V. Pleitez, Phys. Rev. D 53, 514 (1996).

[3] W.A. Ponce, Y. Giraldo and L.A. Sánchez, Phys. Rev. D 67, 075001 (2003).

[4] T. Kitabayashi and M. Yasuè, Phys. Rev. D 63, 095006 (2001).

[5] Y. Okamoto and M. Yasuè, Phys. Lett. B 466, 267 (1999), T. Kitabayashi and M. Yasuè, Phys. Lett. B 490, 236 (2000); ibid, B 508, 85 (2001); ibid Phys. Rev. D 63, 095002 (2001); ibid, D 64, 057301 (2001); ibid, D 67, 015006 (2003).

[6] R. Delbourgo, Phys. Lett. B 40, 381 (1972); L. Alvarez- Gaumé, Nucl. Phys. B 234, 262 (1984).

[7] R. Slansky, Phys. Rep. 79, 1 (1981).

[8] H. Georgi and S.L. Glashow, Phys. Rev. Lett. 32, 438 (1974); H. Georgi, H.R. Quinn and S. Weinberg, ibid, 33, 451 (1974).

[9] Particle Data Group, S. Eidelman et al., Phys. Lett. B 592/1-4, 1 (2004).

[10] P. Langacker and S.U. Sankar, Phys. Rev. D 40, 1569 (1989); U. Amaldi et al., Phys. Rev. D 36, 1385 (1987);

G. Costa et al., Nucl. Phys. B 297, 244 (1988). [11] L.M. Kraus and F. Wilczek, Phys. Rev. Lett. 62, 1221 (1989); L.E. Ibañez and G.G. Ross, Phys. Lett. B 260, 291 (1991).

[12] A. Zee, Phys. Lett. B 93, 389 (1980); A. Zee, Phys. Lett.

B 161, 141 (1985). For a recent discussion see D. Chang and A. Zee, Phys. Rev. D 61, 071303 (2000).

[13] K.G. Chetyrkin and J.H. Kün, Phys. Lett. B 406, 102 (1997).

[14] A. Leike, Phys. Rep. 317, 143 (1999).

[15] J. Bernabeu, A. Pich and A. Santamaria, Nucl. Phys. B 363, 326 (1991).

[16] J. Guéna, M. Lintz and M-A. Bouchiat, Mod. Phys. Lett.

A 20, 375 (2005); J.S.M. Ginges and V.V. Flambaum, Phys. Rep. 397, 63 (2004); J.L. Rosner, Phys. Rev. D D65 073026 (2002); A. Derevianko, Phys. Rev. Lett. 85, 1618 (2000).

[17] L. Durkin and P. Langacker, Phys. Lett. B 166, 436 (1986).

[18] F. Abe et al., Phys. Rev. Lett. 79, 2192 (1997). [19] M. Özer, Phys. Rev D 54, 1143 (1996); T. Kitabayashi, ibid, D 64, 057301 (2001).

[20] W.A. Ponce, J.B. Flórez and L.A. Sánchez, Int. J. Mod.

Phys. A 17, 643 (2002).

[21] L.A. Sánchez, W.A. Ponce and R. Martínez, Phys. Rev.

D 64, 075013 (2001); ibid, Phys. Rev. D 65, 055013 (2002). [22] H. Fanchiotti, C. García Canal and W.A. Ponce, Quark masses without Yukawa hierarchies, submitted to Europhys. Lett.

[23] C. A. de S. Pires and P. S. Rodrigues da Silva, Eur. Phys.

J. C 36, 397 (2004).