arXiv:hep-ph/0506022 v1 3 Jun 2005

U(1)_Q invariance and SU(3)_C ⊗ SU(3)_L ⊗ U(1)_X models with β arbitrary

Phung Van Dong^a and Hoang Ngoc Long^b

a Department of Theoretical Physics, Hanoi University of Science, Hanoi, Vietnam b Institute of Physics, VAST, P. O. Box 429, Bo Ho, Hanoi 10000, Vietnam

Abstract

Using the U(1)_Q invariance, the photon eigenstate and matching gauge coupling constants in SU(3)_C ⊗ SU(3)_L ⊗ U(1)_X models with β arbitrary are given. The mass matrix of neutral gauge bosons is exactly diagonalized, and the photon eigenstate is independent on the symmetry breaking parameters - VEV’s of Higgs scalars. By obtaining the electromagnetic vertex, the model is embedded naturally into the standard model.

PACS number(s): 12.60.Cn, 12.60.Fr, 12.10.Kt, 14.70.Br

1 Introduction

The detection of neutrino oscillation [1] experimentally indicates that neutrinos are massive particles and that flavour lepton number is not conserved. Since in the standard model (SM), neutrinos are massless and flavour lepton number is conserved. The neutrino oscillation experiments are a clear sign that the SM has to be extended.

A very common alternative to solve some of the problems of the SM consists of enlarging the group of gauge symmetry, where the larger group embeds properly the SM. For instance, the SU(5) grand unification model [2] can unify the interactions and predicts the electric charge quantization, while the group E_6 can also unify the interactions and might explain the masses of the neutrinos [3], and etc. [4]. Nevertheless, such models cannot explain the generations number problem.

A very interesting alternative to explain the origin of generations comes from the cancelation of quiral anomalies [5]. In particular, the models with gauge group G_{331} = SU(3)_C ⊗ SU(3)_L ⊗ U(1)_X , also called 3-3-1 models [6, 7, 8], arise as a possible solution to this puzzle, since some of such models require the three generations in order to cancel chiral anomalies completely. An additional motivation to study this kind of models comes from the fact that they can also predict the charge quantization [9].

In the literature about the 3-3-1 models, it is known that the matching of gauge coupling constants at the SU(3)_L ⊗ U(1)_X breaking is dependent on the constraints among the VEV’s [6]. In addition, the independence on the VEV’s of the photon eigenstate and mass has not been explained yet [10].

In this paper, we have pointed out that the photon eigenstate is independent on the VEV’s; and the matching of gauge coupling constants is not dependent on VEV’s structure.

The paper is organized as follows. In Sec.2 we recall some features of the 3-3-1 models with β arbitrary and study the mass Lagrangian of the neutral gauge bosons, the photon eigenstate and mass. Matching gauge coupling constants and diagonalizing the neutral bosons gauge mass matrix are obtained in Sec.3. Finally, our conclusions are summarized in the last section.

2 Photon eigenstate

The 3-3-1 model with β arbitrary [11] has the electric charge operator in the following form Q = T_3 + βT_8 + X, (2.1)

where T_3 = λ_3/2, T_8 = λ_8/2 are the SU(3)_L gauge charges, and X is the U(1)_X gauge charge.

Under the gauge symmetry G_{331}, the fermion representations are given in the triplets 3, antitriplets 3^∗, and singlets 1 (for the right-handed counterparts) of the SU(3)_L group. In order to cancel anomalies, the same number of fermion triplets and antitriplets must be present [11].

A triplet of the SU(3)_L group is composed from a doublet 2 and a singlet 1 of the SU(2)_L group of the SM, therefore it is decomposed as follows ( u, d, s )_T = ( u, d )_T ⊕ s, (2.2) or (3, X) = (2, X) ⊕ (1, X), (2.3)

where u, d, and s denote the first, the second members of the doublets and of the singlets, respectively. In the case of an antitriplet 3^∗, it is also decomposed into a antidoublet 2^∗ and a singlet of the SU(2)_L group ( d, −u, s^′ )_T = ( d, −u )_T ⊕ s^′, (2.4) or (3^∗, −X) = (2^∗, −X) ⊕ (1, −X). (2.5)

To find the hyper-charge Y of the doublets and the singlets, we should use Y = 2(βT_8 + X) which is obtained directly from (2.1).

The spontaneous symmetry breaking from the G_{331} to the G_{SM} group of the SM [12] will allow the singlet member separated from the triplets or antitriplets and get mass. This is archived by a Higgs scalar triplet χ with the VEV as follows ⟨χ⟩^T = ( 0, 0, v_s √ 2 ) . (2.6)

Then the neutral gauge bosons of the theory get mass from L^χ_{mass} = (D^H_μ ⟨χ⟩)^+(D^{Hμ}⟨χ⟩), (2.7) where subscripts H denotes diagonal part of the covariant derivative

D^H_μ = ∂_μ + igT_3W^3_μ + igT_8W^8_μ + ig_X T_9X_χB_μ. (2.8)

Here g and g_X are the gauge coupling constants of the SU(3)_L and U(1)_X groups, respectively. X_χ is the U(1)_X charge of the χ Higgs scalar. T_9 = diag(1, 1, 1)/ √ 6 is chosen such that T r(T_aT_b) = δ_{ab}/2; a, b = 1, 2, ..., 9. Substituting the charge X_χ from (2.1) into (2.8), we get

D^H_μ = ∂_μ + igT_3W^3_μ + igT_8W^8_μ + i g_X √ 6 B_μ (Q − T_3 − βT_8) . (2.9)

The U(1)_Q invariance requires Q⟨χ⟩ = 0, therefore we get D^H_μ ⟨χ⟩ = igv_s 2 √ 2 ( − 2 √ 3 W^8_μ + 2t √ 6 B_μ β √ 3 )

= igv_s 2 √ 2 Δ_{3μ}, (2.10)

where the following notations are used

Δ_{3μ} ≡ ( − 2 √ 3 W^8_μ + 2t √ 6 B_μ β √ 3 ) , (2.11) t ≡ g_X /g. (2.12)

Hence L^χ_{mass} = g^2v_s^2 8 Δ^2_3, (2.13)

where Δ^2_3 = Δ_{3μ}Δ^μ_3 .

In the second step of symmetry breaking [5, 6, 12], the G_{SM} group must be decomposed into the SU(3)_C ⊗ U(1)_Q group, two η, ρ Higgs triplets are introduced with following VEV’s ⟨η⟩^T = ( v_u √ 2 , 0, 0 ) , ⟨ρ⟩^T = ( 0, v_d √ 2 , 0 ) . (2.14)

The neutral gauge bosons also gain mass from two Lagrangians given by L^η_{mass} = (D^H_μ ⟨η⟩)^+(D^{Hμ}⟨η⟩), (2.15) L^ρ_{mass} = (D^H_μ ⟨ρ⟩)^+ (D^{Hμ}⟨ρ⟩). (2.16) Noting that Q⟨η⟩ = Q⟨ρ⟩ = 0, we get D^H_μ ⟨η⟩ = igv_u 2 √ 2 [ W^3_μ + 1 √ 3 W^8_μ + 2t √ 6 B_μ ( − 1 2 − β 2 √ 3 )]

= igv_u 2 √ 2 Δ_{1μ}, (2.17) D^H_μ ⟨ρ⟩ = igv_d 2 √ 2 [ −W^3_μ + 1 √ 3 W^8_μ + 2t √ 6 B_μ ( 1 2 − β 2 √ 3 )]

= igv_d 2 √ 2 Δ_{2μ}, (2.18)

here

Δ_{1μ} ≡ [ W^3_μ + 1 √ 3 W^8_μ + 2t √ 6 B_μ ( − 1 2 − β 2 √ 3 )] , (2.19)

Δ_{2μ} ≡ [ −W^3_μ + 1 √ 3 W^8_μ + 2t √ 6 B_μ ( 1 2 − β 2 √ 3 )] . (2.20)

Hence L^η_{mass} = g^2v^2_u 8 Δ^2_1, L^ρ_{mass} = g^2v^2_d 8 Δ^2. (2.21)

Finally, the mass Lagrangian of the neutral gauge bosons is given by L^{N CC}_{mass} = L^η_{mass} + L^ρ_{mass} + L^χ_{mass}, = g^2 8 ( v^2_uΔ^2_1 + v^2_d Δ^2 + v^2_s Δ^2_3 ) . (2.22)

In general, any 3-3-1 model need to have three Higgs triplets for breaking the G_{331} group into the SU(3)_C ⊗ U(1)_Q group. However, some 3-3-1 models need less than three Higgs [13]. For our purpose in obtaining the mass matrix of the neutral gauge bosons, this corresponds to vanishing of v_u or v_d. In the case with more than three Higgs triplets, one just makes the following appropriate replaces

v^2_u → v^2_u + v^2_{u1} + v^2_{u2} + ..., v^2_d → v^2_d + v^2_{d1} + v^2_{d2} + ..., v^2_s → v^2_s + v^2_{s1} + v^2_{s2} + ..., (2.23)

where v_{ui}, v_{dj} , v_{sk} are the VEV’s of the additional Higgs triplets. They belong to the up, down, and singlet members, respectively. This also remains correctly for the cases, if a Higgs triplet has two neutral members with the non-zero VEV’s [13], and for models with Higgs antitriplets.

In some models, for example the minimal 3-3-1 model [6], to give mass to all leptons, we have to introduce a Higgs sextet. Let us denote the Higgs sextet by Γ_{ij} . Then, the mass Lagrangian will get an addition

L^Γ_{mass} = (D^H_μ ⟨Γ⟩_{ij} )^+(D^{Hμ}⟨Γ⟩_{ij} ), (2.24)

where D^H_μ ⟨Γ⟩_{ij} = ig [ (W^3_μ T_3 + W^8_μ T_8)^k_i ⟨Γ⟩_{kj} + (W^3_μ T_3 + W^8_μ T_8)^k_j ⟨Γ⟩_{ki} ] + ig_X √ 6 X_ΓB_μ⟨Γ⟩_{ij} = ig ( W^3_μ T_3 + W^8_μ T_8 + t √ 6 (Q − T_3 − βT_8)B_μ )_k i ⟨Γ⟩_{kj}

+ ig ( W^3_μ T_3 + W^8_μ T_8 + t √ 6 (Q − T_3 − βT_8)B_μ )_k j ⟨Γ⟩_{ki}

= ig 2 2⟨Γ⟩_{11}Δ_{1μ} ⟨Γ⟩_{12}(Δ_{1μ} + Δ_{2μ}) ⟨Γ⟩_{13}(Δ_{1μ} + Δ_{3μ}) ⟨Γ⟩_{12}(Δ_{1μ} + Δ_{2μ}) 2⟨Γ⟩_{22}Δ_{2μ} ⟨Γ⟩_{23}(Δ_{2μ} + Δ_{3μ}) ⟨Γ⟩_{13}(Δ_{1μ} + Δ_{3μ}) ⟨Γ⟩_{23}(Δ_{2μ} + Δ_{3μ}) 2⟨Γ⟩_{33}Δ_{3μ}

. (2.25)

It is easy to verify that Δ_{1μ} + Δ_{2μ} + Δ_{3μ} = 0. (2.26)

Finally, the mass term for neutral gauge bosons from sextet is given by L^Γ_{mass} = g^2 2 {[2⟨Γ⟩^2_{11} + ⟨Γ⟩^2_3]Δ^2_1 + [2⟨Γ⟩^2_2 + ⟨Γ⟩^2_{13}]Δ^2 + [2⟨Γ⟩^2_{33} + ⟨Γ⟩^2_{12}]Δ^2_3}. (2.27)

Note that, only neutral members in sextet can have non-zero VEV’s. From (2.27) we see that the general form of mass Lagrangian (2.22) is not changed by adding L^Γ_{mass}.

In order to generate the fermion masses, the Higgs bosons should lie in either the triplet, antitriplet, sextet, or singlet representation of SU(3)_L [12]. In later case, the singlet must be neutral, and it does not give mass to gauge bosons. So, we conclude that for any 3-3-1 model, the mass matrix of the neutral gauge bosons always has the form given in (2.22).

The mass Lagrangian (2.22) can be rewritten L_{mass} = 1 2 V^T M^2V, (2.28)

where V^T = (W^3, W^8, B), and

M^2 = 1 4 g^2 m_{11} m_{12} m_{13} m_{12} m_{22} m_{23} m_{13} m_{23} m_{33}

, (2.29) with

m_{11} = v^2_u + v^2_d,

m_{12} = 1 √ 3 ( v^2_u − v^2_d ) , m_{13} = t √ 6 [ v^2_u ( −1 − β √ 3 ) − v^2_d ( 1 − β √ 3 )] , m_{22} = 1 3 ( v^2_u + v^2_d + 4v^2_s ) , m_{23} = t 3 √ 2 [ v^2_u ( −1 − β √ 3 ) + v^2_d ( 1 − β √ 3 ) − v^2_s 4β √ 3 ] , m_{33} = t^2 6 v^2_u ( −1 − β √ 3 )_2

+ v^2_d ( 1 − β √ 3 )_2

+ v^2_s ( 2β √ 3 )_2 . (2.30)

It can be checked that the matrix M^2 has a non degenerate zero eigenvalue for any breaking parameters in any 3-3-1 model. Therefore, the zero eigenvalue is identified with the photon mass, M^2_γ = 0.

The eigenstate with the zero eigenvalue can be obtained directly from the following equation

M^2 A_{γ1} A_{γ2} A_{γ3} = 0. (2.31)

We get then

A_γ = t βt√ 6 1 √ 6 + (1 + β^2)t^2

. (2.32)

So, the physical photon field A_μ is given by

A_μ = t √ 6 + (1 + β^2)t^2

W^3_μ + βt √ 6 + (1 + β^2)t^2

W^8_μ + √ 6 √ 6 + (1 + β^2)t^2

B_μ. (2.33)

For any 3-3-1 model, we see that the photon eigenstate and mass are not dependent on the VEV’s (v_u, v_d, v_s). These are a natural consequence of the U(1)_Q invariance - the conservation of the electric charge.

3 Matching gauge coupling constants

To embed the 3-3-1 model into the SM, we will work with electromagnetic vertex. Let us denote two remain massive fields by Z^1_μ, Z^2_μ. We change basis by unitary matrix

(A_μ, Z^1_μ, Z^2_μ) = (W^3_μ , W^8_μ , B_μ)U, (3.1) where U has the following form

U = t √_{6+(1+β2)t2} U_{12} U_{13} βt √_{6+(1+β2)t2} U_{22} U_{23} √ 6 √_{6+(1+β2)t2} U_{32} U_{33}

. (3.2)

Here elements in the second and third columns are not necessary to determine. From (3.1) and (3.2), we get

W^3_μ = t √ 6 + (1 + β^2)t^2

A_μ + U_{12}Z^1_μ + U_{13}Z^2_μ,

W^8_μ = βt √ 6 + (1 + β^2)t^2

A_μ + U_{22}Z^1_μ + U_{23}Z^2_μ,

B_μ = √ 6 √ 6 + (1 + β^2)t^2

A_μ + U_{32}Z^1_μ + U_{33}Z^2_μ. (3.3)

The interactions among the gauge bosons and fermions are given by L_F = R̄iγ^μ ( ∂_μ + i g_X √ 6 XB_μ ) R + L̄iγ^μ ( ∂_μ + igW^a_μ λ_a 2 + i g_X √ 6 XB_μ ) L, (3.4)

where R represents any right-handed singlet and L-any left-handed triplet or antitriplet. Substituting W^3, W^8, B from (3.3) into (3.4), for R = e_R with X_{eR} = −1 and L = (ν_{eL}, e_L, E_L)^T with X_L = −1/2 − β/2 √ 3, we get L^{int}_{ēeγ} = −ē_Riγ^μ ig_X √ 6 √ 6 √ 6 + (1 + β^2)t^2 A_μe_R

+ ē_Liγ^μ − ig 2 t √ 6 + (1 + β^2)t^2 + ig 2 √ 3 βt √ 6 + (1 + β^2)t^2 − ig_X √ 6 ( 1 2 + β 2 √ 3 ) √ 6 √ 6 + (1 + β^2)t^2 A_μe_L = g_X √ 6 + (1 + β^2)t^2 ēγ^μeA_μ. (3.5)

The coefficient of the ēeγ vertex in (3.5) is identified with the electromagnetic coupling constant g_X √ 6 + (1 + β^2)t^2

≡ e. (3.6)

In the SM, we have g_2g_Y √ g^2 + g^2_Y

= e, (3.7)

where g_2, g_Y are coupling constants of SU(2)_L and U(1)_Y gauge group, respectively. Using continuation of gauge coupling constant of SU(3)_L group at the spontaneous symmetry breaking point, g = g_2 ≡ g, (3.8) from (3.6) and (3.7), we get 1 g^2_Y = β^2 g^2 + 6 g^2_X

. (3.9)

From (3.6), we obtain t √ 6 + (1 + β^2)t^2 = e g . (3.10)

As in the SM, we put t √ 6 + (1 + β^2)t^2

= sin θ_W . (3.11)

The (3.9) yields t = √ 6t_W √ 1 − β^2t^2_W

. (3.12)

Hence, the photon eigenstate can be rewritten in the form

A_μ = s_W W^3_μ + c_W ( βt_W W^8_μ + √ 1 − β^2t^2_W B_μ ) . (3.13)

From orthogonal condition of the photon eigenstate to two remain gauge vectors, we can write

Z_μ = c_W W^3_μ − s_W ( βt_W W^8_μ + √ 1 − β^2t^2_W B_μ ) , (3.14)

Z^′_μ = √ 1 − β^2t^2_W W^8_μ − βt_W B_μ. (3.15)

Therefore, in this basis, the mass matrix M^2 → M^{2′} has the form as follows

M^{2′} =

0 0 0 0 M^2_Z M^2_{ZZ}′ 0 M^2_{ZZ}′ M^2_Z′

, (3.16)

where

M^2_Z = g^2 4c^2_W

(v^2_u + v^2_d),

M^2_{ZZ}′ = g^2 4 √ 3c^2_W √ 1 − (1 + β^2)s^2_W {[( √ 3β − 1)s^2_W + 1]v^2_u + [( √ 3β + 1)s^2_W − 1]v^2_d},

M^2_Z′ = g^2 12(1 − β^2t^2_W ) [ (1 + √ 3βt^2_W )^2v^2_u + (1 − √ 3βt^2_W )^2v^2_d + 4v^2_s ] . (3.17)

The matrix, M^{2′} , gives mixtures between Z_μ and Z^′_μ, by rotating an angle ϕ in the plane (Z_μ, Z^′_μ) → (Z^1_μ, Z^2_μ), the mass eigenvectors are

Z^1_μ = Z_μ cos ϕ − Z^′_μ sin ϕ, Z^2_μ = Z_μ sin ϕ + Z^′_μ cos ϕ, (3.18)

where ϕ is defined by tan^2 ϕ =

M^2_Z − M^2_Z1 M^2_Z2 − M^2_Z

, (3.19)

and the physical mass eigenvalues:

M^2_Z1 = 1 2 [ M^2_Z + M^2_Z′ − √ (M^2_Z − M^2_Z′ )^2 + 4(M^2_{ZZ}′ )^2 ] , (3.20)

M^2_Z2 = 1 2 [ M^2_Z + M^2_Z′ + √ (M^2_Z − M^2_Z′ )^2 + 4(M^2_{ZZ}′ )^2 ] . (3.21)

From the mixing mass matrix of Z and Z^′ we see that ϕ = 0 if v_s ≫ v_u, v_d or

v^2_u =

1 − ( √ 3β + 1)s^2_W 1 + ( √ 3β − 1)s^2_W v^2_d (3.22)

Here A, Z^1 correspond to the neutral gauge bosons the SM (γ, Z), and Z^2 is a new neutral gauge boson.

To finish this section, we note that the matching condition of the coupling constants (3.6) at the SU(3)_L ⊗ U(1)_X breaking is very obvious as the matching in the SM. It is not dependent on the constraint v_s ≫ v_u, v_d as in the literature [6]. After the matching, we rewrote the photon field with the coefficients in the Weinberg mixing angle, and then taking exact diagonalization of the mass matrix for the neutral gauge bosons.

4 Conclusion

In this paper, the photon eigenstate and the matching of coupling constants in 3-3-1 models are obtained in general form containing Higgs triplets, antitriplets as well as sextet. We emphasized that the matching of coupling constants is not dependent on condition that vacuum expectation value of Higgs boson of the first step of breaking symmetry must be much larger than those of the second step namely ⟨s⟩ ≫ ⟨u⟩, ⟨d⟩.

This technique can be extended for electroweak models which are based on the larger gauge groups such as SU(3)_C ⊗ SU(4)_L ⊗ U(1)_X [14].

This work was supported in part by National Council for Natural Sciences of Vietnam contract No: KT - 41064.

References

[1] Y. Fukuda et al. [SuperK Collaboration], Phys. Rev. Lett. 81, 1562 (1998); Phys. Rev.

Lett 81, 1158 (1998); Erratum 81, 4279 (1998); Phys. Rev. Lett. 81, 1562 (1998); Phys. Rev. Lett. 82, 1810 (1999); Y. Suzuki, [SuperK], Nucl. Phys. B 91 (Proc. Suppl.), 29 (2001); Y. Fukuda et al. [SuperK], Phys. Rev. Lett. 86, 5651 (2001); K. Eguchi et al. [KamLAND Collaboration], Phys. Rev. Lett. 90, 021802 (2003).

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

[3] F. Gürsey, P. Ramond, and P. Sikivie, Phys. Lett. B 60, 177 (1975); F. Gürsey and M. Serdaroglu, Lett. Nuovo Cimento Soc. Ital. Fis. 21, 28 (1978); H. Fritzsch, and P. Minkowski, Phys. Lett. B 63, 99 (1976).

[4] J. C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974); H. Georgi, Nucl. Phys. 156, 126 (1979); F. Wilczek and A. Zee, Phys. Rev. D 25, 553 (1982); Albino Galeana et. al., Phys. Rev. D 44, 2166 (1991).

[5] S. L. Adler, Phys. Rev. 177, 2426 (1969); H. Georgi and S. L. Glashow, Phys. Rev. D 6, 429 (1972); S. Okubo, Phys. Rev. D 16, 3528 (1977); J. Banks and H. Georgi, Phys. Rev. 14, 1159 (1976).

[6] F. Pisano and V. Pleitez, Phys. Rev. D 46, (1992) 410; P. H. Frampton, Phys. Rev. Lett.

69, (1992) 2889; R. Foot et al, Phys. Rev. D 47, (1993) 4158.

[7] M. Singer, J. W. F. Valle, and J. Schechter, Phys. Rev. D 22, (1980) 738; R. Foot, H.

N. Long, and Tuan A. Tran, Phys. Rev. D 50, (1994) R34; J. C. Montero, F. Pisano, and V. Pleitez, Phys. Rev. D 47, (1993) 2918; H. N. Long, Phys. Rev. D 53, (1996) 437; Phys. Rev. D 54, (1996) 4691.

[8] W. A. Ponce, D. A. Gutierrez and L. A. Sanchez, Phys. Rev. D 69 (2004) 055007; A.

G. Dias and V. Pleitez, Phys. Rev. D 69 (2004) 077702; G. Tavares-Velasco and J. J. Toscano, Phys. Rev. D 65, 013005 (2004); Phys. Rev. D 70, 053006 (2004).

[9] C. A. de S. Pires and O. P. Ravinez, Phys. Rev. D 58, 035008 (1998); C. A. de S. Pires, Phys. Rev. D 60, 075013 (1999).

[10] F. Pisano, J. A. Silva-Sobrinho, and M. D. Tonasse, Phys. Lett. B 338 (1996); J. C.

Motero et al in [7]

[11] Rodolfo A. Diaz, R. Martinez, and F. Ochoa, hep-ph/0411263 (2004).

[12] Rodolfo A. Diaz, R. Martinez, and F. Ochoa, Phys. Rev. D 69 095009 (2004).

[13] Diego A. Gutirrez, William A. Ponce, and Luis A. Snchez, hep-ph/0411077 (2004)

[14] R. Foot et al in [7]; A. A. Machado and F. Pisano, Mod. Phys. Lett. A 14, 2223 (1999); L. A. Sanchez, F. A. Perez and W. A. Ponce, Eur. Phys. J. C 35 (2004): 259; Fayyazuddin and Riazuddin, JHEP 0412: 013 (2004).