arXiv:hep-ph/0601046 v1 6 Jan 2006

SU(3)_C ⊗ SU(3)_L ⊗ U(1)_X model with two Higgs triplets

P. V. Dong,^∗ H. N. Long,^† and D. T. Nhung Institute of Physics, VAST, P. O. Box 429, Bo Ho, Hanoi 10000, Vietnam

D. V. Soa^‡ Department of Physics, Hanoi University of Education, Hanoi, Vietnam (Dated: January 6, 2006)

The SU(3)C ⊗ SU(3)L ⊗ U(1)X gauge model with the minimal scalar sector (two Higgs triplets) is studied in detail. One of the vacuum expectation values u is a source of lepton-number violations and a reason for the mixing among the charged gauge bosons - the standard model W and the bilepton (with L = 2) gauge bosons as well as among neutral non-Hermitian X^0 and neutral gauge bosons: the photon, the Z and the new Z^′. Because of these mixings, the lepton-number violating interactions exist in both charged and neutral gauge boson sectors. An exact diagonalization of the neutral gauge boson sector is derived and bilepton mass splitting is also given. The lepton-number violation happens only in the neutrino but not in the charged lepton sector. In this model, leptonnumber changing (ΔL = ±2) processes exist but only in the neutrino sector. Constraints on VEVs of the model are estimated and u ≃ O(1) GeV, v ≃ vweak = 246 GeV and ω ≃ O(1) TeV.

PACS numbers: 12.10.Dm, 12.60.Cn, 12.60.Fr, 12.15.Mm

I. INTRODUCTION

The SU(3)_C ⊗ SU(2)_L ⊗ U(1)_Y standard model of the strong and electroweak interactions, with the SU(2)_L ⊗ U(1)_Y symmetry spontaneously broken down to the U(1)_Q of electromagnetism, is an excellent description of the interactions of elementary particles down to distances in the order of 10^{−16}cm. However it also leaves many striking features of the physics of our world unexplained. Some of them are the generation number problem, the electric charge quantization and the neutrino oscillations [1] which confirm that neutrinos are massive and the flavor lepton number is not conserved. It suggests that it is important to point out the complete dynamics of Higgs fields. All this requires new interactions beyond the conventional interactions in the standard model (SM).

A very common alternative to solve some of these problems 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 generation number problem.

A very interesting alternative to explain the origin of generations comes from the cancelation of chiral 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, 9], 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 electric charge quantization [10] and the neutrino oscillation [11].

Such 3-3-1 models have been studied extensively over the last decade. In one [6] of them the three known left-handed lepton components for each generation are associated to three SU(3)_L triplets as (ν_l, l, l^c)_L, where l^c_L is related to the right-handed isospin singlet of the charged lepton l in the SM. This model requires that the Higgs sector contains three scalar triplets and one scalar sextet. In the variant model [7, 8] 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). The scalar sector of this model requires three Higgs triplets, therefore, hereafter we call this version the 3-3-1 model with three Higgs triplets (331RH3HT). It is interesting to note that, in the 331RH3HT, two Higgs triplets has the same U(1)_X charge with two neutral components at their top and bottom. Allowing these neutral components vacuum expectation values (VEVs), we can reduce number of Higgs triplets to be two. As a result, the dynamics symmetry breaking also affect lepton number. Hence it follows that the lepton number is also broken spontaneously

∗Electronic address: pvdong@iop.vast.ac.vn †Electronic address: hnlong@iop.vast.ac.vn ‡Electronic address: dvsoa@assoc.iop.vast.ac.vn

at a high scale of energy. This kind of model was proposed in Ref.[12], but has not got enough attention. In Ref.[13], phenomenology of this model was presented without mixing between charged gauge bosons as well as neutral ones.

Phenomenology of the 3-3-1 model in the version that includes right-handed neutrinos with two Higgs triplets is a subject of this study.

The paper is organized as follows. In Sec. II we recall the idea of constructing the two-Higgs 3-3-1 model. Secs. III and IV are devoted to fermion masses and Higgs potential, respectively. In Sec V, masses of charged gauge bosons are given and an exact diagonalization of neutral ones and their mixings are presented. Because of the mixings, currents in this model have unusual features in the neutrino sectors which are presented in Sec. VI. In Sec. VII, constraints on the parameters of the model and some phenomena are sketched. We outline our main results in the last section - Sec. VIII.

II. THE PARTICLE CONTENT

The particle content in this model which is anomaly free, is given as follows: ψ_{iL} = ν_i e_i ν^c_i L ∼ ( 3, − 1 3 ) , e_{iR} ∼ (1, −1), i = 1, 2, 3,

Q_{1L} = u_1 d_1 U L ∼ ( 3, 1 3 ) , Q_{αL} = d_α −u_α D_α L ∼ (3^∗, 0), α = 2, 3,

u_{iR} ∼ ( 1, 2 3 ) , d_{iR} ∼ ( 1, − 1 3 ) , U_R ∼ ( 1, 2 3 ) , D_{αR} ∼ ( 1, − 1 3 ) . (1)

Here, the values in the parentheses denote quantum numbers based on the (SU(3)_L, U(1)_X ) symmetry. In this case, the electric charge operator takes a form

Q = T_3 − 1 √ 3 T_8 + X, (2)

where T_a (a = 1, 2, ..., 8) and X stand for SU(3)_L and U(1)_X charges, respectively. Electric charges of the exotic quarks U and D_α are the same as of the usual quarks, i.e. q_U =^2_3 and q_{Dα} = −^1_3 .

The SU(3)_L ⊗ U(1)_X gauge group is broken spontaneously via two steps. In the first step, it is embedded in that of the SM via a Higgs scalar triplet χ = χ^0_1 χ^−_2 χ^0_3 ∼ ( 3, − 1 3 ) (3) acquired with VEV given by ⟨χ⟩ = 1 √ 2 u 0 ω . (4)

In the last step, to embed the gauge group of the SM in U(1)_Q, another Higgs scalar triplet

ϕ = ϕ^+_1 ϕ^0_2 ϕ^+_3 ∼ ( 3, 2 3 ) (5) is needed with the VEV as follows ⟨ϕ⟩ = 1 √ 2 0 v 0 . (6)

The Yukawa interactions which induce masses for the fermions can be written in the most general form as

L_Y = (L^χ_Y + L^ϕ_Y ) + L^{mix}_Y , (7) where

(L^χ_Y + L^ϕ_Y ) = h^′_{11}Q_{1L}χU_R + h^′_{αβ}Q_{αL}χ^∗D_{βR} +h^e_{ij}ψ_{iL}ϕe_{jR} + h^ϵ_{ij}ϵ_{pmn}(ψ^c_{iL})_p(ψ_{jL})_m(ϕ)_n + h^d_{1i}Q_{1L}ϕd_{iR} + h^d_{αi}Q_{αL}ϕ^∗u_{iR} + h.c., (8) L^{mix}_Y = h^u_{1i}Q_{1L}χu_{iR} + h^u_{αi}Q_{αL}χ^∗d_{iR} + h^{′′}_{1α}Q_{1L}ϕD_{αR} + h^{′′}_{α1}Q_{αL}ϕ^∗U_R + h.c. (9)

The VEV ω gives mass for the exotic quarks U and D_α, u gives mass for u_1, d_α quarks, while v gives mass for u_α, d_1 and all ordinary leptons. In the next section we provide more details on analysis of fermion masses. As mentioned above, the VEV ω is responsible for the first step of symmetry breaking, while the second step is due to u and v. Therefore the VEVs in this model have to be satisfied the constraints u, v ≪ ω. (10) The Yukawa couplings of Eq.(8) possess an extra global symmetry which implies a new conserved charge (L) through the lepton number (L) by diagonal matrices [14] L = xT_3 + yT_8 + L. Applying L on a lepton triplet, the coefficients will be defined L = 4 √ 3 T_8 + L. (11)

Here, the L-charges of the fermion and Higgs multiplets can be obtained by L(ψ_{iL}, Q_{1L}, Q_{αL}, ϕ, χ, e_{iR}, u_{iR}, d_{iR}, U_R, D_{αR}) = 1 3 , − 2 3 , 2 3 , − 2 3 , 4 3 , 1, 0, 0, −2, 2. (12)

It is worth emphasizing that L is not broken by VEVs v, ω but by u which is behind L(χ^0_1) = 2 (see also [15]). This means that u is a kind of the lepton-number violating parameter. Moreover, the Yukawa couplings of (9) also violate L with ±2 units which confirm that they are very small.

III. FERMION MASSES

The fermions gain mass terms via Yukawa interactions given in (8) and (9).

A. The charged lepton sector

The charged leptons gain masses via the following Yukawa term L^e_Y = h^e_{ij}ψ_{iL}ϕe_{jR} + h.c. (13) Suppose that the coupling constant h^e_{ij} is diagonal in the flavor indices ij, from which masses of the e, μ, τ are followed by m^e = h^e_{11}v √ 2 , m^μ = h^e_{22}v √ 2 , m^τ = h^e_{33}v √ 2 . (14)

This is quite similar to the SM.

B. The neutrino sector

The model treats neutrinos with both left-handed and right-handed ones. The latter under the G_{331} group are the left-handed anti-particles transforming as SU(3)_L triplets in the same with the former. As a result, this naturally gives rise to an inverted hierarchy mass pattern and interesting mixing.

At the tree level, the neutrinos gain Dirac masses via

L^ϵ_Y = h^ϵ_{ij}ϵ^{pmn}(ψ^c_{iL})_p(ψ_{jL})_m(ϕ)_n + h.c. (15)

Hence, the Dirac mass matrix is obtained by

M_D = √ 2v 0 h^ϵ_{eμ} h^ϵ_{eτ} −h^ϵ_{eμ} 0 h^ϵ_{μτ} −h^ϵ_{eτ} −h^ϵ_{μτ} 0 , (16)

which gives the mass pattern 0, −m_ν , m_ν = iv √ 2(h^{ϵ2}_{eμ} + h^{ϵ2}_{eτ} + h^{ϵ2}_{μτ} ). This is clearly not realistic under the current data [16]. However, this pattern is severely changed by the quantum effect. The most general mass matrix can be written in the base of (ν_e, ν_μ, ν_τ , ν^c_e, ν^c_μ, ν^c_τ )_L as M_{νLR} = ( M_L M_D M^T_D M_R ) , (17)

where M_L and M_R arise from quantum correction.

C. The quark sector

From the Yukawa terms for the up quarks (u_1, u_2, u_3, U ), their tree level mass matrix is obtained by

M_u = − 1 √ 2 −h^u_{11}u −h^u_{12}u −h^u_{13}u −h^′_{11}u h^d_{21}v h^d_{22}v h^d_{23}v h^{′′}_{21}v h^d_{31}v h^d_{32}v h^d_{33}v h^{′′}_{31}v −h^u_{11}ω −h^u_{12}ω −h^u_{13}ω −h^′_{11}ω . (18)

Here the quarks are mixing due to having the same charges, however, we can use the way of the SM, i.e. the couplings are here supposed to be flavor diagonal. Thus, the tree level masses are derived from

m^c = −h^d_{22} v √ 2 , m^t = −h^d_{33} v √ 2 , m^{U ′} = h^′_{11}ω + h^u_{11}u √ 2 , m^{u′} = 0. (19)

Note that u_2 and u_3 are mass eigenstates, thus they can be identified to the c and t quarks, respectively. However, u quark is then mixing with the U exotic quark to give one massless quark

u^′ = h^′_{11}u_1 − h^u_{11}U √ h^{u2}_{11} + h^{′2}_{11}

, (20)

and another quark with the mass in the range of ω

U^′ = uu_1 + ωU √ u^2 + ω^2

. (21)

Unlike the usual 331RH3HT, where the third family of quarks should be discriminating [17], in the model under consideration the first family has to be different from the two others.

Next, the tree level mass matrix of the down quarks (d_1, d_2, d_3, D_2, D_3) is also followed:

M_d = 1 √ 2 h^d_{11}v h^d_{12}v h^d_{13}v h^{′′}_{12}v h^{′′}_{13}v h^u_{21}u h^u_{22}u h^u_{23}u h^′_{22}u h^′_{23}u h^u_{31}u h^u_{32}u h^u_{33}u h^′_{32}u h^′_{33}u h^u_{21}ω h^u_{22}ω h^u_{23}ω h^′_{22}ω h^′_{23}ω h^u_{31}ω h^u_{32}ω h^u_{33}ω h^′_{32}ω h^′_{33}ω

. (22)

To get masses, it can be supposed that the couplings are flavor diagonal. Thus, it is easy to obtain

m^d = h^d_{11} v √ 2 , m^{s′} = 0, m^{b′} = 0, m^{S′} = h^u_{22}u + h^′_{22}ω √ 2 , m^{B′} = h^u_{33}u + h^′_{33}ω √ 2 . (23)

Here d_1 is a mass eigenstate which is identified with d quark. The quarks d_2 and D_2 (d_3 and D_3) are mixing to give one massless quark

s^′ = h^′_{22}d_2 − h^u_{22}D_2 √ h^{u2}_{22} + h^{′2}_{22} ( b^′ = h^′_{33}d_3 − h^u_{33}D_3 √ h^{u2}_{33} + h^{′2}_{33} ) , (24)

and another quark with the mass in the order of ω (see Eq.(23))

S^′ = ud_2 + ωD_2 √ u^2 + ω^2 ( B^′ = ud_3 + ωD_3 √ u^2 + ω^2 ) . (25)

The two remaining states with masses of the range ω belong to exotic quarks. The masslessness of the u_1, d_2, d_3 quarks calls radiative corrections and the interested reader can see also in Ref.[13].

IV. HIGGS POTENTIAL

In this model, the most general Higgs potential has very simple form

V (χ, ϕ) = μ^2_1χ^†χ + μ^2ϕ^†ϕ + λ_1(χ^†χ)^2 + λ_2(ϕ^†ϕ)^2 +λ_3(χ^†χ)(ϕ^†ϕ) + λ_4(χ^†ϕ)(ϕ^†χ). (26)

Note that there is no trilinear scalar coupling and this makes the Higgs potential much simpler than the previous ones [14, 18] and closer to that of the SM. The analysis in Ref.[12] shows that after symmetry breaking, there are eight Goldstone bosons and four physical scalar fields. One of two physical neutral scalars is the SM Higgs boson.

To break spontaneously the symmetry, the Higgs vacuums are not SU(3)_L ⊗ U(1)_X singlets. Thus, non-zero values of χ and ϕ at the minimum value of V (χ, ϕ) can be easily obtained by

χ^+χ = λ_3μ^2 − 2λ_2μ^2_1 4λ_1λ_2 − λ^2_3 ≡ u^2 + ω^2 2 , (27)

ϕ^+ϕ = λ_3μ^2_1 − 2λ_1μ^2 4λ_1λ_2 − λ^2_3 ≡ v^2 2 . (28)

It is worth noting that any other choice of u, ω for the vacuum value of χ satisfying (27) gives the same physics because it is related to (4) by an SU(3)_L ⊗ U(1)_X transformation. Thus, in general case we assume that u ≠ 0.

V. GAUGE BOSONS

The covariant derivative of a triplet is given by D_μ = ∂_μ − igT_aW_{aμ} − ig_X T_9XB_μ ≡ ∂_μ − iP_μ, (29) where the gauge fields W_a and B transform as the adjoint representations of SU(3)_L and U(1)_X , respectively, and the corresponding gauge coupling constants g, g_X . Moreover, T_9 =^{1√}_6 diag(1, 1, 1) is fixed so that the relation Tr(T_a′ T_b′ ) =^1_2 δ_a′_b′ (a^′, b^′ = 1, 2, ..., 9) is satisfied. The P_μ matrix appeared in the above covariant derivative is rewritten in a convenient form g 2 W_{3μ} +^{1√}_3 W_{8μ} + t

√_2 3 XB_μ √ 2W^{′+}_μ √ 2X^{′0}_μ √ 2W^{′−}_μ −W_{3μ} +^{1√}_3 W_{8μ} + t

√_2 3 XB_μ √ 2Y^{′−}_μ √ 2X^{′0∗}_μ √ 2Y^{′+}_μ −^{2√}_3 W_{8μ} + t

√_2 3 XB_μ , (30)

where t ≡ g_X /g. Let us denote the following combinations W^{′±}_μ ≡ W_{1μ} ∓ iW_{2μ} √ 2 , Y^{′∓}_μ ≡ W_{6μ} ∓ iW_{7μ} √ 2 , X^{′0}_μ ≡ W_{4μ} − iW_{5μ} √ 2 (31) having defined charges under the generators of the SU(3)_L group. For the sake of convenience in further reading, we note that, W_4 and W_5 are pure real and imaginary parts of X^{′0}_μ and X^{′0∗}_μ , respectively

W_{4μ} = 1 √ 2 (X^{′0}_μ + X^{′0∗}_μ ),

W_{5μ} = i √ 2 (X^{′0}_μ − X^{′0∗}_μ ). (32)

The masses of the gauge bosons in this model are followed from

L^{GB}_{mass} = (D_μ⟨ϕ⟩)^+(D^μ⟨ϕ⟩) + (D_μ⟨χ⟩)^+(D^μ⟨χ⟩) = g^2 4 (u^2 + v^2)W^{′−}_μ W^{′+μ} + g^2 4 (ω^2 + v^2)Y^{′−}_μ Y^{′+μ} + g^2uω 4 (W^{′−}_μ Y^{′+μ} + Y^{′−}_μ W^{′+μ}) + g^2v^2 8 ( −W_{3μ} + 1 √ 3 W_{8μ} + t 2 3 √ 2 3 B_μ )_2

+ g^2u^2 8 ( W_{3μ} + 1 √ 3 W_{8μ} − t 1 3 √ 2 3 B_μ )_2 + g^2ω^2 8 ( − 2 √ 3 W_{8μ} − t 1 3 √ 2 3 B_μ )_2

+ g^2uω 4 √ 2 ( W_{3μ} + 1 √ 3 W_{8μ} − t 1 3 √ 2 3 B_μ ) ( X^{′0μ} + X^{′0∗μ} )

+ g^2uω 4 √ 2 ( − 2 √ 3 W_{8μ} − t 1 3 √ 2 3 B_μ ) ( X^{′0μ} + X^{′0∗μ} )

+ g^2 16 (u^2 + ω^2) { (X^{′0}_μ + X^{′0∗}_μ )^2 + [i(X^{′0}_μ − X^{′0∗}_μ )]^2 } . (33)

The combinations W^′ and Y^′ are mixing via

L^{CG}_{mass} = g^2 4 (W^{′−}_μ , Y^{′−}_μ ) ( u^2 + v^2 uω

uω ω^2 + v^2 ) ( W^{′+μ} Y^{′+μ} ) . (34)

Diagonalizing this mass matrix, we get physical charged gauge bosons

W^−_μ = cos θW^{′−}_μ + sin θY^{′−}_μ , Y^−_μ = − sin θW^{′−}_μ + cos θY^{′−}_μ , (35)

where the mixing angle is defined by

tan θ = u ω . (36)

The mass eigenvalues are

M^2_W = g^2v^2 4 , (37)

M^2_Y = g^2 4 (u^2 + v^2 + ω^2). (38)

Because of the constraints in (10), the following remarks are in order:

1. θ should be very small, and then W_μ ≃ W^′_μ, Y_μ ≃ Y^′_μ.

2. v ≃ v_{weak} = 246 GeV due to identification of W as the W boson in the SM.

Next, from (33), the W_5 gains mass as follows

M^2_{W5} = g^2 4 (ω^2 + u^2). (39)

Finally, there is a mixing among W_3, W_8, B, W_4 components. In the basis of these elements, the mass matrix is given by

M^2 = g^2 4 u^2 + v^{2 u2−v2√}_3 −^{2t}_3^√_6 (u^2 + 2v^2) 2uω

u^2−v^2 √ 3 1 3 (4ω^2 + u^2 + v^2)^{√2t}_9 (2ω^2 − u^2 + 2v^2) −^{2√}_3 uω

−^{2t}_3^√_6 (u^2 + 2v^2)^{√2t}_9 (2ω^2 − u^2 + 2v^2)^{2t2}_{27} (ω^2 + u^2 + 4v^2) −^{8t}_3^√_6 uω 2uω −^{2√}_3 uω −^{8t}_3^√_6 uω u^2 + ω^2

. (40)

Note that the mass Lagrangian in this case has the form

L^{NG}_{mass} = 1 2 V^T M^2V,

V^T ≡ (W_3, W_8, B, W_4). (41)

In the limit u → 0, W_4 does not mix with W_{3μ}, W_{8μ}, B_μ. In the general case u ≠ 0, the mass matrix in (40) contains two exact eigenvalues such as

M^2_γ = 0,

M^2_W ′_4 = g^2 4 (ω^2 + u^2). (42)

Thus the W^′_4 and W_5 components have the same mass, and this conclusion contradicts the previous analysis in Ref.[12]. With this result, we should identify the combination of W^′_4 and W_5 √ 2X^0_μ = W^′_{4μ} − iW_{5μ} (43)

as physical neutral non-Hermitian gauge boson. The subscript 0 denotes neutrality of gauge boson X. However, in the following, this subscript may be dropped. This boson caries lepton number two, hence it is the bilepton like those in the usual 331RH3HT. From (37), (38) and (42), it follows an interesting relation between the bilepton masses similar to the law of Pythagoras

M^2_Y = M^2_X + M^2_W . (44)

Thus the charged bilepton Y is slightly heavier than the neutral one X. Remind that the similar relation in the 331RH3HT is [19]: |M^2_Y − M^2_X | ≤ m^2_W .

Now we turn to the eigenstate question. The eigenstates corresponding to the two values in (42) are determined as follows

A_μ = 1 √ 18 + 4t^2

√ 3t −t 3 √ 2 0 , W^{′4μ} = 1 √ 1 + 4 tan^2 2θ tan 2θ √ 3 tan 2θ 0 1 . (45)

To embed this model in the effective theory at the low energy we follow an appropriate method without Higgs in Ref. [20, 21], where the photon field couples with the lepton by strength

L^{EM}_{int} = − √ 3g_X √ 18 + 4t^2 lγ^μlA_μ. (46) Therefore the coefficient of the electromagnetic coupling constant can be identified as √ 3g_X √ 18 + 4t^2

= e (47)

Using continuation of the gauge coupling constant g of SU(3)_L at the spontaneous symmetry breaking point

g = g[SU(2)_L] = e s_W (48) from which it follows t = 3 √ 2s_W √ 3 − 4s^2_W

. (49)

The eigenstates are now rewritten as follows

A_μ = s_W W_{3μ} + c_W ( − t_W √ 3 W_{8μ} + √ 1 − t^2_W 3 B_μ ) ,

W^′_{4μ} = t_{2θ} √ 1 + 4t^2_θ

W_{3μ} + √ 3t_{2θ} √ 1 + 4t^2_θ

W_{8μ} + 1 √ 1 + 4t^2_θ

W_{4μ}, (50)

where we have denoted s_W ≡ sin θ_W , t_{2θ} ≡ tan 2θ, and so forth.

The diagonalization of the mass matrix is done via three steps. In the first step, in the base of (A_μ, Z_μ, Z^′_μ, W_{4μ}), the two remaining gauge vectors are given by

Z_μ = c_W W_{3μ} − s_W ( − t_W √ 3 W_{8μ} + √ 1 − t^2_W 3 B_μ ) ,

Z^′_μ = √ 1 − t^2_W 3 W_{8μ} + t_W √ 3 B_μ. (51)

In this basis, the mass matrix M^2 becomes

M^{′2} = g^2 4

0 0 0 0 0^{u2+v2}_{c2W}^{c2W u2−v2} c^2_W √_{3−4s2W}^{2uω}_{cW} 0^{c2W u2−v2} c^2_W √_{3−4s2W}^{v2+4c4W ω2+c2W u2} c^2_W (3−4s^2_W ) − 2uω c_W √_{3−4s2W} 0^{2uω}_{cW} −^{2uω}_{cW} √_{3−4s2W} u^2 + ω^2

. (52)

Also, in the limit u → 0, W_{4μ} does not mix with Z_μ, Z^′_μ. The eigenstate W^′_{4μ} is now defined by

W^′_{4μ} = t_{2θ} c_W √ 1 + 4t^2_θ

Z_μ + √ 4c^2_W − 1t_{2θ} c_W √ 1 + 4t^2_θ

Z^′_μ + 1 √ 1 + 4t^2_θ

W_{4μ}. (53)

We turn to the second step. To see explicitly that the following basis is orthogonal and normalized, let us put s_θ′ ≡ t_{2θ} c_W √ 1 + 4t^2_θ

, (54)

which leads to

W^′_{4μ} = s_θ′ Z_μ + c_θ′ [ t_θ′ √ 4c^2_W − 1Z^′_μ + √ 1 − t^2_θ′ (4c^2_W − 1)W_{4μ} ] . (55)

Note that the mixing angle in this step θ^′ is the same order as the mixing angle in the charged gauge boson sector. Taking into account [22] s^2_W ≃ 0.231, from (54) we get s_θ′ ≃ 2.28s_θ. It is now easy to choose two remaining gauge vectors Z_μ = c_θ′ Z_μ − s_θ′ [ t_θ′ √ 4c^2_W − 1Z^′_μ + √ 1 − t^2_θ′ (4c^2_W − 1)W_{4μ} ] , Z^′_μ = √ 1 − t^2_θ′ (4c^2_W − 1)Z^′_μ − t_θ′ √ 4c^2_W − 1W_{4μ}. (56)

Therefore, in the base of (A_μ, Z_μ, Z^′_μ,W^′_{4μ}) the mass matrix M^{′2} has a quasi-diagonal form

M^{′′2} =

0 0 0 0 0 m^2_Z m^2_{ZZ}′ 0 0 m^2_{ZZ}′ m^2_Z′ 0 0 0 0^{g2}_4 (u^2 + ω^2)

(57) with

m^2_Z = g^2[(1 + 3t^2_θ)u^2 + (1 + 4t^2_θ)v^2 − t^2_θω^2] 4[c^2_W + (3 − 4s^2_W )t^2_θ] , m^2_{ZZ}′ = g^2 √ 1 + 4t^2_θ { [c_{2W} + (3 − 4s^2_W )t^2_θ]u^2 − v^2 − (3 − 4s^2_W )t^2_θω^2 } 4 √ 3 − 4s^2_W [c^2_W + (3 − 4s^2_W )t^2_θ] , m^2_Z′ = g^2 { [c^2_W + (3 − 4s^2_W )t^2_θ]u^2 + v^2 + [4c^4_W + (1 + 4c^2_W )(3 − 4s^2_W )t^2_θ]ω^2 } 4(3 − 4s^2_W )[c^2_W + (3 − 4s^2)t^2_θ]

. (58)

In the last step, it is trivial to diagonalize the mass matrix in (57). The two remaining mass eigenstates are given by Z^1_μ = c_φZ_μ − s_φZ^′_μ, Z^2_μ = s_φZ_μ + c_φZ^′_μ, (59) where the mixing angle φ between Z and Z^′ is defined by

t_{2φ} = √ (3 − 4s^2_W )(1 + 4t^2_θ) { [c_{2W} + (3 − 4s^2_W )t^2_θ]u^2 − v^2 − (3 − 4s^2_W )t^2_θω^2 } [2s^4_W − 1 + (8s^4_W − 2s^2_W − 3)t^2_θ]u^2 − [c_{2W} + 2(3 − 4s^2_W )t^2_θ]v^2 + [2c^4_W + (8s^4_W + 9c_{2W} )t^2_θ]ω^2

. (60)

The physical mass eigenvalues are defined by

M^2_Z1 = c^2_W (u^2 + ω^2) + v^2 − √ [c^2_W (u^2 + ω^2) + v^2]^2 + (3 − 4s^2_W )(3u^2ω^2 − u^2v^2 − v^2ω^2) 2g^{−2}(3 − 4s^2_W ) , M^2_Z2 = c^2_W (u^2 + ω^2) + v^2 + √ [c^2_W (u^2 + ω^2) + v^2]^2 + (3 − 4s^2_W )(3u^2ω^2 − u^2v^2 − v^2ω^2) 2g^{−2}(3 − 4s^2_W ) . Because of the condition (10), the angle φ has to be very small t_{2φ} ≃ − √ 3 − 4s^2_W [v^2 + (11 − 14s^2_W )u^2]

2c^4_W ω^2

. (61)

In this approximation, the above physical states have masses

M^2_Z1 ≃ g^2 4c^2_W

(v^2 − 3u^2), (62)

M^2_Z2 ≃ g^2c^2_W ω^2 3 − 4s^2_W

. (63)

Consequently, Z^1 can be identified as the Z boson in the SM, and Z^2 being the new neutral (Hermitian) gauge boson. It is important to note that in the limit u → 0 the mixing angle φ between Z and Z^′ is always non-vanishing. This differs from the mixing angle θ between the W boson of the SM and the singly-charged bilepton Y . Phenomenology of the mentioned mixing is quite similar to the W_L − W_R mixing in the left-right symmetric model based on the SU(2)_R ⊗ SU(2)_L ⊗ U(1)_{B−L} group (the interested reader can find in [21]).

VI. CURRENTS

The interaction among fermions with gauge bosons arises from part iψ̄γ_μD^μψ = kinematic terms + H^{CC} + H^{NC}. (64)

A. Charged currents

Despite neutrality, the gauge bosons X^0, X^{0∗} belong to this section by their nature. Because of the mixing among the SM W boson and the charged bilepton Y as well as among (X^0 + X^{0∗}) with (W_3, W_8, B), the new terms exist as follows

H^{CC} = g √ 2 ( J^{μ−}_W W^+_μ + J^{μ−}_Y Y^+_μ + J^{μ0∗}_X X^0_μ + h.c. ) (65) where

J^{μ−}_W = c_θ(ν_{iL}γ^μe_{iL} + u_{iL}γ^μd_{iL}) + s_θ (ν^c_{iL}γ^μe_{iL} + U_Lγ^μd_{1L} + u_{αL}γ^μD_{αL}), (66) J^{μ−}_Y = c_θ(ν^c_{iL}γ^μe_{iL} + U_Lγ^μd_{1L} + u_{αL}γ^μD_{αL}) − s_θ (ν_{iL}γ^μe_{iL} + u_{iL}γ^μd_{iL}), (67) J^{μ0∗}_X = (1 − t^2_θ)(ν_{iL}γ^μν^c_{iL} + u_{1L}γ^μU_L − D_{αL}γ^μd_{αL}) − t^2_θ(ν^c_{iL}γ^μν_{iL} + U_Lγ^μu_{1L} − d_{αL}γ^μD_{αL}) + t_{2θ} √ 1 + 4t^2_θ

(ν_iγ^μν_i + u_{1L}γ^μu_{1L} − U_Lγ^μU_L − d_{αL}γ^μd_{αL} + D_{αL}γ^μD_{αL}). (68)

Comparing with the charged currents in the usual 331RH3HT[8] we get the following discrepances

1. The second term in (66)

2. The second term in (67)

3. The second and the third terms in (68) All mentioned above interactions are lepton-number violating and weak (proportional to sin θ or its square sin^2 θ). However, these couplings lead to lepton-number violations only in the neutrino sector.

B. Neutral currents

As before, in this model, a real part of the non-Hermitian neutral X^{′0} mixes with the real neutral ones such as Z and Z^′. This gives the unusual term as follows

H^{NC} = eA^μJ^{EM}_μ + L^{NC} + L^{NC}_{unnormal}. (69)

Despite the mixing among W_3, W_8, B, W_4, the electromagnetic interactions remain the same as in the SM and the usual 331RH3HT, i.e.

J^{EM}_μ = ∑ f q_f f̄ γ_μf, (70)

where f runs among all the fermions of the model.

Interactions of the neutral currents with fermions have a common form

L^{NC} = g 2c_W f γ^μ [ g_{kV} (f) − g_{kA}(f)γ^5 ] fZ^k_μ , k = 1, 2 (71)

where

g_{1V} (f) = c_φ { T_3(f_L) − 3t^2_θX(f_L) + [(3 − 8s^2_W )t^2_θ − 2s^2_W ]Q(f) } √ (1 + 4t^2_θ)[1 + (3 − t^2_W )t^2_θ] − s_φ[(4c^2_W − 1)T_3(f_L) + 3c^2_W X(f_L) − (3 − 5s^2_W )Q(f)] √ (4c^2_W − 1)[1 + (3 − t^2_W )t^2_θ]

, (72)

g_{1A}(f) = c_φ[T_3(f_L) − 3t^2_θ(X − Q)(f_L)] √ (1 + 4t^2_θ)[1 + (3 − t^2_W )t^2_θ] − s_φ[(4c^2_W − 1)T_3(f_L) + 3c^2_W (X − Q)(f_L)] √ (4c^2_W − 1)[1 + (3 − t^2_W )t^2_θ]

, (73)

g_{2V} (f) = g_{1V} (f)(c_φ → s_φ, s_φ → −c_φ), g_{2A}(f) = g_{1A}(f)(c_φ → s_φ, s_φ → −c_φ). (74)

Here T_3(f) and Q(f) are, respectively, the third component of the weak isospin and the charge of the fermion f. Note that isospin for the SU (2) fermion singlet (in the bottom of triplets) vanishes: T_3(f) = 0. The values of g_{1V} (f), g_{1A}(f) and g_{2V} (f), g_{2A}(f) are listed in Table I and Table II.

Because of the above-mentioned mixing, the lepton-number violating interactions mediated by neutral gauge bosons Z^1 and Z^2 exist in the neutrino and the exotic quark sectors

L^{NC}_{unnormal} = − gt_{2θ}g_{kV} (ν) 2 (ν_{iL}γ^μν^c_{iL} + u_{1L}γ^μU_L − D_{αL}γ^μd_{αL})Z^k_μ + h.c. (75) Again, these interactions are very weak and proportional to sin θ. From (66) - (68) and (75) we conclude that all lepton-number violating interactions are expressed in the terms dependent only in the mixing angle between the charged gauge bosons.

TABLE I: The Z^1_μ → f̄f couplings. f g1V (f) g1A (f) νe, νμ, ντ^{cφ−sφ} √_{(4c2W −1)(1+4t2θ )} 2 √_{(1+4t2θ )[1+(3−t2W )t2θ]}^{cφ} √_{(4c2W −1)(1+4t2θ )+sφ} 2 √_{(4c2W −1)[1+(3−t2W )t2θ ]}

e, μ, τ^{(3−4c2W )[cφ} √_{(4c2W −1)(1+4t2θ )+sφ]} 2 √_{(4c2W −1)[1+(3−t2W )t2θ ]} −^{cφ} √_{(4c2W −1)(1+4t2θ )+sφ} 2 √_{(4c2W −1)[1+(3−t2W )t2θ ]}

u^{cφ} √_{4c2W −1[3(1+2t2θ )−8s2W (1+4t2θ )]−sφ(3+2s2W )}√_{1+4t2θ} 6 √_{(4c2W −1)(1+4t2θ )[1+(3−t2W )t2θ ]}^{cφ} √_{4c2W −1(1+2t2θ )−sφc2W} √_{1+4t2θ} 2 √_{(4c2W −1)(1+4t2θ )[1+(3−t2W )t2θ ]}

d^{(1−4c2W )[cφ} √_{(4c2W −1)(1+4t2θ )+sφ]} 6 √_{(4c2W −1)[1+(3−t2W )t2θ]} −^{cφ} √_{(4c2W −1)(1+4t2θ )+sφ} 2 √_{(4c2W −1)[1+(3−t2W )t2θ ]}

c, t^{(3−8s2W )[cφ} √_{(4c2W −1)(1+4t2θ )+sφ]} 6 √_{(4c2W −1)[1+(3−t2W )t2θ]}^{cφ} √_{(4c2W −1)(1+4t2θ )+sφ} 2 √_{(4c2W −1)[1+(3−t2W )t2θ ]}

s, b^{cφ} √_{4c2W −1[(1−4c2W )(1+4t2θ )+6t2θ ]+sφ(1+2c2W )}√_{1+4t2θ} 6 √_{(4c2W −1)(1+4t2θ )[1+(3−t2W )t2θ ]} −^{cφ} √_{4c2W −1(1+2t2θ )−sφc2W} √_{1+4t2θ} 2 √_{(4c2W −1)(1+4t2θ )[1+(3−t2W )t2θ ]}

U^{cφ} √_{4c2W −1[3t2θ−4s2W (1+4t2θ )]+sφ(3−7s2W )}√_{1+4t2θ} 3 √_{(4c2W −1)(1+4t2θ )[1+(3−t2W )t2θ ]}^{cφ} √_{4c2W −1t2θ +sφc2W} √_{1+4t2θ} √_{(4c2W −1)(1+4t2θ )[1+(3−t2W )t2θ]}

D2, D3^{cφ} √_{4c2W −1[2s2W (1+4t2θ )−3t2θ ]−sφ(3−5s2W )}√_{1+4t2θ} 3 √_{(4c2W −1)(1+4t2θ )[1+(3−t2W )t2θ ]} −^{cφ} √_{4c2W −1t2θ +sφc2W} √_{1+4t2θ} √_{(4c2W −1)(1+4t2θ )[1+(3−t2W )t2θ ]}

VII. PHENOMENOLOGY

First of all we should find some constraints on the parameters of the model. There are many ways to get constraints on the mixing angle θ and the charged bilepton mass M_Y . Below we present a simple one. In our model, the W boson has the following normal main decay modes: W^− → l ν̃_l (l = e, μ, τ ), ↘ u^cd, u^cs, u^cb, (u → c), (76) which are the same as in the SM and in the 331RH3HT. Beside the above modes, there are additional ones which are lepton-number violating (ΔL = 2) - the model’s specific feature W^− → l ν_l (l = e, μ, τ ). (77) It is easy to compute the tree level decay widths as follows [23]

Γ^{Born}(W → l ν̃_l) = g^2c^2_θ 8 M_W 6π (1 − x)(1 − x 2 − x^2 2 ) ≃ c^2_θαM_W 12s^2_W , Γ^{Born}(W → l ν_l) = g^2s^2_θ 8 M_W 6π (1 − x)(1 − x 2 − x^2 2 ) ≃ s^2_θαM_W 12s^2_W

, x ≡ m^2_l /M^2_W , ∑ color

Γ^{Born}(W → u^c_i d_j) =

3g^2c^2_θ 8 M_W 6π |V_{ij}|^2 [ 1 − 2(x + x) + (x − x)^2

] 1_2

× [ 1 − x + x 2 − (x − x)^2 2 ] ≃ c^2_θαM_W 4s^2_W

|V_{ij}|^2, x ≡ m^2_{dj} /M^2_W , x ≡ m^2_uc_i /M^2_W . (78)

QCD radiative corrections modify Eq.(78) by a multiplicative factor [22, 23] δ_{QCQ} = 1 + α_s(M_Z )/π + 1.409α^2_s/π^2 − 12.77α^3_s/π^3 ≃ 1.04, (79) which is estimated from α_s(M_Z ) ≃ 0.12138. All the state masses can be ignored, the predicted total width for W decay into fermions is

Γ^{tot}_W = 1.04 αM_W 2s^2_W

(1 − s^2_θ) + αM_W 4s^2_W

. (80)

TABLE II: The Z^2_μ → f̄f couplings. f g2V (f) g2A(f) νe, νμ, ντ^{sφ+cφ} √_{(4c2W −1)(1+4t2θ )} 2 √_{(1+4t2θ )[1+(3−t2W )t2θ ]}^{sφ} √_{(4c2W −1)(1+4t2θ )−cφ} 2 √_{(4c2W −1)[1+(3−t2W )t2θ ]}

e, μ, τ^{(3−4c2W )[sφ} √_{(4c2W −1)(1+4t2θ )−cφ]} 2 √_{(4c2W −1)[1+(3−t2W )t2θ ]} −^{sφ} √_{(4c2W −1)(1+4t2θ )−cφ} 2 √_{(4c2W −1)[1+(3−t2W )t2θ ]}

u^{sφ} √_{4c2W −1[3(1+2t2θ )−8s2W (1+4t2θ )]+cφ(3+2s2W )}√_{1+4t2θ} 6 √_{(4c2W −1)(1+4t2θ )[1+(3−t2W )t2θ ]}^{sφ} √_{4c2W −1(1+2t2θ )+cφc2W} √_{1+4t2θ} 2 √_{(4c2W −1)(1+4t2θ )[1+(3−t2W )t2θ ]}

d^{(1−4c2W )[sφ} √_{(4c2W −1)(1+4t2θ )−cφ]} 6 √_{(4c2W −1)[1+(3−t2W )t2θ ]} −^{sφ} √_{(4c2W −1)(1+4t2θ )−cφ} 2 √_{(4c2W −1)[1+(3−t2W )t2θ ]}

c, t^{(3−8s2W )[sφ} √_{(4c2W −1)(1+4t2θ )−cφ]} 6 √_{(4c2W −1)[1+(3−t2W )t2θ ]}^{sφ} √_{(4c2W −1)(1+4t2θ )−cφ} 2 √_{(4c2W −1)[1+(3−t2W )t2θ ]}

s, b^{sφ} √_{4c2W −1[(1−4c2W )(1+4t2θ )+6t2θ ]−cφ(1+2c2W )}√_{1+4t2θ} 6 √_{(4c2W −1)(1+4t2θ )[1+(3−t2W )t2θ ]} −^{sφ} √_{4c2W −1(1+2t2θ )+cφc2W} √_{1+4t2θ} 2 √_{(4c2W −1)(1+4t2θ )[1+(3−t2W )t2θ ]}

U^{sφ} √_{4c2W −1[3t2θ −4s2W (1+4t2θ )]−cφ(3−7s2W )}√_{1+4t2θ} 3 √_{(4c2W −1)(1+4t2θ )[1+(3−t2W )t2θ ]}^{sφ} √_{4c2W −1t2θ−cφ c2W} √_{1+4t2θ} √_{(4c2W −1)(1+4t2θ )[1+(3−t2W )t2θ ]}

D2, D3^{sφ} √_{4c2W −1[2s2W (1+4t2θ )−3t2θ ]+cφ (3−5s2W )}√_{1+4t2θ} 3 √_{(4c2W −1)(1+4t2θ )[1+(3−t2W )t2θ ]} −^{sφ} √_{4c2W −1t2θ−cφc2W} √_{1+4t2θ} √_{(4c2W −1)(1+4t2θ )[1+(3−t2W )t2θ ]}

Taking α(M_Z ) ≃ 1/128, M_W = 80.425GeV, s^2_W = 0.2312 and Γ^{tot}_W = 2.124 ± 0.041GeV [22], in Fig.1, we have plotted Γ^{tot}_W as function of s_θ. From the figure we get an upper limit: sin θ ≤ 0.08.

FIG. 1: W width as function of sin θ, and the horizontal lines are an upper and a lower limit.

Since one of the VEVs is closely to the those in the SM: v ≃ v_{weak} = 246 GeV, therefore only two free VEVs exist in the considering model, namely u and ω. The bilepton mass limit can be obtained from the “wrong” muon decay

μ^− → e^−ν_eν̃_μ (81)

mediated, at the tree level, by both the SM W and the singly-charged bilepton Y_μ (see Fig.2). Remind that in the 331RH3HT, at the lowest order, this decay is mediated only by the singly-charged bilepton Y . In our case, the second diagram in Fig.2 gives main contribution. Taking into account of the famous experimental data [22]

FIG. 2: Feynman diagram for the wrong muon decay μ^− → e^−νeν̃μ.

R_{muon} ≡ Γ(μ^− → e^−ν_eν̃_μ) Γ(μ^− → e^−ν̃_eν_μ)

< 1.2% 90 % CL (82)

we get the constraint: R_{muon} ≃^{M 4W}_{M 4Y} . Therefore, it follows that M_Y ≥ 230 GeV.

However, the stronger bilepton mass bound has been derived from consideration of experimental limit on leptonnumber violating charged lepton decays [24] of 440 GeV.

In the case of u → 0, analyzing the Z decay width [13], the Z − Z^′ mixing angle is constrained by −0.0015 ≤ φ ≤ 0.001. From atomic parity violation in cesium, bounds for mass of the new exotic Z^′ and the Z − Z^′ mixing angles, again in the limit u → 0, are given [13]

−0.00156 ≤ φ ≤ 0.00105, M_{Z2} ≥ 2.1 TeV (83)

These values coincide with the bounds in the usual 331RH3HT [25].

For our purpose we consider the ρ parameter - one of the most important quantities of the SM, having a leading contribution in terms of the T parameter, is very useful to get the new-physics effects. It is well-known relation between ρ and T parameter

ρ = 1 + αT (84)

In the usual 3331RH3HT, T gets contribution from the oblique correction and the Z − Z^′ mixing [19] T_{RHN} = T_{ZZ}′ + T_{oblique}, (85) where T_{ZZ}′ ≃^{tan2 φ}_α (_{M 2Z} 2 M^2_{Z1} − 1 ) is negligible for M_Z′ less than 1 TeV, T_{oblique} depends on masses of the top quark and the SM Higgs boson. Again at the tree level and the limit (10), from (37) and (62) we get an expression for the ρ parameter in the considering model ρ = M^2_W c^2_W M^2_{Z1} = v^2 v^2 − 3u^2

≃ 1 +

3u^2 v^2

. (86)

Note that formula (86) has only one free parameter u, since v is very close to the VEV in the SM. Neglecting the contribution from the usual 331RH3HT and taking into account the experimental data [22] ρ = 0.9987 ± 0.0016 we get the constraint on u parameter by^u_v ≤ 0.01 which leads to u ≤ 2.46 GeV. This means that u is much smaller than v, as expected.

It seems that the ρ parameter, at the tree level, in this model, is favorable to be bigger unit and this is similar to the case of the models contained heavy Z^′ [26].

The interesting new physics compared with other 3-3-1 models is the neutrino physics. Due to lepton-number violating couplings we have the following interesting consequences:

1. Processes with ΔL = ±2

From the charged currents we have the following lepton-number violating ΔL = ±2 decays such as

μ^− → e^−ν_eν_μ, μ^− → e^−ν̃_eν̃_μ, (μ can be replaced by τ ) (87)

in which both the SM W boson and charged bilepton Y^−_μ are in intermediate states (see Fig. 3). Here the main

FIG. 3: Feynman diagram for μ^− → e^−νe ~νμ.

FIG. 4: Feynman diagram for νiνi → νj νj (i ≠ j = e, μ, τ).

contribution arises from the first diagram. Note that the wrong muon decay violates only family lepton-number, i.e. ΔL = 0, but not lepton-number at all as in (87). The decay rates are given by R_{rare} ≡ Γ(μ^− → e^−ν_eν_μ) Γ(μ^− → e^−ν̃_eν_μ) = Γ(μ^− → e^−ν̃_eν̃_μ) Γ(μ^− → e^−ν̃_eν_μ)

≃ s^2_θ (88) Taking s_θ = 0.08, we get R_{rare} ≃ 6 × 10^{−3}. This rate is the same as the wrong muon decay one. Interesting to note that, the family lepton-number violating processes ν_iν_i → ν_jν_j, (i ≠ j) (89) are mediated not only by the non-Hermitian bilepton X but also by the Hermitian neutral Z^1, Z^2 (see Fig.4). The first diagram in Fig.4 exists also in the 331RH3HT, but the second one does not appear there.

2. Lepton-number violating kaon decays Next, let us consider the lepton-number violating decay [22] K^+ → π^0 + e^+ν̃_e < 3 × 10^{−3} at 90% CL (90) This decay can be explained in the considering model as the subprocess given below s̃ → ũ + e^+ν̃_e. (91) This process is mediated by the SM W boson and the charged bilepton Y . Amplitude of the considered process is proportional to sin_θ M (s̃ → ũ + e^+ν̃_e) ≃ sin 2θ 2M^2_W ( 1 − m^2_W M^2_Y ) (92) Next, let us consider the “normal decay” [22] K^+ → π^0 + e^+ν_e (4.87 ± 0.06) % (93) with amplitude M (s̃ → ũ + e^+ν_e) ≃ 1 M^2_W

(94)

From (92) and (94) we get R_{kaon} ≡ Γ(s̃ → ũ + e^+ν̃_e) Γ(s̃ → ũ + e^+ν_e)

≃ sin^2 θ. (95)

In the framework of this model, we derive the following decay modes with rates R_{kaon} = Γ(K^+ → π^0 + e^+ν̃_e) Γ(K^+ → π^0 + e^+ν_e) ≃ Γ(K^+ → π^0 + μ^+ν̃_μ) Γ(K^+ → π^0 + μ^+ν_μ)

≃ sin^2 θ ≤ 6 × 10^{−3}. (96)

Note that the similar lepton-number violating processes exist in the SU(2)_R ⊗ SU(2)_L ⊗ U(1)_{B−L} model (for details, see Ref.[21]).

3. Neutrino Majorana masses

At the one-loop level neutrinos get Majorana masses via diagram in which all the charged W, Y and the neutral Z and Z^′ gauge bosons give contributions. However, the contributions from the above-mentioned fields give the terms diagonal in flavor basis. Fortunately, the Higgs scalar with lepton number two gives interesting term leading to the neutrino oscillation. This result will be presented elsewhere.

VIII. CONCLUSIONS

In this paper we have presented the 3-3-1 model with the minimal scalar sector (only two Higgs triplets). This version belongs to the 3-3-1 model without exotic charges (charges of the exotic quarks are^2_3 and −^1_3 ). The spontaneous symmetry breakdown is achieved with only two Higgs triplets. One of the vacuum expectation values u is a source of lepton-number violations and a reason for the mixing between the charged gauge bosons - the standard model W and the singly-charged bilepton gauge bosons as well as between neutral non-Hermitian X^0 and neutral gauge bosons: the photon, the Z and the new exotic Z^′. At the tree level, masses of the charged gauge bosons satisfy the law of Pythagoras M^2_Y = M^2_X + M^2_W and in the limit ω ≫ u, v, the ρ parameter gets additional contribution dependent only on^u_v . Thus, this leads to u ≪ v, and there are three quite different scales for the VEVs of the model: one is very small u ≃ O(1) GeV - a lepton-number violating parameter, the second v is close to the SM one : v ≃ v_{weak} = 246 GeV and the last is in the range of new physics scale about O(1) TeV.

In difference with the usual 331RH3HT, in this model the first family of quarks should be distinctive of the two others.

The exact diagonalization of the neutral gauge boson sector is derived. Because of the parameter u, the leptonnumber violation happens only in neutrino but not in charged lepton sector. It is interesting to note that despite the mentioned above mixing, the electromagnetic current remains unchanged. In this model, the lepton-number changing (ΔL = ±2) processes exist but only in the neutrino sector. Consequently, neutrinos get Majorana masses at the one-loop level.

It is worth mentioning on the advantage of the considered model: the new mixing angle between the charged gauge bosons θ is connected with one of the VEVs u - the parameter of lepton-number violations. There is no new parameter, but it contains very simple Higgs sector, hence the significant number of free parameters is reduced.

The model contains new kinds of interactions in the neutrino sector. Hence neutrino physics in this model is very rich. It deserves further studies.

Acknowledgments

This work was supported in part by National Council for Natural Sciences of Vietnam.

APPENDIX A: MIXING MATRIX OF NEUTRAL GAUGE BOSONS

For the sake of convenience in practical calculations, we need the mixing matrix

W_3 W_8 B W_4 = U A Z^1 Z^2 W^′_4 , (A1) where

U = s_W c_φc_θ′ c_W s_φc_θ′ c_W s_θ′ c_W −^{sW√}_3^{cφ(s2W −3c2W s2θ′ )−sφ} √_{(1−4s2θ′ c2W )(4c2W −1)} √ 3c_W c_θ′ s_φ(s^2_W −3c^2_W s^2_{θ′} )+c_φ √_{(1−4s2θ′ c2W )(4c2W −1)} √ 3c_W c_θ′ √ 3s_θ′ c_W √_{4c2W −1} √ 3 −^{tW (cφ} √_{4c2W −1+sφ} √_{1−4s2θ′ c2W )} √ 3c_θ′ − t_W (s_φ √_{4c2W −1−cφ}√_{1−4s2θ′ c2W )} √ 3c_θ′ 0 0 −t_θ′ (c_φ √ 1 − 4s^2_θ′ c^2_W − s_φ √ 4c^2_W − 1) −t_θ′ (s_φ √ 1 − 4s^2_θ′ c^2_W + c_φ √ 4c^2_W − 1) √ 1 − 4s^2_θ′ c^2_W .

Here we have denoted s_θ′ =^{t2θ}_{cW} √_{1+4t2θ} .

[1] SuperK, Y. Fukuda et al., Phys. Rev. Lett. 81, 1562 (1998); 82, 2644 (1999); 85, 3999 (2000); 86, 5651 (2001); Y. Suzuki, Nucl. Phys. B (Proc. Suppl.) 77, 35 (1999); SuperK, Y. Fukuda et al., Phys. Rev. Lett 81, 1158 (1998); 82, 1810 (1999); Y. Suzuki, Nucl. Phys. B (Proc. Suppl.) 77, 35 (1999); S. Fukuda et al., Phys. Rev. Lett. 86, 5651 (2001).

[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, 410 (1992); P. H. Frampton, Phys. Rev. Lett. 69, 2889 (1992); R. Foot et al, Phys. Rev. D 47, 4158 (1993).

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

Rev. D 50, R34 (1994); J. C. Montero, F. Pisano and V. Pleitez, Phys. Rev. D 47, 2918 (1993); Phys. Rev. D 54, 4691 (1996).

[8] H. N. Long, Phys. Rev. D 53, 437 (1996).

[9] W. A. Ponce, D. A. Gunierrez and L. A. Sanchez, Phys. Rev. D 69, 055007 (2004); A. G. Dias and V. Pleitez, Phys. Rev.

D 69, 077702 (2004); G. Tavares-Velasco and J. J. Toscano, Phys. Rev. D 65, 013005 (2004); Phys. Rev. D 70, 053006 (2004); R. A. Diaz, R. Martinez and F. Ochoa, Phys. Rev. D 69, 095009 (2004); R. A. Diaz, R. Martinez and F. Ochoa, Phys. Rev. D 72, 035018 (2005).

[10] F. Pisano, Mod. Phys. Lett A 11, 2639 (1996); A. Doff and F. Pisano, Mod. Phys. Lett A 14, 1133 (1999); 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); P. V. Dong and H. N. Long, [arXiv:hep-ph/0507155].

[11] Y. Okamoto and M. Yasuè, Phys. Lett. B 466, 267 (1999); T. Kitabayashi and M. Yasuè, Phys. Rev. D 63, 095002 (2001);

Phys. Lett. B 508, 85 (2001); Phys. Rev. D 63, 095006 (2001). [12] W. A. Ponce, Y. Giraldo and L. A. Sanchez, Phys. Rev. D 67, 075001 (2003). [13] D. A. Gutierrez, W. A. Ponce and L. A. Sanchez, [arXiv:hep-ph/0511057].

[14] D. Chang and H. N. Long, Interesting radiative patterns of neutrino mass in an SU(3)C ⊗ SU(3)L ⊗ U(1)X model with right-handed neutrinos, submitted for publication; See also: M. B. Tully and G. C. Joshi, Phys. Rev. D 64, 011301 (2001).

[15] D. T. Huong, M. C. Rodriguez and H. N. Long, [arXiv:hep-ph/0508045]. [16] G. L. Fogli et al., [arXiv:hep-ph/0506083]. [17] H. N. Long and V. T. Van, J. Phys. G 25, 2319 (1999). [18] H. N. Long, Mod. Phys. Lett. A 13, 1865 (1998). [19] H. N. Long and T. Inami, Phys. Rev. D 61, 075002 (2000). [20] P. V. Dong and H. N. Long, Eur. Phys. J. C 42, 325 (2005).

[21] R. N. Mohapatra, Unification and Supersymmetry, The Frontiers of Quark-Lepton Physics, Springer-Verlag, (1992). [22] Particle Data Group, S. Eidelman et al, Phys. Lett. B 592, I (2004).

[23] J. F. Donoghue, E. Golowich and B. R. Holstein, Dynamics of the Standard Model, Cambridge University Press, (1992);

More details, see: D. Bardin and G. Passarino, The Standard Model in the Making, Precision Study of the Electroweak Interactions, Clarendon Press, Oxford (1999).

[24] M. B. Tully and G. C. Joshi, Phys. Lett. B 466, 333 (1999). [25] H. N. Long and L. P. Trung, Phys. Lett. B 502, 63 (2001). [26] P. Langacker and M. Luo, Phys. Rev. D 45, 278 (1992) and references therein.