arXiv:1108.5228v1 [hep-ph] 26 Aug 2011

Non-standard neutrinos interactions in a 331 model with minimum Higgs sector

M. Medina^{∗1} and P. C. de Holanda^{†1} 1Instituto de Física Gleb Wataghin - UNICAMP, 13083-859, Campinas SP, Brazil

We present a detailed analysis of a class of extensions to the SM Gauge chiral symmetry SU(3)C × SU(3)L × U(1)X (331 model), where the neutrino electroweak interaction with matter via charged and neutral current is modified through new gauge bosons of the model. We found the connections between the non-standard contributions on 331 model with non-standard interactions. Through limits of such interactions in cross section experiments we constrained the parameters of the model, obtaining that the new energy scale of this theory should obey V > 1.3 TeV and the new bosons of the model must have masses greater than 610 GeV.

PACS numbers:

I. INTRODUCTION

The confirmation of flavor neutrino oscillation [1, 2] by the combination of a variety of data from solar [3–7], atmospheric [8–12] and reactor [13–17] neutrino experiments established the incompleteness of the Standard Model of electroweak interactions, leaving room for other non-standard neutrino properties.

One convenient way to describe neutrino new interactions with matter in the electro-weak (EW) broken phase are the so-called non-standard neutrino interactions (NSI), that is a very widespread and convenient way of parameterizing the effects of new physics in neutrino oscillations [18–23]. NSI with first generation of leptons and quarks for fourfermion operators are contained in the following Lagrangian density[18, 19, 22]: L^{NSI}_{ef f} = −2 √ 2G_F ∑ f,P ε^{f P}_{αβ} [¯ fγ^μP f ] [ν̄_αγ^μLν_β] , (1)

where G_F is the Fermi constant, f = u, d, e and P = L, R with 2L = ( 1 − γ^5 ) , 2R = ( 1 + γ^5 ) and the coefficients ε^{f P}_{αβ} encodes the deviation from standard interactions between neutrinos of flavor α with component P -handed of fermions f, resulting in a neutrinos of flavor β. Then, the neutrino oscillations in the presence of non-standard matter effects can be described by an effective Hamiltonian, parameterized as

H̃ = 1 2E U 0 0 0 0 Δm^2_1 0 0 0 Δm^2_{31} U^† + a 1 + ε_{ee} ε_{eμ} ε_{eτ} ε^∗_{eμ} ε_{μμ} ε_{μτ} ε^∗_{eτ} ε^∗_{μτ} ε_{τ τ} , (2)

where a = 2 √ 2G_F n_f , E is the neutrino energy and ε_{αβ} = ∑ f,P ε^{f P}_{αβ} n_f /n_e with n_e and n_f the electrons and fermions f density in the middle, respectively. This parameters ε_{αβ} can be found in solar[24], atmospheric[25], accelerator[26] and cross section[27, 28] neutrino data experiment.

We focus on cross section neutrino experiment, where at low energies the standard differential cross section for ν_αe → ν_αe scattering processes has the well know form: dσ_α dT = 2G_F m_e π [ (g^α_1 )^2 + (g^α_2 )^2 ( 1 − T E_ν )_2

− g^α_1 g^α_2 m_eT E^2_ν ] , (3)

where m_e is the electron mass, E_ν is the incident neutrino energy, T_e is the electron recoil energy. The quantities g^α_1 and g^α_2 are related to the SM neutral current couplings of the electron g^e_L = −1/2 + sin^2 θ_W and g^e_R = sin^2 θ_W , with sin^2 θ_W = 0, 23119. For ν_{μ,τ} neutrinos, which take part only in neutral current interactions, we have g^{μ,τ}_1 = g^e_L and g^{μ,τ}_2 = g^e_R while for electron neutrinos, which take part in both charge current (CC) and neutral current (NC) interactions, g^e_1 = 1 + g^e_L, g^e_2 = g^e_R. In the presence of Non-Universal standard interaction the cross section can be written in the same form of eq. (3) but with g^α_{1,2} replaced by the effective non-standard couplings g̃^α_1 = g^α_1 + ε^{eL}_{αα} and

∗ mmedina@ifi.unicamp.br † holanda@ifi.unicamp.br

g̃^α_2 = g^α_2 + ε^{eR}_{αα}, leading to the following differential scattering cross section[27, 28] dσ_α dT = 2G_F m_e π { ( g^α_1 + ε^{eL}_{αα} )_2 + ( g^α_2 + ε^{eR}_{αα} )_2 ( 1 − T_e E_ν )_2

− ( g^α_1 + ε^{eL}_{αα} ) ( g^α_2 + ε^{eR}_{αα} ) m_eT_e E_ν } . (4)

Our goal is to investigate how NSI with matter can be induced by new physics generated by 331 models and based in constraint on this NSI parameters constraint the model some values expected for 331 model. In section II

II. 331 MODEL

The success of the standard model (SM) implies that any new theory should contain the symmetry SU(3)_C ⊗ SU(2)_L ⊗ U(1)_Y (G_{321}) in a low energy limit. Then, it is natural that one possible modification of SM involves extensions of the representation content in matter and Higgs sector, leading to extension of symmetry group G_{321} to groups SU(N_C )_C ⊗ SU(m)_L ⊗ U(1)_X with SU(N_C )_C ⊗ SU(m)_L ⊗ U(1)_X ⊃ G_{321}.

In early 90’s, F. Pisano and V. Pleitez [29, 30] and latter P. H. Frampton [31] suggested an extension of the symmetry group SU(2)_L ⊗ U(1)_Y of electroweak sector to a group SU(3)_L ⊗ U(1)_X , i.e. with N_C = m = 3. The 331 models present some interesting features, as for instance, they associate the number of families to internal consistence of the theory, preserving asymptotic freedom.

In these models, the SM doublets are part of triplets. In quark sector three new quarks are included to build the triplets, while in lepton sector we can use the right-handed neutrino to such role[29, 31]. Another option is to invoke three new heavy leptons, charged or not, depending on the choice of charge operator[32, 33]. In SM the electric charge operator is constructed as a combination of diagonal generators of SU(2) ⊗ U(1)_Y . Then, it is natural to assume that this operator in SU(3)_L ⊗ U(1)_X is defined in the same way. The most general charge operator in SU(3)_L ⊗ U(1)_X is a linear superposition of diagonal generators of symmetry groups, given by: Q ≡ aT_{3L} + 2 √ 3 bT_{8L} + XI_3, (5)

where the group generator are defined as T_{iL} ≡ λ_{iL}/2 with λ_{iL}, i = 1, ..., 8 are Gell-Mann matrices forSU(3)_L, where the normalization chosen is T r(λ_{iL}λ_{jL}) = 2δ_{ij} and I_3 = diag (1, 1, 1) is the identity matrix, a and b are two parameters to be determined. Then, eq. (5) in representation 3 have the form:

Q[3] = a 2 +^b_3 + X 0 0 0 −^a_2 +^b_3 + X 0 0 0 −^{2b}_3 + X , (6)

where we have two free parameters to obtain the charge of fermions, a and b (X can be determined by anomalies cancellation). However, a = 1 is necessary to obtain doublets of isospins SU(2) ⊗ U(1)_Y correctly incorporated in the model SU(3)_L ⊗ U(1)_X [32–34]. Then we can vary b to create different models in 331 context, being a signature which differentiate such models. For b = −3/2, we have the original 331 model[29, 30].

To have local gauge invariance we have the following covariant derivative: D_μ = ∂_μ − i^g_2 λ_αW^α_μ − ig_xXB_μ and a total of 17 mediator bosons: one field B_μ associated with U(1)_X , eight fields associated with SU(3)_C , and another eight fields associated with SU(3)_L, written in the form:

W_μ ≡ W^α_μ λ_α =

W^3_μ +^{1√}_3 W^8_μ √ 2W^+_μ √ 2K^{Q1}_μ √ 2W^−_μ −W^3_μ +^{1√}_3 W^8_μ √ 2K^{Q2}_μ √ 2K^{−Q1}_μ √ 2K^{−Q2}_μ −^{2√}_3 W^8_μ , (7)

where

W^±_μ = 1 √ 2 (W_{1μ} ∓ iW_{2μ}) , (8)

K^{±Q1}_μ = 1 √ 2 (W_{4μ} ∓ iW_{5μ}) , (9)

K^{±Q2}_μ = 1 √ 2 (W_{6μ} ∓ iW_{7μ}) , (10)

Therefore, charge operator in eq. (6) applied over eq. (7) leads to:

Q_W →

0 +1^1_2 + b −1 0 −^1_2 + b 1 2 + b −^1_2 + b 0 . (11)

The mediator bosons will have integer electric charge only if b = ±1/2, ±3/2, ±5/2, ..., ±(2n+ 1)/2, n = 0, 1, 2, 3, ... A detailed analysis shows that if b is associated with the fundamental representation 3 then −b will be associated with antisymmetric representation 3^∗.

A. The representation content

There are many representations for the matter content[35], for instance b = 3/2 [29]. But we note that if we accommodate the doublets of SU(2)_L in the superior components of triplets and anti-triplets of SU(3)_L, and if we forbid exotic charges for the new fermions, we obtain from eq. (6) the constrain b = ±1/2 (assuming a = 1). Since a negative value of b can be associated to the anti-triplet, we obtain that b = 1/2 is a necessary and sufficient condition to exclude exotic electric charges in fermion and boson sector[32].

The fields left and right-handed components transform under SU(3)_L as triplets and singlets, respectively. Therefore the theory is quiral and can present anomalies of Alder-Bell-Jackiw[36–38]. In a non-abelian theory, in the fermionic representation R the divergent anomaly is given by: A^{abc} ∝ ∑ R T r [ {T^a_L(R), T^b_L(R)}T^c_L(R) − {T^a_R(R), T^b_R(R)}T^c_R(R) ] , (12)

where T^a(R) are symmetry group matricial representation. The indexes R and L relate to the quiral property of the fields. Therefore, to eliminate the pure anomaly [SU(3)_L]^3 we should have that A^{abc} ∝ ∑ R^′ T r [ {T^a_L(R^′), T^b_L(R^′)}T^c_L(R^′) ] = 0. We use the fact that SU(3)_L has two fundamental representations, 3 and 3^∗, where T^{a∗} = −T^a, which is equivalent to say that T^{a∗}_L (R^∗) = −T^a_L(R)[39]. Then: ∑ R^′ T r [ {T^a_L(R^′), T^b_L(R^′)}T^c_L(R^′) ]

= ∑ R T r [ {T^a_L(R), T^b_L(R)}T^c_L(R) ] + ∑ R^∗ T r [ {T^{a∗}_L (R^∗), T^{b∗}_L (R^∗)}T^{c∗}_L (R^∗) ] (13) = ∑ R T r [ {T^a_L(R), T^b_L(R)}T^c_L(R) ] − ∑ R T r [ {T^a_L(R), T^b_L(R)}T^c_L(R) ] . (14)

So, we can see that for the anomalies to be canceled, the number of fields that transform as triplets (first term in eq. (14)) and anti-triplets under SU(3)_L has to be the same. This implies that two families of quarks should transform different then the third family, as will be discussed in next section.

Usually the third quark family is chosed to transform in a different way that the first two families. But we will assume that the first family transform differently, to address the fact that m_u < m_d, m_{νℓ} < m_ℓ while m_c >> m_s and m_t >> m_b. To state in a more clear way, we remember that in SM the SU(2)_L doublets are:(ν_ℓ, ℓ)^T , (u, d)^T , (c, s)^T , (t, b)^T , with ℓ = e, μ, τ, We can see that the first component of leptons doublets and first quark family is lighter that the second component. But for the second and third quark families is the opposite. Then we use this idea to justify that first quark family transform as leptons.

B. Minimal 331 model on scalar sector

Among the different possibilities of 331 models, we will present a detailed study on a Minimal Model on scalar sector without exotic electric charges for quarks and with three news leptons without charged [32] (b = 1/2), where the fermions present the following transformation structure under SU(3)_C ⊗ SU(3)_L ⊗ U(1)_X :

ψ_{ℓL} = (ℓ^−, ν_ℓ, N^0_ℓ )^T_L ∼ (1, 3^∗, −1/3), ν_{ℓR} ∼ (1, 1, 0), ℓ^−_R ∼ (1, 1, −1), N^0_{ℓR} ∼ (1, 1, 0),

Q_{1L} = (d, u, U_1)^T_L ∼ (3, 3^∗, 1/3), u_{iR} ∼ (3, 1, 2/3), (15) d_{iR} ∼ (3, 1, −1/3), U_{1R} ∼ (3, 1, 2/3), Q_{aL} = (u_a, d_a, D_a)^T_L ∼ (3, 3, 0), D_{aR} ∼ (3, 1, −1/3), where i = 1, 2, 3 , ℓ = e, μ, τ, a = 2, 3. We note that the leptons multiplets ψ_{ℓL} consist of three fields ℓ = {e, μ, τ}, the corresponding neutrinos ν_ℓ = {ν_e, ν_μ, ν_τ } and new neutral leptons N^0_ℓ = {N^0_e , N^0_μ, N^0_τ }. We can also see that the multiplet associated with the first quark family Q_{1L} consists of quarks down, up and a new quark with the same electric charge of quark up (named U_1), while the multiplet associated with second (third) family Q_{aL} consist of SM quarks of second (third) family and a new quark with the same electric charge of quark down (named D_2 (D_3)). The numbers on parenthesis refer to the transformation properties under SU(3)_C , SU(3)_L and U(1)_X respectively. With this choice the anomalies cancel in a non-trivial way[40], and asymptotic freedom is guaranteed[41, 42].

1. Scalar sector and Yukawa couplings

The scalar fields have to be coupled to fermions by Yukawa terms, invariants under SU(3)_L ⊗ U(1)_X . In lepton sector, these couplings can be written as: ψ̄_{ℓL}ℓ_R ∼ (1, 3, 1/3) ⊗ (1, 1, −1) = (1, 3, −2/3) ρ^∗ , ψ̄_{ℓL}ν_{ℓR} ∼ (1, 3, 1/3) ⊗ (1, 1, 0) = (1, 3, 1/3) η , (16)

ψ̄_{ℓL}N^0_{ℓR} ∼ (1, 3, 1/3) ⊗ (1, 1, 0) = (1, 3, 1/3) χ ,

and in quarks sector:

Q̄_{1L}u_{iR} = (3^∗, 3, −1/3) ⊗ (3, 1, 2/3) = (1, 3, 1/3) χ ⊕ (8, 3, 1/3) Colour Higgs , Q̄_{1L}d_{iR} = (3^∗, 3, −1/3) ⊗ (3, 1, −1/3) = (1, 3, −2/3) ρ^∗ ⊕..., Q̄_{1L}U_{1R} = (3^∗, 3, −1/3) ⊗ (3, 1, 2/3) = (1, 3, 1/3) χ ⊕..., Q̄_{aL}u_{iR} = (3^∗, 3^∗, 0) ⊗ (3, 1, 2/3) = (1, 3^∗, 2/3) ρ ⊕..., (17) Q̄_{aL}d_{iR} = (3^∗, 3^∗, 0) ⊗ (3, 1, −1/3) = (1, 3^∗, −1/3) η^∗ ⊕..., Q̄_{aL}D_{aR} = (3^∗, 3^∗, 0) ⊗ (3, 1, −1/3) = (1, 3^∗, −1/3) χ^∗ ⊕...,

As usual in these class of models, we impose non-colored Higgs, selecting only the multiplets that transform as singlets under SU(3)_C . We note that we need only three Higgs multiplets ρ, χ and η, to couple the different fermionic fields and generate mass through spontaneous symmetry breaking. In eqs. (16) and (17) we note that quantum numbers of triplets χ and η are the same, which leads us to consider models with two or three Higgs triplets. We will adopt the first option, two Higgs triplets, due to the simpler scalar sector in comparison with the scenario with three triplets[32, 33].

C. Model with two Higgs triplets

For the models with two Higgs triplets, we obtain^1

Φ_1 = (ϕ^−_1 , ϕ^{′ 0}_1 , ϕ^0_1)^T ∼ (1, 3^∗, −1/3),

Φ_2 = (ϕ^0_2, ϕ^+_2 , ϕ^{′ +}_2 )^T ∼ (1, 3^∗, 2/3). (18)

Assuming the following choice to the Higgs triplets vacuum expectation value (VEV) [32] ⟨Φ_1⟩_0 = (0, ϑ_1, V )^T and ⟨Φ_2⟩_0 = (ϑ_2, 0, 0)^T we associate V with the mass of the new fermions, which lead us to assume V >> ϑ_1, ϑ_2. We expand the scalar VEV’s in the following way:

ϕ^0_1 = V +

H^0_{ϕ1} + iA^0_{ϕ1} √ 2 , ϕ^{′ 0}_1 = ϑ_1 +

H^{′ 0}_{ϕ1} + iA^{′ 0}_{ϕ1} √ 2 , ϕ^0_2 = ϑ_2 +

H^0_{ϕ2} + iA^0_{ϕ2} √ 2 . (19)

The real (imaginary) part H_{ϕi} (A_{ϕi} ) is usually called CP-even (CP-odd) scalar field. The most general potential can be written as:

V (Φ_1, Φ_2) = μ^2_1Φ^†_1Φ_1 + μ^2Φ^†_2Φ_2 + λ_1 ( Φ^†_1Φ_1

)_2 + λ_2 ( Φ^†_2Φ_2

)_2

+λ_3 ( Φ^†_1Φ_1 ) ( Φ^†_2Φ_2 ) + λ_4 ( Φ^†_1Φ_2 ) ( Φ^†_2Φ_1 ) . (20)

Demanding that in the displaced potential V (Φ_1, Φ_2) the linear terms on the field should be absent, we have, in tree level approximation, the following constraints:

μ^2_1 + 2λ_1 ( ϑ^2_1 + V^2 ) + λ_3ϑ^2 = 0,

μ^2 + λ_3 ( ϑ^2_1 + V^2 ) + 2λ_2ϑ^2 = 0. (21)

The analysis of such equations shows that they are related to a minimum in scalar potential with the value:

V_{min} = −ϑ^4_2λ_2 − ( ϑ^2_1 + V^2 ) [( ϑ^2_1 + V^2 ) λ_1 + ϑ^2λ_3 ] = V (ϑ_1, ϑ_2, V ). (22)

Replacing eq. (19) and (21) in eq. (20) we can calculate the mass matrix in ( H^0_{ϕ1} , H^0_{ϕ2} , H^{′0}_{ϕ1} ) basis through the

relation M^2_{ij} = 2^{∂2V (Φ1 ,Φ2)}

∂H^0_{Φi} ∂H^0_{Φj} , obtaining:

M^2_H = 2

2λ_1V^2 λ_3ϑ_2V 2λ_1ϑ_1V λ_3ϑ_2V 2λ_2ϑ^2 λ_3ϑ_1ϑ_2 2λ_1ϑ_1V λ_3ϑ_1ϑ_2 2λ_1ϑ^2_1 . (23)

Since eq. (23) has vanishing determinant, we have one Goldstone boson G_1 and two massive neutral scalar fields H_1 and H_2 with masses^2

M^2_{H1,H2} = 2λ_1 ( ϑ^2_1 + V^2 ) + 2λ_2ϑ^2 ± 2 √ [λ_1 (ϑ^2_1 + V^2) + λ_2ϑ^2]^2 + ϑ^2 (ϑ^2_1 + V^2) (λ^2_3 − 4λ_1λ_2) , (24)

where real values for λ’s produce positive mass to neutral scalar fields only if λ_1 > 0 and 4λ_1λ_2 > λ^2_3, which implies that λ_2 > 0. A detailed analysis shows that when V (Φ_1, Φ_2) in eq. (20) is expanded around the most general vacuum, given by eq. (19) and using constrains in eq. (21), we don’t obtain pseudo-scalar fields A^0_{Φi} . This allows us do identify

1 Note that in this model we assumed Φ_1 = χ, η e Φ_2 = ρ 2 Note that if λ^2_3 = 4λ_1λ_2 we obtain two Goldstone bosons, G_1 and H_2, and a massive scalar field H_1 with mass M^2_{H1} = 4 [_{λ1} (_{ϑ2}

1 + V^2

)_{+ λ2ϑ2} 2 ]_{where λ1λ2 > 0, then imposing M 2}

H1 > 0 leads to λ_1 > 0 and λ_2 > 0.

three more Goldstone bosons G_2 = A^0_{Φ1} , G_3 = A^0_{Φ2} and G_4 = A^{′ 0}_{Φ1} . For the mass spectrum in charged scalar sector on ( ϕ^−_1 , ϕ^+_2 , ϕ^{′ +}_2 ) basis the mass matrix will be given by:

M^2_+ = 2λ_4 ϑ^2 ϑ_1ϑ_2 ϑ_2V ϑ_1ϑ_2 ϑ^2_1 ϑ_1V ϑ_2V ϑ_1V V^2 , (25)

with two eigenvalues equal to zero, equivalent to four Goldstone bosons G^±_5 , G^±_6 and two physical charged scalar fields with large masses given by λ_4 ( ϑ^2_1 + ϑ^2 + V^2 ) , which leads to the constrain λ_4 > 0.

This analysis shows that, after symmetry breaking, the original twelve degrees of freedom in scalar sector leads to eight Goldstone bosons (four electrically neutral and four electrically charged), four physical scalar fields, two neutral (one of which being the SM Higgs scalar) and two charged. Eight Goldstone bosons should be absorbed by eight gauge fields as we will see in next section.

1. Gauge Sector with two Higgs triplets

The gauge bosons interaction with matter in electroweak sector appears with the covariant derivative for a matter field φ as:

D^φ_μ = ∂_μ − i 2 gW^a_μ λ_{aL} − ig_X X_φB_μ = ∂_μ − i 2 gM^φ_μ , (26)

where λ_{aL}, a = 1, ..., 8 are Gell-Mann matrices of SU(3)_L algebra, and X_φ is the charge of abelian factor U(1)_X of the multiplet φ in which D_μ acts . The matrix M^φ_μ contain the gauge bosons with electric charges q, defined by the generic charge operator in eq. (5) and eq. (11). For b = 1/2 the matrix M^φ_μ will have the form:

M^φ_μ =

W_{3μ} +^{W8μ√}_3 + 2tX_φB_μ √ 2W^+_μ √ 2K^+_μ √ 2W^−_μ −W_{3μ} +^{W8μ√}_3 + 2tX_φB_μ √ 2K^0_μ √ 2K^−_μ √ 2K̄^0_μ^{−2W8μ√}_3 + 2tX_φB_μ , (27)

where t = g_x/g and non physical gauge bosons on non-diagonal entries,W^±_μ and K^±_μ , are defined in eq. (8) and (9) with Q_1 = 1 respectively, and:

K^0_μ = 1 √ 2 (A_{6μ} − iA_{7μ}) , (28)

K̄^0_μ = 1√ 2 (A_{6μ} + iA_{7μ}) . (29)

Then for the 331 model we are considering (b = 1/2) we have two neutral gauge bosons, K^0_μ and K̄^0_μ, and four charged gauge bosons, W^±_μ and K^±_μ . The three physical neutral eigenstates will be a linear combination of W_{3μ}, W_{8μ} and B_μ. After breaking the symmetry with ⟨Φ_i⟩, i = 1, 2, and using covariant derivative D_μ = ∂_μ −^i_2 gM^φ_μ for the triplets Φ_i we obtain the following masses for the charged physical fields:

M^2_W ′ = 1 2 g^2ϑ^2, M^2_K′ = 1 2 g^2 ( ϑ^2_1 + ϑ^2 + V^2 ) , (30)

and the following physical eigenstates:

W^{′±}_μ = 1 √ ϑ^2_1 + V^2 ( −ϑ_1K^±_μ + V W^±_μ ) , K^{′±}_μ = 1 √ ϑ^2_1 + V^2 ( V K^±_μ + ϑ_1W^±_μ ) . (31)

The neutral sector in approximation (_{ϑi} V )_n ≈ 0 for n > 2 leads to the following masses for the neutral physical fields: M^2_{f óton} = 0 , M^2_Z′ = 1 2 g^2 ( V^2 + ϑ^2_1 ) ,

7 M^2_Z ≈ 1 2 g^2ϑ^2 ( 3g^2 + 4g^2_x 3g^2 + g^2_x ) , (32)

M^2_K0_R ≈ 2 9 ( V^2 + ϑ^2_1 ) ( 3g^2 + g^2_x ) + ϑ^2 ( 3g^2 + 4g^2_x

)_2

18 (3g^2 + g^2_x) , M^2_K0_I = 1 2 g^2 ( V^2 + ϑ^2_1 ) . We can see from eqs. (30) and (32) that we have one non-massive boson, which we associate with the photon, and four massive neutral fields, where the mass of one of them is proportional to ϑ_2 while the other three have masses proportional to V (new energy scale). Therefore we can associate the field Z with SM Z_μ, and the fields Z^′, K^0_I and K^0_R , with three new neutral bosons. We also have four massive charged fields, where two of them have masses proportional to ϑ_2. Therefore we can associate the fields W^{′ ±}_μ to the SM fields W^±_μ , while the fields K^{′±}_μ are new bosons. The eigenstates B_μ, W_{3μ}, W_{8μ} and K^o_{Rμ} can be related to the physical eigenstates A_μ, Z^{′0}_μ , Z^0_μ and K^{′0}_{Rμ} by: B_μ W_{3μ} W_{8μ} K^o_{Rμ} = M^{−1} A_μ Z^{′0}_μ Z^0_μ K^{′0}_{Rμ} . (33)

Assuming (_{ϑi} V )_n ∼ 0 for n > 2, we obtain

M^{−1} =

−^1_t S_W 0^1_t T^2_W C_W + β_1 −^{1√}_3 T_W + β_2 S_W^{−ϑ1}_V C_W + β_3 β_4 1√ 3 S_W^{√3ϑ1}_V −^{1√}_3 T_W S_W + β_5 −^1_t T_W + β_6 0 1 − β_7^{ϑ1}_V C^{−1}_W^{√3ϑ1}_{tV} T_W

, (34)

where, again, t = g_x/g and:

S_W = √ 3g_x √ 3g^2 + 4g^2_x

, C_W = √ 1 − S^2_W , T_W = S_W C_W , β_1 = − ϑ^2 4tV^2

T^2_W C^{−3}_W , β_2 = − √ 3ϑ^2 4t^2V^2

T^3_W C^{−2}_W ,

β_3 = − ϑ^2_1 2V^2

C^{−1}_W , β_4 = − √ 3 ( 2C^2_W ϑ^2_1 + ϑ^2 ) 4tV^2

T_W C^{−2}_W ,

β_5 =

6C^4_W ϑ^2_1 − ( 3 − 4S^2_W ) ϑ^2 4 √ 3V^2C^5_W

, β_6 = ( 6C^4_W ϑ^2_1 + S^2_W ϑ^2 ) 4tV^2C^4_W T_W , β_7 = −

2ϑ^2 V^2

. (35)

We note that all β_i are of order O ((_{ϑi} V )_2)

. So, assuming ϑ_i ∼ O ( 10^{−1} ) TeV, for a new energy scale of order V ∼ 10 TeV all the β^′_is are negligible.

2. Charged and Neutral Currents

The interaction between gauge bosons and fermions in flavor basis is given by the following Lagrangian density:

L_f = R̄iγ^μ(∂_μ + ig_xB_μX_R)R + L̄iγ^μ(∂_μ + ig_xB_μX_L + ig 2 λ_aW^a_μ )L, (36)

where R represents any right-handed singlet and L any left-handed triplet. We can write L_f = L_{lep} + L_{Q1} + L_{Qa} and in lepton sector we obtain: L_{lep} = L^{kin}_{lep} + L^{CC}_{lep} + L^{NC}_{lep} , (37) where L^{kin}_{lep} = R̄iγ^μ∂_μR + L̄iγ^μ∂_μL, (38) L^{CC}_{lep} = − g √ 2 ℓ̄_Lγ^μν_{ℓL}W^+_μ − g√ 2 ℓ̄_Lγ^μN^0_{ℓL}K^+_μ + h.c., (39) L^{NC}_{lep} = g_x 3 [ ℓ̄_Lγ^μℓ + ν_{ℓL}γ^μν_{ℓL} + N 0_{ℓL}γ^μN^0_{ℓL} ] B_μ + g_xℓ_Rγ^μℓ_RB_μ − g 2 √ 3 [ ℓ_Lγ^μℓ_L + ν_{ℓL}γ^μν_{ℓL} − 2tN^0_{ℓL}γ^μN^0_{ℓL} ] W_{8μ} − g √ 2 ν_{ℓL}γ^μN^0_{ℓL}K^{0μ} − g 2 [ ℓ_Lγ^μℓ_L − ν_{ℓL}γ^μν_{ℓL} ] W_{3μ} − g √ 2 N^0_{ℓL}γ^μν_{ℓL}K̄^0_μ. (40)

In quark sector we have that for the first family triplet X = 1/3, and for the singlets d, u, and U_1 we have X = −1/3, 2/3 and 2/3, respectively. Then we have

L^{kin}_{Q1} = Q̄_{1R}iγ^μ∂_μQ_{1R} + Q̄_{1L}iγ^μ∂_μQ_{1L}, (41) L^{CC}_{Q1} = − g √ 2 d_Lγ^μu_LW^+_μ − g √ 2 d_Lγ^μU_{1L}K^+_μ + h.c., (42)

L^{NC}_{Q1} = g_x 3 ( d_Rγ^μd_R − 2u_Rγ^μu_R − 2U_{1R}γ^μU_{1R} ) B_μ + g 2 u_Lγ^μu_LW_{3μ} − g_x 3 ( d_Lγ^μd_L + u_Lγ^μu_L + U_{1L}γ^μU_{1L} ) B_μ − g 2 d_Lγ^μd_LW_{3μ} − g √ 2 U_{1L}γ^μu_LK̄^0_μ − g 2 √ 3 ( d_Lγ^μd_L + u_Lγ^μu_L − 2U_{1L}γ^μU_{1L} ) W_{8μ} − g √ 2 u_Lγ^μU_{1L}K^0_μ. (43)

For second and third families we know that X = 0 for the triplets and X = 2/3, −1/3 and −1/3 for the singlets u_{2,3}, d_{2,3}, D_{2,3}, respectively, where u_2 = c, u_3 = t, d_2 = s,d_3 = b. Then we obtain for a = 2, 3: L^{kin}_{Qa} = Q̄_{aR}iγ^μ∂_μQ_{aR} + Q̄_{aL}iγ^μ∂_μQ_{aL}, (44) L^{CC}_{Qa} = − g √ 2 u_{aL}γ^μd_{aL}W^+_μ − g √ 2 u_{aL}γ^μD_{aL}K^+_μ + h.c., (45) L^{NC}_{Qa} = g_x 3 [ −2u_{aR}γ^μu_{aR} + d_{aR}γ^μd_{aR} + D_{aR}γ^μD_{aR} ] B_μ − g 2 √ 3 [ u_{aL}γ^μu_{aL} + d_{aL}γ^μd_{aL} − 4D_{aL}γ^μD_{aL} ] W_{8μ} − g √ 2 d_{aL}γ^μD_{aL}K^0_μ − g 2 [ u_{aL}γ^μu_{aL} − d_{aL}γ^μd_{aL} ] W_{3μ} − g √ 2 D_{aL}γ^μd_{aL}K̄^0_μ. (46)

III. NEUTRINOS INTERACTIONS WITH MATTER IN 331 MODEL

It is well known that neutrino oscillation phenomenon in a material medium, as the sun, earth or in a supernova, can be quite different from the oscillation that occurs in vacuum, since the interactions in the medium modify the dispersion relations of the particles traveling through it [43]. From the macroscopic point of view, the modifications of neutrino dispersion relations can be represented in terms of a refractive index or an effective potential. And according to [43, 44], the effective potential can be calculated from the amplitudes of coherent elastic scattering in relativistic limit.

In the present 331 model, the coherent scattering will be induced by neutral currents, NC, mediated by bosons Z^{′0}_μ , Z^0_μ, and K^{′0}_{Rμ} and by charged currents, CC, mediated by bosons W^{′±}_μ and K^{′±}_μ . Following [44], we calculate in next sections the neutrino effective potentials in coherent scattering.

A. Charged Currents

The first term of eq. (39) shows that the interaction of charged leptons with neutrinos occurs only through the gauge bosons W^±_μ , then by eq. (31) we obtain that the interaction through charged bosons is given by: − g √ 2 ℓ_Lγ^μν_{ℓL}W^+_μ = − V g √ 2 √ ϑ^2_1 + V^2 ℓ̄_Lγ^μν_{ℓL}W^{′±}_μ − gϑ^1 √ 2 √ ϑ^2_1 + V^2 ℓ̄_Lγ^μν_{ℓL}K^{′±}_μ . (47)

The amplitude for the neutrino elastic scattering with charged leptons in tree level through CC is given by^3 L^{cc}_{int} = − ( − V g √ 2 √ ϑ^2_1 + V^2

)_2

ℓ̄_L(p_1)γ^μν_{ℓL}(p_2) −ig^{μλ} (p_2 − p_1)^2 − M^2_W ′ ν̄_{ℓL}(p_3)γ^λℓ_L(p_4)

− ( − gϑ_1 √ 2 √ ϑ^2_1 + V^2

)_2

ℓ̄_L(p_1)γ^μν_{ℓL}(p_2) −ig^{μλ} (p_2 − p_1)^2 − M^2_K′ ν̄_{ℓL}(p_3)γ^λℓ_L(p_4). (48)

For low energies M^2_W ′ , M^2_K′ >> (p_2 − p_1)^2, the effective Lagrangian is given by: L^{cc}_{ef f} ≈ − g^2 2 (ϑ^2_1 + V^2) ( V^2 M^2_W ′ + ϑ^2_1 M^2_K′ ) [¯ ℓ_L(p_1)γ^μℓ_L(p_4) ] [ν̄_{ℓL}(p_3)γ_μν_{ℓL}(p_2)] , (49)

where we used Fierz transformation[? ] to go from eq. (48) to eq. (49). Replacing eq. (30) in eq. (49) we obtain: − L^{cc}_{ef f} ≈ [ 1 ϑ^2 − ϑ^2_1 V^2ϑ^2 + ( ϑ^2_1 V^4 ) K^′ + O ( 1 V^4 )] ⟨ ℓ̄γ^μ (1 − γ^5) 2 ℓ ⟩ {ν̄_{ℓL}(p)γ^μν_{ℓL}(p)} , (50) where we used ()_K′ to denote the term that appears from the new charged boson. We can see that for a new energy scale V ≫ ϑ_1 the term that comes from the new boson does not contribute to the process, as expected, since the new charged boson K^{′±}_μ has a mass of the order of the new energy scale of the theory (see eq. (30)).

Now, since usual matter has only leptons from first family, we will restrain our calculations to the neutrino interactions with first family standard model particles. The term ⟨ ⟩ in eq. (50) can be calculated following [44], where we have the correspondence ⟨ēγ^μγ_5e⟩ ∼ spin, ⟨ēγ_ie⟩ ∼ velocity and ⟨ēγ_0e⟩ ∼ n_e, where n_e is the electronic density. Assuming non-polarized medium and vanishing average velocity, we obtain that eq. (50) can be written as: L^{cc}_{ef f} ≈ − [ 1 2ϑ^2 − ϑ^2_1 2V^2ϑ^2 + ( ϑ^2_1 2V^4 ) K^′ + O ( V^{−4} ) ] n_eν̄_{eL}γ^μν_{eL}. (51) The modifications on electronic neutrino dispersion relations can be represented by the following effective potential: V^e_{CC} ≈ 1 2ϑ^2 n_e − ϑ^2_1 2V^2ϑ^2 n_e + ( ϑ^2_1 2V^4 ) K^′ n_e + O ( V^{−4} ) . (52)

Disregarding the term ()_K′ since we are assuming V ≫ ϑ_i, and remembering that in subsection II C 1 we associated boson W^′ with SM boson W , we can easily associate: √ 2G_F ≈ 1 2ϑ^2 − ϑ^2_1 2V^2ϑ^2

. (53)

We note that eq. (53) gives limits for the VEV of one of Higgs triplets. Under assumption ϑ_1 ∼ ϑ_2 ≪ V , we can write G_F ≈^1_2^√_{2ϑ2} ( 1 −^{ϑ21}_{V 2} ) , from which can see that the maximum value of ϑ^2 is achieved when we consider^{ϑ21}_{V 2} = 0, in which replacing G_F = 1.166 37(1) × 10^{−5}Gev^{−2} leads to ϑ_2 <∼ 174.105 GeV . (54)

B. Neutral Current

The lagrangian for neutrino elastic-scattering with fermions f = e, u, d through NC is given by: − L^{NC}_{int} = f̄(p_1)γ^μ ( g^f_z′_L + g^f_z′_R ) f(p_2) −ig_{μλ} (p_2 − p_1)^2 − M^2_z′ ν̄_{ℓL}(p_3)γ^λg_{νz}′ ν_{ℓL}(p_4)

+ f̄(p_1)γ^μ ( g^f_{zL} + g^f_{zR} ) f(p_2) −ig_{μλ} (p_2 − p_1)^2 − M^2_z ν̄_{ℓL}(p_3)γ^λg_{νz}ν_{ℓL}(p_4)

+ f̄(p_1)γ^μ ( g^f_k′_L + g^f_k′_R ) f(p_2) −ig_{μλ} (p_2 − p_1)^2 − M^2_k′ ν̄_{ℓL}(p_3)γ^λg_{νk}′ ν_{ℓL}(p_2). (55)

3 Note from eq. (47) that only left-handed leptons interact with neutrinos, as in SM.

For low energies, we have that M^2_k′ , M^2_z , M^2_z′ ≫ (p_2 − p_1)^2 with p_3 = p_4 = p and eq. (55) can be written as: − L^{NC}_{ef f} ≈ G_{νz}′ M^2_z′ ⟨ f̄(p_1)γ^μ ( g^f_z′_L + g^f_z′_R ) f(p_2) ⟩ ν̄_{ℓL}γ_μν_{ℓL} + G_{νz} M^2_z ⟨ f̄(p_1)γ^μ ( g^f_{zL} + g^f_{zR} ) f(p_2) ⟩ ν̄_{ℓL}γ_μν_{ℓL} + G_{νk}′ M^2_k′ ⟨ f̄(p_1)γ^μ ( g^f_k′_L + g^f_k′_R ) f(p_2) ⟩ ν̄_{ℓL}γ_μν_{ℓL}. (56) Following the same procedure of section III A we obtain: L^{NC}_{ef f} ≈ − ∑ P =L,R ( g^f_z′_P G_{νz}′ M^2_z′ + g^f_{zP} G_{νz} M^2_z + g^f_k′_P G_{νk}′ M^2_k′ ) 1 2 n_f ν̄_{ℓL}γ_0ν_{ℓL}. (57)

1. Leptons sector

From eqs. (40) and (33), we obtain that for the known neutral leptons: g_x 3 ν̄_{ℓL}γ^μν_{ℓL}B_μ = ν̄_{ℓL}γ^μν_{ℓL} [ − g 3 S_W A_μ + ( g 3 T^2_W C_W + g_x 3 β_1 ) Z^0_μ − g_x 3 ( 1 √ 3 T_W − β_2 ) K^{′0}_{Rμ} ] , (58) g 2 ν̄_{ℓL}γ^μν_{ℓL}W^μ_3 = ν̄_{ℓL}γ^μν_{ℓL} [ g 2 S_W A_μ − gϑ_1 2V Z^{′0}_μ + g (C_W + β_3) 2 Z^0_μ + gβ_4 2 K^{′0}_{Rμ} ] , (59) −g 2 √ 3 ν̄_{ℓL}γ^μν_{ℓL}W^μ_8 = ν̄_{ℓL}γ^μν_{ℓL} [ −g 6 S_W A_μ − gϑ_1 2V Z^{′0}_μ + ( g 6 S^2_W C_W − gβ_5 2 √ 3 ) Z^0_μ + g 2 √ 3 ( 1 t T_W − β_6 ) K^{′0}_{Rμ} ] . (60)

By eqs. (58), (59) and (60) we obtain that vertex interactions with neutrinos can be written as:

ν̄_{ℓL}γ^μν_{ℓL}A_μ ∝ 0 , (61) ν̄_{ℓL}γ^μν_{ℓL}Z^{′0}_μ ∝ − gϑ_1 V ≡ G_{νZ}′ , (62) ν̄_{ℓL}γ^μν_{ℓL}Z^0_μ ∝ 1 2 gC^{−1}_W + η_1 ≡ G_{νZ} , (63) ν̄_{ℓL}γ^μν_{ℓL}K^{′0}_{Rμ} ∝ ( 3g − 2g_xt 6 √ 3t ) T_W + η_2 ≡ G_{νK}′ , (64)

where

η_1 =

−4gtC^2_W ϑ^2_1 + g_x ( 1 − 2S^2_W ) ϑ^2 8tV^2C^5_W , η_2 = gt ( 1 − 4C^2_W ) ϑ^2_1 2 √ 3V^2C_W S_W − ( −gt^3 + 2gt^3C^2_W + 8gt^3C^4_W + 6g_xS^4_W ) ϑ^2 24 √ 3t^2V^2C^5_W S_W . We note from eq. (61) that neutrinos does not interact electrically, as expected. For charged leptons, from eqs. (40) and (33) we obtain: g_x 3 ℓ̄_Lγ^μℓ_LB_μ = ℓ̄_Lγ^μℓ_L [ −g 3 S_W A_μ + ( g 3 T^2_W C_W + g_x 3 β_1 ) Z^0_μ − g_x 3 ( 1 √ 3 T_W − β_2 ) K^{′0}_{Rμ} ] , (65) − g 2 ℓ̄_Lγ^μℓ_LW^μ_3 = ℓ̄_Lγ^μℓ_L [ −g 2 S_W A_μ + gϑ_1 2V Z^{′0}_μ − g (C_W + β_3) 2 Z^0_μ − gβ_4 2 K^{′0}_{Rμ} ] , (66)

11 −g 2 √ 3 ℓ̄_Lγ^μℓ_LW^μ_8 = ℓ̄_Lγ^μℓ_L [ −g 6 S_W A_μ − gϑ_1 2V Z^{′0}_μ + ( g 6 S^2_W C_W − gβ_5 2 √ 3 ) Z^0_μ + g 2 √ 3 ( 1 t T_W − β_6 ) K^{′0}_{Rμ} ] , (67)

g_xℓ̄_Rγ^μℓ_RB_μ = ℓ̄_Rγ^μℓ_R [ −gS_W A_μ + ( gT^2_W C_W + g_xβ_1 ) Z^0_μ −g_x ( 1 √ 3 T_W − β_2 ) K^{′0}_{Rμ} ] , (68)

and therefore: ℓ̄γ^μℓA_μ ∝ −gS_W , (69) ℓ_Lγ^μℓ_LZ^{′0}_μ ∝ 0 ≡ g^ℓ_z′_L = g^ℓ_z′_R, (70)

ℓ_Lγ^μℓ_LZ^0_μ ∝ 1 2 g ( −1 + T^2_W ) C_W + η_3 ≡ g^ℓ_{zL}, (71)

ℓ_Rγ^μℓ_RZ^0_μ ∝ gT^2_W C_W + η_5 ≡ g^ℓ_{zR}, (72) ℓ_Lγ^μℓ_LK^{′0}_{Rμ} ∝ 1 6 √ 3t (3g − 2tg_x) T_W + η_4 ≡ g^ℓ_k′_L, (73) ℓ_Rγ^μℓ_RK^{′0}_{Rμ} ∝ − g_x √ 3 T_W + η_6 ≡ g^ℓ_k′_R, (74)

where

η_3 = ( −1 + 2C^2_W ) g_xϑ^2 8tV^2C^5_W ,

η_4 = ( gt^3 ( 1 + 2C^2_W

)_2

− 12gt^3S^2_W C^2_W − 6g_xS^4_W ) 24 √ 3t^2V^2C^5_W S_W , η_5 = − g_xϑ^2 4tV^2C^3_W

T^2_W ,

η_6 = − √ 3g_xϑ^2 4t^2V^2C^2_W

T^3_W ,

and, again, t = g_x/g. We note that by eq. (69) we can make the association gS_W = |e|. Then for f = e, eqs. (62)-(64) and (70)-(74) lead to:

L^{NC}_{ef f −e} ≈ − ∑ P =L,R 1 2 ( g^e_z′_P G_{νz}′ M^2_z′ + g^e_{zP} G_{νz} M^2_z

+ g^e_k′_P G_{νk}′ M^2_k′ ) n_eν̄_{ℓL}γ_0ν_{ℓL}

≈ − {[ T^4_W 144t^2g^2_xV^2

(3g − 2tg_x)^2 +

T^2_W 8V^2 ( 1 − T^2_W )

+ 1 2 ( 1 2ϑ^2 − ϑ^2_1 2V^2ϑ^2 ) ( 1 − 2C^2_W ) ] L + [ T^4_W (2tg_x − 3g) 24tg_xV^2 − T^4_W 4V^2 + ( 1 2ϑ^2 − ϑ^2_1 2V^2ϑ^2 ) S^2_W ] R } n_eν̄_{ℓL}γ_0ν_{ℓL}. (75)

Since intermediate neutral bosons in eq. (55) does not distinguish between different lepton flavors, the interaction through NC with electron is described by the following effective potential.

V^e_{NC} = V^μ_{NC} = V^τ_{NC} = V^ℓ_{NC} , (76) = V^{ℓL}_{NC} + V^{ℓR}_{NC} , (77)

where V^{ℓL}_{NC} = [ T^4_W 144t^2g^2_xV^2

(3g − 2tg_x)^2 +

T^2_W 8V^2 ( 1 − T^2_W )

12 + 1 2 ( 1 2ϑ^2 − ϑ^2_1 V^2ϑ^2 ) ( 1 − 2C^2_W )] n_e, (78) V^{ℓR}_{NC} = [ T^4_W (2tg_x − 3g)

24tg_xV^2 − T^4_W 4V^2 + ( 1 2ϑ^2 − ϑ^2_1 2V^2ϑ^2 ) S^2_W ] n_e, (79)

and index ℓ refers to neutrino flavor. We note that the potential through CC comes from interactions of electron neutrinos with left-handed electrons, while the effective potential through NC comes from left and right-handed electrons.

Considering both NC and CC, we can write the effective potential felt by neutrinos as V^ℓ = V^{ℓL} + V^{ℓR} where

V^{ℓL} = ( 1 2ϑ^2 − ϑ^2_1 2V^2ϑ^2 ) δ_{eℓ}n_e + V^{ℓL}_{NC} , (80)

V^{ℓR} = V^{ℓR}_{NC} . (81)

Comparing with SM expression for such potential:

V^ℓ_{NC} = − √ 2G_F ( 1 2 − 2S^2_W ) n_e, V^e_{CC} = √ 2G_F n_e, (82)

we can find that

V^{ℓL} = V^{ℓL} + [ T^4_W 144t^2g^2_xV^2

(3g − 2tg_x)^2 +

T^2_W 8V^2 ( 1 − T^2_W ) ] n_e, (83)

V^{ℓR} = V^{ℓR}_{NC} + [ T^4_W (2tg_x − 3g) 24tg_xV^2 − T^4_W 4V^2 ] n_e, (84)

then, the new terms beyond SM [ ] can be associated with the parameters ε^′s in NSI [45]. So, in the approximation (_{ϑi} V )_n ≈ 0, for n > 2 we obtain: ε^{eL}_{ℓℓ} ≈ ( 1 − 2S^2_W ) ϑ^2 8V^2C^4_W

, (85) ε^{eR}_{ℓℓ} ≈ − S^2_W ( 1 + 2S^2_W ) ϑ^2 4V^2C^4_W

. (86)

We note that on limit V → ∞ we recover SM. The NSI are a sub-leading interaction, as expected. By eq. (85) and eq. (86) we obtain: ε^{eR}_{ℓℓ} ≈ −2S^2_W ε^{eL}_{ℓℓ} −^{ϑ2}_{V 2} T^4_W .

2. Quarks sector

For the quarks of first family, Lagrangian density in eq. (43) describes the interactions with gauge bosons W_{3μ}, W_{8μ}and B_μ, then by eqs. (33) and (34) we obtain the following interactions for quarks up: − g_x 3 u_Lγ^μu_LB_μ = u_Lγ^μu_L [ g 3 S_W A_μ − g_x 3 ( 1 t T^2_W C_W + β_1 ) Z^0_μ + g_x 3 ( 1 √ 3 T_W − β_2 ) K^{′0}_{Rμ} ] , (87) g 2 u_Lγ^μu_LW^μ_3 = u_Lγ^μu_L [ g 2 S_W A_μ − gϑ_1 2V Z^{′0}_μ + g (C_W + β_3) 2 Z^0_μ + gβ_4 2 K^{′0}_{Rμ} ] , (88) −g 2 √ 3 u_Lγ^μu_LW^μ_8 = u_Lγ^μu_L [ −g 6 S_W A_μ − gϑ_1 2V Z^{′0}_μ + g 2 √ 3 ( 1 √ 3 T_W S_W − β_5 ) Z^0_μ + g 2 √ 3 ( 1 t T_W − β_6 ) K^{′0}_{Rμ} ] , (89) − 2g_x 3 u_Rγ^μu_RB_μ = u_Rγ^μu_R [ 2g 3 S_W A_μ − 2g_x 3 ( 1 t T^2_W C_W + β_1 ) Z^0_μ + 2g_x 3 ( 1 t T_W − β_6 ) K^{′0}_{Rμ} ] . (90)

The couplings quark-quark-boson for the first family are given by: u_Lγ^μu_LA_μ ∝ 2 3 gS_W , (91) u_Rγ^μu_RA_μ ∝ 2 3 gS_W , (92) u_Lγ^μu_LZ^{′0}_μ ∝ − gϑ_1 V ≡ g^u_z′_L, (93)

u_Rγ^μu_RZ^{′0}_μ ∝ 0 ≡ g^u_z′_R, (94)

u_Lγ^μu_LZ^0_μ ∝ 1 6 g ( 3 − T^2_W ) C_W + ζ_1 ≡ g^u_{zL}, (95)

u_Rγ^μu_RZ^0_μ ∝ − 2 3 gT^2_W C_W + ζ_3 ≡ g^u_{zR}, (96) u_Lγ^μu_LK^{′0}_{Rμ} ∝ 1 6 √ 3t (3g + 2tg_x) T_W ≡ g^u_k′_L, (97) u_Rγ^μu_RK^{′0}_{Rμ} ∝ 2 3 √ 3 g_xT_W + ζ_4 ≡ g^u_k′_R, (98)

where

ζ_1 = g_x ( −12C^4_W ϑ^2_1 + ( 1 + 2C^2_W ) ϑ^2 ) 24tV^2C^5_W , ζ_2 =

12gt^3C^4_W ( 1 − 4C^2_W ) ϑ^2_1 + ( gt^3 ( 1 − 2C^2_W − 8C^4_W ) + 6g_xS^4_W ) ϑ^2 24 √ 3t^2V^2C^5_W S_W , ζ_3 = g 6 S^2_W ϑ^2 C^5_W V^2 , ζ_4 = g_xS^3_W ϑ^2 2 √ 3t^2V^2C^5_W

. (99)

We note that eqs. (91) and (92) reflect the fact that quarks interact electrically through photons with coupling constant Q_f sin θ_W , as in SM. The effective lagrangian at low energies for neutrino interaction with quarks up through neutral currents are given by eq. 57 with f = u: L^{NC}_{quark, u} ≈ − 1 2 ∑ P =L,R ( g^u_z′_P G_{νz}′ M^2_z′ + g^u_{zP} G_{νz} M^2_z + g^u_k′_P G_{νk}′ M^2_k′ ) n_uν̄_{ℓL}γ_0ν_{ℓL}

≈ − {[ 1 24V^2 ( 3 + T^4_W ) + T^4_W 144t^4V^2 ( 9 − 4t^4 )

+ ( 1 2ϑ^2 − ϑ^2_1 2V^2ϑ^2 ) ( 1 2 − 2 3 S^2_W ) − ϑ^2_1 4V^2ϑ^2 ] L + [ T^4_W 6V^2 + T^4_W (3g − 2tg_x)

36tg_xV^2 − 2 3 ( 1 2ϑ^2 − ϑ^2_1 2V^2ϑ^2 ) S^2_W ] R } n_uν̄_{ℓL}γ_0ν_{ℓL}, (100)

where n_u is the up-quarks average density.

SM predictions, using result of eq.( 53), can be written as:

V^u_{NC} = V^{uL}_{NC} + V^{uR}_{NC} = ( 1 2ϑ^2 − ϑ^2_1 2V^2ϑ^2 ) ( 1 2 − 4 3 S^2_W ) n_u, (101)

where

V^{uL}_{NC} = ( 1 2ϑ^2 − ϑ^2_1 2V^2ϑ^2 ) ( 1 2 − 2 3 S^2_W ) n_u, (102) V^{uR}_{NC} = − 2 3 ( 1 2ϑ^2 − ϑ^2_1 2V^2ϑ^2 ) S^2_W n_u. (103)

By comparison, we obtain: V^{uL}_{NC} ≈ V^{uL}_{NC} + [ 1 24V^2 ( 3 + T^4_W ) + T^4_W 144t^4V^2 ( 9 − 4t^4 ) − ϑ^2_1 4V^2ϑ^2 ] n_u, (104) V^{uR}_{NC} ≈ V^{uR}_{NC} + [ T^4_W 6V^2 + T^4_W (3g − 2tg_x) 36tg_xV^2 ] n_u. (105)

Then we can say that ε^u_{ℓℓ} = ε^{uL}_{ℓℓ} + ε^{uR}_{ℓℓ} where ε^{uL}_{ℓℓ} ≈ − ϑ^2_1 2V^2 + ϑ^2 24V^2C^4_W ( 9 − 8S^2_W ) , (106) ε^{uR}_{ℓℓ} ≈ ϑ^2 6V^2

S^2_W C^4_W

, (107)

again, we obtain universal NSI, as for the electrons. We note that ε^{uL}_{ℓℓ} = −^{ϑ21}_{2V 2} +^{3ϑ2}_{8V 2C4W} − 2ε^{uR}_{ℓℓ} and in the limit V → ∞ we recover SM.

For quarks down by eq. (43) and (33) we obtain that: − g_x 3 d_Lγ^μd_LB_μ = d_Lγ^μd_L [ g 3 S_W A_μ − g_x 3 ( 1 t T^2_W C_W + β_1 ) Z^0_μ + g_x 3 ( 1 √ 3 T_W − β_2 ) K^{′0}_{Rμ} ] , (108) − g 2 d_Lγ^μd_LW^μ_3 = d_Lγ^μd_L [ − gS_W 2 A_μ + gϑ_1 2V Z^{′0}_μ − g (C_W + β_3) 2 Z^0_μ − gβ_4 2 K^{′0}_{Rμ} ] , (109) −g 2 √ 3 d_Lγ^μd_LW^μ_8 = d_Lγ^μd_L [ −gS_W 6 A_μ + g 2 √ 3 ( 1 √ 3 T_W S_W − β_5 ) Z^0_μ + − gϑ_1 2V Z^{′0}_μ + g 2 √ 3 ( 1 t T_W − β_6 ) K^{′0}_{Rμ} ] , (110) g_x 3 d_Rγ^μd_RB_μ = d_Lγ^μd_L [ − gS_W 3 A_μ + g_x 3 ( 1 t T^2_W C_W + β_1 ) Z^0_μ + g_x 3 ( − 1 √ 3 T_W + β_2 )] K^{′0}_{Rμ}. (111)

Then the couplings quark-quark-boson for the first family are given by: d_Lγ^μd_LA_μ ∝ − 1 3 gS_W , (112) d_Rγ^μd_RA_μ ∝ − 1 3 gS_W , (113)

d_Lγ^μd_LZ^{′0}_μ ∝ 0 ≡ g^d_z′_L, (114) d_Rγ^μd_RZ^{′0}_μ ∝ 0 ≡ g^d_z′_R, (115)

d_Lγ^μd_LZ^0_μ ∝ − 1 6 g ( 3 + T^2_W ) C_W + ζ_5 ≡ g^d_{zL}, (116)

d_Rγ^μd_RZ^0_μ ∝ g 3 T^2_W C_W + ζ_7 ≡ g^d_{zR}, (117) d_Lγ^μd_LK^{′0}_{Rμ} ∝ 1 6 √ 3t (3g + 2tg_x) T_W + ζ_6 ≡ g^d_k′_L, (118) u_Rγ^μu_RK^{′0}_{Rμ} ∝ − 1 3 √ 3 g_xT_W + ζ_8 ≡ g^d_k′_R, (119)

where

ζ_5 = gϑ^2 24V^2C^5_W ( 3 − 2S^2_W ) ,

15 ζ_6 = ( −1 + 3C^2_W + 6C^4_W − 8C^6_W ) 24 √ 3V^2C^5_W S^3_W , ζ_7 = − gS^2_W ϑ^2 12V^2C^5_W , ζ_8 = − g_xS^3_W ϑ^2 4 √ 3t^2V^2C^5_W

, (120)

then by eq. (57) for f = d we obtain the following effective lagrangian for NC: L^{NC}_{quark, d} ≈ − ( g^d_z′_V G_{νz}′ M^2_z′ + g^d_{zV} G_{νz} M^2_z

+ g^d_k′_V G_{νk}′ M^2_k′ ) n_dν̄_{ℓL}γ_0ν_{ℓL} ≈ − {[ ( 3S^2_W − 2S^4_W ) 24V^2C^4_W + ( 9 − 4t^4 ) 144t^4V^2

T^4_W + ( 1 2ϑ^2 − ϑ^2_1 2V^2ϑ^2 ) ( − 1 2 + 1 3 S^2_W )] L (121) + [ − S^2_W 24V^2C^4_W + 1 3 ( 1 2ϑ^2 − ϑ^2_1 2V^2ϑ^2 ) S^2_W ] R } n_dν̄_{ℓL}γ_0ν_{ℓL}, (122)

and the effective potential felt by neutrinos when crossing a medium composed by a density n_d of down quarks is V^d_{NC} = V^{dL}_{NC} + V^{dR}_{NC} where V^{dL}_{NC} ≈ [ ( 3S^2_W − 2S^4_W ) 24V^2C^4_W + ( 9 − 4t^4 ) 144t^4V^2

T^4_W + ( 1 2ϑ^2 − ϑ^2_1 2V^2ϑ^2 ) ( − 1 2 + 1 3 S^2_W )] n_d, (123) V^{dR}_{NC} ≈ [ − S^2_W 24V^2C^4_W + 1 3 ( 1 2ϑ^2 − ϑ^2_1 2V^2ϑ^2 ) S^2_W ] n_d. (124)

Then we can easily see that in SM the NC effective potential for neutrinos in a d-quark medium, using result of eq. 53, will be given by:

V^d_{NC} = V^{dL}_{NC} + V^{dR}_{NC} ≈ − ( 1 2ϑ^2 − ϑ^2_1 2V^2ϑ^2 ) ( 1 2 − 2 3 S^2_W ) n_d, V^{dL}_{NC} = ( 1 2ϑ^2 − ϑ^2_1 2V^2ϑ^2 ) ( − 1 2 + 1 3 S^2_W ) n_d, (125)

V^{dR}_{NC} = 1 3 ( 1 2ϑ^2 − ϑ^2_1 2V^2ϑ^2 ) S^2_W n_d. (126)

Then from eq. (123)- (126), we obtain: V^{dL}_{CN} ≈ V^{dL}_{NC} + [ ( 3S^2_W − 2S^4_W ) 24V^2C^4_W + ( 9 − 4t^4 ) 144t^4V^2

T^4_W ] n_d, (127) V^{dR}_{NC} ≈ V^{dR}_{NC} − S^2_W 24V^2C^4_W n_d, (128)

and neglecting terms of order (_{ϑi} V )_n , for n > 2 we obtain that ε^d_{ℓℓ} = ε^{dL}_{ℓℓ} + ε^{dR}_{ℓℓ} where ε^{dL}_{ℓℓ} ≈ ϑ^2 24V^2C^4_W ( 3 − 2S^2_W ) , (129) ε^{dR}_{ℓℓ} ≈ − S^2_W ϑ^2 12V^2C^4_W

. (130)

Then we obtain ε^{dL}_{ℓℓ} ≈^{ϑ2}_{8V 2C4W} + ε^{dR}_{ℓℓ} . Note that again in limit V → ∞ we recover the SM.

TABLE I: Values for NSI in 331 model and experimental limits

Modelo331 Exp. 90% C.L. [46]

ε^{eL}_{ℓℓ} ≈ (^{1−2S2W} )^{ϑ2}

8V 2 C4W 0.114 (_{ϑ2} V 2 ) −0.07 < ε^{eL}_{ee} < 0.11 −0.025 < ε^{eL}_{μμ} < 0.03 −0.6 < ε^{eL}_{τ τ} < 0.4 ε^{eR}_{ℓℓ} ≈ −2S^2_W ε^{eL}_{ℓℓ} −^{ϑ2}_{V 2} T^4_W 0.143 (_{ϑ2} V 2 ) −1 < ε^{eR}_{ee} < 0.5 −0.027 < ε^{eR}_{μμ} < 0.03 −0.4 < ε^{eR}_{τ τ} < 0.6 ε^{uL}_{ℓℓ} ≈ −^{ϑ21}_{2V 2} +^{ϑ2}_{24V 2C4W} ( 9 − 8S^2_W ) 0.50 (_{ϑ2 −ϑ21} V 2 ) −1 < ε^{uL}_{ee} < 0.3 |ε^{uL}_{μμ} | < 0.003 |ε^{uL}_{τ τ} | < 1.4 ε^{uR}_{ℓℓ} ≈^{ϑ2}_{6V 2}^{S2W}_{C4W} 0.065 (_{ϑ2} V 2 ) −0.4 < ε^{uR}_{ee} < 0.7 −0.008 < ε^{uR}_{μμ} < 0.003 |ε^{uR}_{τ τ} | < 3 ε^{dL}_{ℓℓ} ≈^{ϑ2}_{24V 2C4W} ( 3 − 2S^2_W ) 0.179 (_{ϑ2} V 2 ) −0.3 < ε^{dL}_{ee} < 0.3 |ε^{dL}_{μμ}| < 0.003 |ε^{dL}_{τ τ} | < 1.1 ε^{dR}_{ℓℓ} ≈ −^{S2W ϑ2} 12V 2C4W −0.033 (_{ϑ2} V 2 ) −0.6 < ε^{dR}_{ee} < 0.5 −0.008 < ε^{dR}_{μμ} < 0.015 |ε^{dR}_{τ τ} | < 6

IV. RESULTS

In last sections we saw that in 331 model we chosed, all NSI parameters are universal and diagonal, and will not affect oscillation experiments. However, measurements of cross-section will be sensitive to such parameters, through modifications on g^α_i [28]. We will now compare our results with those obtained in cross-section measurements. We will assume sin^2 θ_W = 0.23149(13).

In table I we can see that constrains in ε^{eP}_{ℓℓ} lead to V^2 > 5.3ϑ^2., while the constrains in ε^{uP}_{ℓℓ} lead to V^2 > 21.7ϑ^2, and the constrains in ε^{dP}_{ℓℓ} (|ε^{dL}_{μμ}| < 0.003) lead to V^2 > 60ϑ^2 . If ϑ_2 has its maximum value of 174.105 GeV then V >∼ 1.3 TeV. We note also that by |ε^{uL}_{μμ} | < 0.003 we obtain | ϑ^2 − ϑ^2_1 | < 0.006V^2 , then for V ∼ 1.3TeV and ϑ_2 = 174 GeV we obtain 142GeV< ϑ_1 < 201GeV. We therefore can not predict any hierarchy to the VEV’s ϑ_1 and ϑ_2. Based on that results, we obtain the following inferior limits for the new Gauge bosons masses:

M_{KI} = M_Z′ > 610 GeV, M_K′ > 613 GeV, M_{KR} > 740 GeV.

V. CONCLUSION

We presented in this work a procedure to show that models with extended Gauge symmetries SU(3)_C × SU(3)_L × U(1)_X can lead to neutrino non-standard interactions, respecting the Standard Model Gauge symmetry SU(3)_C × SU(2)_L × U(1)_Y , without spoiling the available experimental data and reproducing the known phenomenology at low energies. We also have shown that with an assumption about a mass hierarchy for the Higgs triplets VEV’s we could qualitatively address the mass hierarchy problem in standard model. Finally we obtained limits for the triplets VEV’s based on limits for NSI in cross-section experiments.

We believe that the class of model presented here is an interesting theoretical possibility to look for new physics beyond SM. We restrained our work to a simple scenario, but flavor-changing interactions can be naturally introduced in the model, leading to new constraints on NSI.

Acknowledgments

We would like to thank Alex Dias and Marcelo Guzzo for valuable discussions. One of us (M.M.) would like to thank CNPq for financial support.

[1] B. Pontecorvo, Sov. Phys. JETP 34, 247 (1958); 26, 984 (1968). [2] Z. Maki, M. Nakagawa, and S. Sakata, Prog. Theor. Phys. 28, 870 (1962). [3] B. T. Cleveland et al., Astrophys. J. 496, 505 (1998). [4] Kamiokande-II, K. S. Hirata et al., Phys. Lett. B 280, 146 (1992). [5] Super-Kamiokande, S. Fukuda et al., Phys. Rev. Lett. 86, 5656 (2001), hep- ex/0103033. [6] SNO, Q. R. Ahmad et al., Phys. Rev. Lett. 89, 011301 (2002), nucl-ex/0204008. [7] Borexino, C. Arpesella et al., Phys. Lett. B658, 101 (2008), 0708.2251. [8] R. Becker-Szendy et al., Phys. Rev. D 46, 3720 (1992).

[9] SK, Y.Fukuda et al., Phys. Rev. Lett. 82 2644 (1999); S.Fukuda, et al., Phys.Rev.Lett. 85 3999 (2000). [10] Kamiokande, H. S. Hirata et al.,Y. Fukuda et al., Phys. Lett. B 335237 (1994). [11] Colab. Soudan, W. W. M. Allison et al.,, Phys. Rev. D72 (2005) 052005. [12] MACRO collaboration, Phys. Lett. B 434, 451 (1998).

[13] KamLAND, S. Abe et al., Phys. Rev. Lett. 100, 221803 (2008), 0801.4589. [14] CHOOZ, M. Apollonio et al., Phys. Lett. B466, 415 (1999), hep-ex/9907037. [15] Double Chooz, F. Ardellier et al., (2006), hep-ex/0606025. [16] K2K, E. Aliu et al., Phys. Rev. Lett. 94, 081802 (2005), hep-ex/0411038. [17] MINOS, P. Adamson et al., Phys. Rev. Lett. 101, 131802 (2008), 0806.2237. [18] S. Antusch, J. P. Baumann, and E. Fernandez-Martinez, Nucl. Phys. B810, 369. [19] J. Shechter and J. W. F. Valle, Phys. Rev. D22 2227 (1980). [20] L. J. Hall, V. A. Kostelecky and S. Raby, Nucl. Phys. B267, 415(1986). [21] J. W. F. Valle, Phys. Lett. B199, 432 (1987). [22] Y. Grossman, Phys. Lett. B359, 141 (1995).

[23] S. Bergmann, M. M. Guzzo, P. C. de Holanda, P. I. Krastev and H. Nunokawa Phys Rev. D62 073001(2000). [24] R.N. Mohapatra and Colaboration, arXiv:hep-ph/0510213v2.

[25] N. Fornengo, M. Maltoni, R. Toms Bayo, and J. W. F. Valle, Phys. Rev. D65 (2001) 013010. [26] M. Blennow, D. Meloni, T. Ohlsson, F.Terranova and M. Westerberg, arXiv:0804.2744v1. [27] D. Y. Bardin, S. M. Bilenky, and B. Pontecorvo, Phys. Lett. 32B, 68 (1970). [28] A. Bolaos, O. G. Miranda, A.Palzzo, M.A. Trtola and J.W.F. Valle, arXiv:0812.4417v2. [29] F. Pisano and V. Pleitez, Phys. Rev. D 46 (1992) 410.

[30] R. Foot, O. F. Hernandez, F. Pisano and V. Pleitez, Phys. Rev. D 47 (1993) 4158. [31] P. Frampton, Phys. Rev. Lett. 69 (1992) 2889.

[32] William. A. Ponce, Y. Giraldo and Luis A. Snchez, arXiv:hep-ph/0210026v1 (2002). [33] Rodolfo A. Diaz, R. Matnez and F. Ochoa, Phys. Rev. D 69 (2004) 095009. [34] R. Martinez, W. A. Ponce e L. A. Sanchez, arXiv:hep-ph/0110246v1. [35] William. A. Ponce, Jun B. Flrez and Luis A. Snchez, arXiv:hep-ph/0103100v2. [36] Ta-Pei Cheng, Gauge Theory of Elementary Particle Physics, Oxford Univertsity Press, New York 1986. [37] S.L. Alder, Phys. Rev., 117 (1969) 2426. [38] J. S. Bell and R. Jackiw, N. Cim. , 60A (1969) 47. [39] H. Georgi, Lie Algebras in Particles Physics, Benjamin (1982).[13] [40] Alex Gomes Dias, tese de Doutoramento (2005), IFUSP.

[41] D. Politzer, Phys. Rev. Lett. 30 (1973) 1346; D. Gross, F. Wilczek, Phys. Rev. Lett. 30 (1973) 1343. [42] D. V. Soa, T. Inami, H. N. Long, Eur. Phys. J. C34, 285 (2004), hep-ph/0304300. [43] L. Wolfenstein, Phys. Rev. D 17, 2369(1978). [44] Palash B. Pal, IJMP A 7 (1992) 5387. [45] S. Pakvasa and J. W. F. Valle, hep-ph/0301061.

[46] S. Davidson, C. Peña-Garay, N. Rius and A. Santamaria, JHEP 0303 (2003) 011; hep-ph/0302093v2.