arXiv:1208.4085v1 [hep-ph] 20 Aug 2012

Production of multiple charged Higgs bosons in 3-3-1 models

R. Martínez^∗, F. Ochoa^†, Departamento de Física, Universidad Nacional de Colombia, Bogotá D.C, Colombia

August 21, 2012

Abstract

We undertake the study of the charged Higgs bosons predicted by the model with gauge symmetry SU(3)_c ⊗ SU(3)_L ⊗ U(1)_X . By considering Yukawa mixing couplings between small (∼ GeV) and large (∼ TeV) scales, we show that the hypercharge-one H^±_1 and hypercharge-two H^±_2 Higgs bosons predicted by the model, can be simultaneously produced in pp collisions at different production rates. At low energy, the H^±_1 bosons exhibit the same properties as the charged Higgs bosons from a two Higgs doublet model (2HDM), while H^±_2 are additional like-charged Higgs bosons from the underlying 3-3-1 model. Thus, the identification of multiple like-charged Higgs boson resonances may test the compatibility of theoretical models with experimental data. We study H^±_{1,2} pair and associated tbH^±_{1,2} productions at CERN LHC collider. In particular, we obtain that pair production can be as large as the single production in gluon-gluon collisions due to the interchange of a heavy neutral Z^′ gauge boson predicted by the model. By considering decays to leptons H^±_{1,2} → τν_τ , we obtain scenarios where small peaks of H^±_2 -boson events in transverse mass distributions can be identified over the H^±_1 background.

1 Introduction

The mechanism that breaks the electroweak symmetry, which provides masses to all elementary particles is a subject of high priority in particle physics. In the Standard Model (SM) [1], the inclusion of one SU(2)_L scalar doublet leads to the symmetry breaking and generates the masses of the fundamental particles at the scale of the vacuum expectation value υ = 246 GeV. One of the consequences of this mechanism is the prediction of one massive neutral scalar boson: the SM Higgs Boson (SMHB). Searches for Higgs bosons have been carried out by different experiments at CERN-LEP [2], Fermilab-Tevatron and CERN-LHC

∗e-mail: remartinezm@unal.edu.co †e-mail: faochoap@unal.edu.co 1 colliders. Recently, the ATLAS and CMS collaborations at LHC obtained evidence of an scalar resonance around the 126 GeV [3], [4]. However, further analysis will be necessary to test the compatibility of this signal with the SMHB. Other searches have excluded the production of neutral Higgs bosons in other regions of the Higgs mass. At Fermilab-Tevatron, the region 156 GeV < m_H < 177 GeV [5] have been excluded. At CERN-LHC, the ATLAS collaboration have excluded the regions, 131 − 238 GeV, and 251 − 466 GeV [6], while the CMS collaboration have excluded the mass range 127 − 600 GeV at 95 % CL [7].

Even if the existence of the SMHB is confirmed by the future experimental analysis, it seems ”natural” that the SM must be extended to describe physics up to the Planck scale (2.4 × 10^{18} GeV). On one hand, the mass of the SMHB is expected to be at the electroweak scale, as required from unitarity constraints [8]. However, on the other hand, if the limit of validity of the SM is near the Planck scale, there will arise huge quantum corrections to the squared Higgs mass, and ”unnatural” cancellations must occur to give a Higgs boson of the order of the electroweak scale [9]. Thus, it is to expect some sort of theory beyond the SM that fill the enormous range between the electroweak scale and the Planck scale. In particular, many theoretical extensions of the SM, charged Higgs bosons, H^±, are predicted. The detection of a charged Higgs boson could reveal many features about the underlying model beyond the SM. Searches at LEP in a general Two Higgs Doublet Model (THDM) [10] have set a limit M_H± > 79.3 GeV [11]. For light charged Higgs bosons (M_H± ≲ m_{top}), in the framework of the Minimal Standard Supersymmetric Model (MSSM) [12], the main production channel at the CERN-LHC is through top-quark decays t → bH^+, while for heavy Higgs (M_H± ≳ m_{top}), the associated tb production pp → tbH^± + X is the dominant mode [13].

Other interesting alternative to extend the SM are the models with gauge symmetry SU(3)_c ⊗ SU(3)_L ⊗ U(1)_X , also called 3-3-1 models, which introduce a family nonuniversal U(1) symmetry [14, 15, 16, 17]. These models have a number of phenomenological advantages. First of all, from the cancellation of chiral anomalies [18] and asymptotic freedom in QCD, the 3-3-1 models can explain why there are three fermion families. Secondly, since the third family is treated under a different representation, the large mass difference between the heaviest quark family and the two lighter ones may be understood [19]. Finally, these models contain a natural Peccei-Quinn symmetry, necessary to solve the strong-CP problem [20].

The 3-3-1 models extend the scalar sector of the SM into three SU(3)_L scalar triplets: one heavy triplet field with vacuum expectation value (VEV) at high energy scale ⟨χ⟩ = ν_χ, which produces the breaking of the symmetry SU(3)_L ⊗ U(1)_X to the SM electroweak group SU(2)_L ⊗ U(1)_Y , and two lighter triplets with VEVs at the electroweak scale ⟨ρ⟩ = υ_ρ and ⟨η⟩ = υ_η, which induce the electroweak breakdown. In the version without exotic charges, after the spontaneous breaking of the gauge symmetry and rotations into mass eigenstates, the model contains 4 massive charged Higgs (H^±_1 , H^±_2 ), one neutral CP-odd Higgs (A^0), 3 neutral CP-even Higgs (h^0, H^0_1 , H^0_2 ), and one complex neutral Higgs (H^0_3 ) bosons. In particular, the charged sector is composed of two types of Higgs bosons: hypercharge-one Higgs bosons H^±_1 which exhibit tree-level couplings with the SM particles, and hyperchargetwo Higgs H^±_2 bosons which show couplings with the SM matter through mixing with non-SM particles. An study of production of the hypercharge-one H^±_1 bosons at hadron colliders was performed by authors in ref. [21] in the framework of the 3-3-1 models.

In this work we show that the above 3-3-1 model can possess an specialized 2HDM type III at low energy, where an special basis is preferred, exhibiting specific couplings in the Yukawa constants [22]. Thus, like the 2HDM-III, the 3-3-1 model can predict huge flavor changing neutral currents (FCNC) and CP-violating effects, which are severely suppressed by experimental data at electroweak scales. One way to remove these effects, is by imposing discrete symmetries, obtaining two types of 3-3-1 models (type-I and -II models), which at low energy exhibit the same Yukawa interactions as the 2HDM type I and II. In the first case, one Higgs electroweak triplet (for example, ρ) provides masses to the phenomenological up- and down-type quarks, simultaneously. In the type-II model, one Higgs triplet (ρ) gives masses to the up-type quarks and the other triplet (η) to the down-type quarks. One way to distinguish a 2HDM from an underlying structure (3-3-1 triplet structures in our case) is by identifying multiple like-charged Higgs resonances, for example the two H^±_{1,2} charged bosons. To explore this possibility, we show by the method of recursive expansion [23] that if mixing couplings with the heavy quark sector of the 3-3-1 model is considered, then the hipercharge-two Higgs bosons H^±_2 can couple with the light SM quarks at tree-level. Thus, the H^±_2 Higgs bosons can be produced in the same production modes as the H^±_1 Higgs, but at different statistical rates. In particular, we study the H^±_2 -boson production at CERN-LHC in pp → H^+_2 H^−_2 pair production and associated tbH^±_2 single production in the framework of the type-I and -II 3-3-1 models. For comparison purposes, we include the H^±_1 -boson production for the above modes. We also discuss H^±_{1,2} decay processes to tau leptons (τ) assuming that Br(H^±_{1,2} → τν) = 100%. We compare transverse mass distributions for different mass values of the Higgs bosons.

This paper is organized as follows. Section II is devoted to summarize the spectrum and interactions of the 2HDM and 3-3-1 models, in particular the interactions with charged Higgs bosons. We also show that, at low energy, the spectrum of the 3-3-1 model indeed can be separated into a light scale corresponding to the 2HDM type III, and a heavy scale decoupled from the light sector. In Section III we perfom the rotations into mass eigenstates of the quark sector taking into account small mixing terms between light and heavy scales. In Section IV, pair and associated production for charged Higgs bosons are studied in pp collisions at LHC collider. Decay into tau leptons is considered in Sec. V. Finally in Sec. VI, we summarize our conclusions.

2 The model

In order to identify a 2HDM structure into the 3-3-1 model, we first show a brief summary of models with two Higgs doublets.

2.1 2HDM-III Model

The Yukawa’s Lagrangian for the 2HDM type III is as follows

− L_Y = q^i_L ( ~Φ_1h^U_{1ij} + ~Φ_2h^U_{2ij} ) U^j_R + q^i_L ( Φ_1h^D_{1ij} + Φ_2h^D_{2ij} ) D^j_R + l^i_L ( Φ_1h^e_{1ij} + Φ_2h^e_{2ij} ) e^j_R + h.c, (1) where q^i_L = (U^i, D^i)_L are the up- and down-type quark doublets for each left-handed flavor component U^i : (u, c, t) and D^i : (d, s, b) for i = 1, 2, 3, while l^i_L = (ν^i, e^i)_L are the neutral and charged leptons for three flavors. The coupling constants h^f_{nij} are the components of non-diagonal 3×3 matrices in the flavor space for f = U, D, e and n = 1, 2. Φ_{1,2} are identical hypercharge-one Higgs doublets and ~Φ_{1,2} = iσ_2Φ^∗_{1,2} are conjugate fields with σ_2 the Pauli matrix. Assuming that both doublets acquire vacuum expectation values (VEV), ⟨Φ_1⟩_0 = υ_1 and ⟨Φ_2⟩_0 = υ_2, the doublets are written as follows:

Φ_1 = ( ϕ^±_1 1√ 2 (υ_1 + ξ_1 ± iζ_1) ) , Φ_2 = ( ϕ^±_2 1√ 2 (υ_2 + ξ_2 ± iζ_2) ) . (2)

The mass eigenstates are related to weak eigenstates by: ( G^± H^± ) = R_β ( ϕ^±_1 ϕ^±_2 ) , ( G^o A^o ) = R_β ( ζ_1 ζ_2 ) , ( H^o h^o ) = R_α ( ξ_1 ξ_2 ) , (3)

with:

R_{β,α} = ( C_{β,α} S_{β,α} −S_{β,α} C_{β,α} ) , (4)

where tanβ = υ_2/υ_1, and α is a mixing angle expressed as a function of parameters from the Higgs potential. In the most general 2HDM, the parameter tanβ is considered as unphysical, thus, it is necessary to redefine the Higgs doublets into a basis independent from β [24]. However, if some type of restriction (discrete symmetries, symmetries from bigger gauge models, etc,) is imposed, this parameter can be defined in an special basis, thus it will be a physical parameter.

After the spontaneous symmetry breaking, the Yukawa Lagrangian in Eq. (1) gives mass matrices in the quark sector of the form

M_U = 1 √ 2 ( h^U_1 υ_1 + h^U_2 υ_2 ) , M_D = 1 √ 2 ( h^D_1 υ_1 + h^D_2 υ_2 ) . (5)

The quark mass eigenstates can be obtained by unitary transformations of the left- and right-handed weak eigenstates: U^′_{L,R} = V^U_{L,R}U_{L,R}, D^′_{L,R} = V^D_{L,R}D_{L,R}, where the Cabibbo- Kobayashi-Maskawa (CKM) matrix is defined by κ = V^U_L V^{D†}_L . Thus, the matrices in Eq. (5) are diagonalized by the following bi-unitary transformations:

m_U = 1 √ 2 V^{U†}_L ( h^U_1 υ_1 + h^U_2 υ_2 ) V^U_R , m_D = 1 √ 2 V^{D†}_L ( h^D_1 υ_1 + h^D_2 υ_2 ) V^D_R , (6)

where the rotated Yukawa couplings h^{′U}_{1,2} = V^{U†}_L h^U_{1,2}V^U_R and h^{′D}_{1,2} = V^{D†}_L h^D_{1,2}V^D_R are not in general simultaneously diagonalized, leading to FCNC at tree level. However, it is possible to suppress these FCNC terms by demanding discrete symmetries in the Lagrangians, obtaining two different models:

Type I: Here, the couplings with one Higgs doublet (for example Φ_2) is removed from the Lagrangian, then only one Higgs doublet (Φ_1) provides masses to the up- and down-type quarks, simultaneously.

Type II: in this case the Yukawa couplings are restricted so that one Higgs doublet (for example, Φ_1) gives masses to the up-type quarks and the other doublet (Φ_2) to the down-type quarks.

Specifically, after the rotations to mass eigenstates, the model exhibits the following type-I and -II Lagrangians for the charged Higgs Bosons:

− L^{2HDM−I} H^± = U ′ L [ − √ 2m_Dκ υ T_β ] D^′_RH^+ + D^′_L [ − √ 2κ^†m_U υ T_β ] U^′_RH^− + h.c,

−L^{2HDM−II} H^± = U ′ L [√ 2m_Dκ υ cotβ ] D^′_RH^+ + D^′_L [ − √ 2κ^†m_U υ T_β ] U^′_RH^− + h.c, (7)

where υ = √ υ^2_1 + υ^2 = 246 GeV is the electroweak VEV.

2.2 3-3-1 Model

2.2.1 Physical spectrum

We consider a 3-3-1 model where the electric charge is defined by:

Q = T_3 − 1 √ 3 T_8 + X, (8)

with T_3 =^1_2 Diag(1, −1, 0) and T_8 = (^1_2^√_3 )Diag(1, 1, −2). In order to avoid chiral anomalies, the model introduces in the fermionic sector the following (SU(3)_c, SU(3)_L, U(1)_X ) left- and right-handed representations:

Q^1_L =

U^1 D^1 T^1 L : (3, 3, 1/3),

U^1_R : (3^∗, 1, 2/3) D^1_R : (3^∗, 1, −1/3) T^1_R : (3^∗, 1, 2/3)

Q^{2,3}_L = D^{2,3} U^{2,3} J^{2,3} L : (3, 3^∗, 0),

D^{2,3}_R : (3^∗, 1, −1/3) U^{2,3}_R : (3^∗, 1, 2/3) J^{2,3}_R : (3^∗, 1, −1/3)

L^{1,2,3}_L = ν^{1,2,3} e^{1,2,3} (ν^{1,2,3})^c L : (1, 3, −1/3), { e^{1,2,3}_R : (1, 1, −1) N^{1,2,3}_R : (1, 1, 0)

, (9)

where U^i_L and D^i_L for i = 1, 2, 3 are three up- and down-type quark components in the flavor basis, while ν^i_L and e^i_L are the neutral and charged lepton families. The right-handed sector transforms as singlets under SU(3)_L with U(1)_X quantum numbers equal to the electric charges. In addition, we see that the model introduces heavy fermions with the following properties: a single flavor quark T^1 with electric charge 2/3, two flavor quarks J^{2,3} with charge −1/3, three neutral Majorana leptons (ν^{1,2,3})^c_L and three right-handed Majorana leptons N^{1,2,3}_R . On the other hand, the scalar sector introduces one triplet field with VEV ⟨χ⟩_0 = υ_χ, which provides the masses to the new heavy fermions, and two triplets with VEVs ⟨ρ⟩_0 = υ_ρ and ⟨η⟩_0 = υ_η, which give masses to the SM fermions at the electroweak scale. The (SU(3)_L, U(1)_X ) group structure of the scalar fields are:

χ = χ^0_1 χ^−_2 1√ 2 (υ_χ + ξ_χ ± iζ_χ) : (3, −1/3)

ρ = ρ^+_1 1√ 2 (υ_ρ + ξ_ρ ± iζ_ρ) ρ^+_3

: (3, 2/3)

η = 1√ 2 (υ_η + ξ_η ∓ iζ_η) η^−_2 η^0_3

: (3, −1/3). (10)

After the symmetry breaking, it is found that the mass eigenstates are related to the weak states in the scalar sector by [16, 17]: ( G^±_1 H^±_1 ) = R_{βT} ( ρ^±_1 η^±_2 ) , ( G^0_1 A^0_1 ) = R_{βT} ( ζ_ρ ζ_η ) , ( H^0_1 h^0 ) = R_{αT} ( ξ_ρ ξ_η ) (11) ( G^0_2 H^0_2 ) = R ( χ^0_1 η^0_3 ) , ( G^0_3 H^0_3 ) = −1 √ 2 R ( ζ_χ ξ_χ ) , ( G^±_2 H^±_2 ) = R ( χ^±_2 ρ^±_3 ) , (12)

with:

R_{βT ,αT} = ( C_{βT} S_{βT} −S_{βT} C_{βT} ) , R = ( −1 0 0 1 ) , (13)

where tanβ_T = υ_η/υ_ρ, and α_T is a mixing angle obtained from the Higgs potential.

For the boson-vector spectrum, we are just interested in the physical neutral sector that corresponds to the photon A, the neutral weak boson Z and a new neutral boson Z^′, which are written in terms of the electroweak SU(3)_L ⊗ U(1)_X gauge fields as [16], [17]:

A_μ = S_W W^3_μ + C_W ( 1 √ 3 T_W W^8_μ + √ 1 − 1 3 (T_W )^2B_μ ) ,

Z_μ = C_W W^3_μ − S_W ( 1 √ 3 T_W W^8_μ + √ 1 − 1 3 (T_W )^2B_μ ) ,

Z^′_μ = − √ 1 − 1 3 (T_W )^2W^8_μ + 1 √ 3 T_W B_μ, where the Weinberg angle is defined as

S_W = Sin(θ_W ) = √ 3g_X √ 3g^2_L + 4g^2_X

, (14)

with g_L and g_X the coupling constants of the groups SU(3)_L and U(1)_X , respectively.

2.2.2 Couplings

Using the fermionic content from Eq. (9), the neutral gauge interactions for SM quarks reads [17]: L^{NC}_D = eQ_qqA/q + g_L 2C_W q [γ_μ (g^q_v − g^q_aγ_5) Z^μ + γ_μ (~g^q_v − ~g^q_aγ_5) Z^{′μ}] q, (15)

where q is U = (U^1, U^2, U^3) or D = (D^1, D^2, D^3) for up- and down-type quarks, respectively, and Q_q the electric charge in units of the positron charge e. The vector and axial-vector couplings of the Z and Z^′ bosons are written in table 1 for each SM quark [25].

On the other hand, from the kinetic term of the Higgs Lagrangian, we obtain the following Higgs-Higgs-Vector interaction associated with the charged Higgs sector:

iL^{HHV} = −ie [ H^+_1 H^−_1 + H^+_2 H^−_2 ] (p − q)^μ A_μ − ig_L 2C_W [ C_{2W} H^+_1 H^−_1 + 2S^2_W H^+_2 H^−_2 ] (p − q)^μ Z_μ + ig_X 2 √ 3T_W [( C_{2βT} + T^2_W ) H^+_1 H^−_1 + 2 ( 1 + T^2_W ) H^+_2 H^−_2 ] (p − q)^μ Z^′_μ. (16)

F ermion g^q_v g^q_a ~g^q_v ~g^q_a D^1 −^1_2 +^2_3 S^2_W −^1_2^{−1}_6 √ 3 − 4S^2_W^{−1}_2√_{3−4S2W}

D^m −^1_2 +^2_3 S^2_W −^1_2^{3−2S2W}_6√_{3−4S2W}^{1−2S2W}_2√_{3−4S2W}

U^{1 1}_2 −^4_3 S^2_W^1_2^{−3−2S2W}_6√_{3−4S2W}^{−1+2S2W}_2√_{3−4S2W}

U^{m 1}_2 −^4_3 S^2_W^1_2^{3−8S2W}_6√_{3−4S2W}^1_2√_{3−4S2W}

Table 1: Vector and Axial couplings of SM quarks and Neutral Gauge Bosons. The index m = 2, 3 labels the 3^∗ multiplets.

Finally, we obtain the following SU(3)_L ⊗ U(1)_X renormalizable Yukawa Lagrangian for the quark sector:

− L_Y = Q^1_L ( ηh^U_{η1j} + χh^U_{χ1j} ) U^j_R + Q^1_Lρh^D_{ρ1j} D^j_R

+ Q^1_Lρh^J_{ρ1m}J^m_R + Q^1_L ( ηh^T_{η11} + χh^T_{χ11} ) T^1_R + Q^n_Lρ^∗h^U_{ρnj}U^j_R + Q^n_L ( η^∗h^D_{ηnj} + χ^∗h^D_{χnj} ) D^j_R + Q^n_L ( η^∗h^J_{ηnm} + χ^∗h^J_{χnm} ) J^m_R + Q^n_Lρ^∗h^T_{ρn1}T^1_R + h.c, (17)

where n = 2, 3 is the index that labels the second and third quark triplet shown in Eq. (9), and h^f_{ϕij} are the i, j components of non-diagonal matrices in the flavor space associated with each scalar triplet ϕ : η, ρ, χ.

2.2.3 Yukawa couplings at low energy

We require the breakdown SU(3)_L × U(1)_X → SU(2)_L × U(1)_Y in the flavor sector. In order to identify the particle content at low energy, we use the branching rules shown in Tab. 2, where we identify the following (SU(2)_L, U(1)_Y ) left-handed (SM) doublet representations:

q^{1,2,3}_L = ( U^{1,2,3} D^{1,2,3} ) L : (2, 1/3),

l^{1,2,3}_L = ( ν^{1,2,3} e^{1,2,3} ) L : (2, −1), (18)

while T^1_L, J^{2,3}_L and (ν^{1,2,3})^c_L are SU(2)_L singlets (which we will call non-SM fermions). The right-handed fermions are decomposed into SU(2)_L singlets with weak hypercharge equal to the electric charge. The scalar sector contains the following hypercharge-one subdoublets:

(SU(3)_L, U(1)_X ) → (SU(2)_L, U(1)_Y )

Q^1_L : (3,^1_3 ) −→ q^1_L : (2,^1_3 ) + T^1_L : (1,^4_3 ) Q^{2,3}_L : (3^∗, 0) −→ iσ_2q^{2,3}_L : (2,^1_3 ) + J^{2,3}_L : (1,^{−2}_3 ) L^{1,2,3}_L : (3,^{−1}_3 ) −→ l^{1,2,3}_L : (2, −1) + (ν^{1,2,3})^c_L : (1, 0) χ : (3,^{−1}_3 ) −→ ~Φ_3 : (2, −1) + χ_0 : (1, 0) η : (3,^{−1}_3 ) −→ ~Φ_2 : (2, −1) + η^0_3 : (1, 0) ρ : (3,^2_3 ) −→ Φ_1 : (2, 1) + ρ^+_3 : (1, 2)

Table 2: Branching rules for the (SU(3)_L, U(1)_X ) → (SU(2)_L, U(1)_Y ) symmetry breaking.

Φ_1 = ( ρ^+_1 1√ 2 (υ_ρ + ξ_ρ + iζ_ρ) ) : (2, 1)

~Φ_2 = (_{1√} 2 (υ_η + ξ_η − iζ_η)

η^−_2 ) : (2, −1).

Φ_3 = ( χ^+_1 χ^0_2 ) : (2, 1), (19)

while χ_0 = (1/ √ 2)(ξ_χ ± iζ_χ) and η^0_3 are hipercharge-zero singlets, and ρ^±_3 (which according with (12) are identified with the charged Higgs H^±_2 bosons) are hipercharge-two singlets. In (19) we define the conjugate field as ~Φ_2 = iσ_2Φ^∗_2. In the above decompositions, the U(1)_Y weak hypercharge, the U(1)_X charge and the electric charge were related by:

Q = T_3 + Y/2 = T_3 − 1 √ 3 T_8 + X. (20)

Taking into account the above branching rules, the Yukawa Lagrangian in Eq. (17) can be separated as follows:

− L_Y = q^i_L ( ~Φ_1h^U_{ρij} + ~Φ_2h^U_{ηij} + ~Φ_3h^U_{χij} ) U^j_R + q^i_L ( Φ_1h^D_{ρij} + Φ_2h^D_{ηij} + Φ_3h^D_{χij} ) D^j_R − L_Y (T^1, J^n), (21)

where L_Y (T^1, J^n) are mixing terms with the non-SM fermions. The Lagrangian in (21) exhibits the same form as the 2HDM-III in Eq. (1) for the quark sector, plus extra mixing terms associated with the heavy scalar doublet Φ_3 and the other non-SM particles. Thus, for υ_χ ≫ υ_{ρ,η}, the 3-3-1 model exhibits an effective 2HDM-III couplings in the quark sector at low energy. Furthermore, due to the nonuniversal U(1)_X values exhibited by the spectrum in (9) and (10), not all couplings between quarks and scalars are allowed by the gauge symmetry, which leads us to zero-texture of the Yukawa constants in Eq. (21) [22]. If we consider a low energy scenario in which the particles at the heavy scale decouple from those at light scales, the quark mass eigenstates may be obtained separately for each scale by unitary transformations of the left- and right-handed weak eigenstates: U^′_{L,R} = V^{U†}_{L,R}U_{L,R}, D^′_{L,R} = V^{D†}_{L,R}D_{L,R}, and J^′_{L,R} = V^{J†}_{L,R}J_{L,R}, while the single flavor T^1 quark decouple from other components, obtaining that T^{′1}_{L,R} = T^1_{L,R}. In this limit, after the symmetry breaking, and using the VEVs from Eq. (10), we obtain the following mass terms for the SM quarks:

M_U = 1 √ 2 ( h^U_ρ υ_ρ + h^U_η υ_η ) , M_D = 1 √ 2 ( h^D_ρ υ_ρ + h^D_η υ_η ) , (22)

which exhibit the same form as the matrices in Eq. (5) but with the change υ_{1,2} → υ_{ρ,η} and h_{1,2} → h_{ρ,η}. Then, using bi-unitary transformation analogous to (6), we obtain the diagonal mass matrices

m_U = V^{U†}_L M_U V^U_R = 1 √ 2 V^{U†}_L ( h^U_ρ υ_ρ + h^U_η υ_η ) V^U_R , m_D = V^{D†}_L M_DV^D_R = 1 √ 2 V^{D†}_L ( h^D_ρ υ_ρ + h^D_η υ_η ) V^D_R . (23)

By requiring appropriate discrete symmetries, we can restrict the Higgs couplings in the Yukawa Lagrangian. In particular, we may generate type-I and -II models analogous to the 2HDM-I or -II if we require the following generalized discrete symmetries on the scalar and right-handed fermion fields: Type I: ρ → ρ, η → −η, χ → −χ U_R → U_R, D_R → D_R T_R → −T_R, J_R → −J_R N_R → −N_R, e_R → e_R Type II: ρ → ρ, η → −η, χ → −χ U_R → U_R, D_R → −D_R T_R → −T_R, J_R → −J_R N_R → −N_R, e_R → e_R. (24) In type-I models, one Higgs triplet (ρ) provides masses to both the up- and down-type quarks, while in type-II models the triplets ρ and η give masses to the up- and down-type quarks, respectively. Thus, eqs. (23) becomes:

Type I: m_{U(D)} = 1 √ 2 V^{U(D)†} L ( h^{U(D)}_ρ υ_ρ ) V^{U(D)}_R , Type II: m_{U(D)} = 1 √ 2 V^{U(D)†} L ( h^{U(D)}_{ρ(η)} υ_{ρ(η)} ) V^{U(D)}_R . (25)

If ν_{ρ,η} = ν_{1,2}, the mass eigenstates in (3) are the same as the mass eigenstates in Eq. (11). In particular, we can identify the hypercharge-one Higgs bosons H^±_1 as 2HDM-like charged bosons, while the other charged Higgs bosons (hipercharge-two) H^±_2 are new charged scalar particles beyond the 2HDM.

3 Yukawa Lagrangian with mixing couplings

If we consider the complete Lagrangian in (17) (including couplings with non-SM fermions), we find the following mass terms after the symmetry breaking [22]:

− ⟨L_Y ⟩ = ψ_LM_ψψ_R + h.c. = ( U_L, T_L ) M_{UT} ( U_R T_R ) + ( D_L, J_L ) M_{DJ} ( D_R J_R ) + h.c, (26) where U_{L,R} = (U^1, U^2, U^3)_{L,R} are the left- and right-handed up-type quark flavor vectors, D_{L,R} = (D^1, D^2, D^3)_{L,R} the corresponding down-type quark vectors, J_{L,R} = (J^2, J^3)_{L,R} are two-dimensional vectors associated with the heavy quarks with electric charge −1/3 in (9) and T_{L,R} is the single component of the heavy quark with charge 2/3. The mass matrices have the following structures in the basis (U, T ) and (D, J), respectively:

M_ψ = ( M_{light} f_{light} G_{heavy} Λ_{heavy} ) : M_{UT} = ( M_U k K M_T )

M_{DJ} = ( M_D s S M_J ) , (27)

where M_U , k, K, and M_T are 3 × 3, 3 × 1, 1 × 3, and 1 × 1 matrices, respectively, while M_D, s, S, and M_J are 3 × 3, 3 × 2, 2 × 3, and 2 × 2 matrices, respectively. The components of the above mass matrices are:

M_{light} = M_{U(D)} = 1 √ 2 ( h^{U(D)}_ρ υ_ρ + h^{U(D)}_η υ_η ) , Λ_{heavy} = M_{T (J)} = 1 √ 2 h^{T (J)}_χ υ_χ, f_{light} = k(s) = 1 √ 2 ( h^{T (J)}_ρ υ_ρ + h^{T (J)}_η υ_η ) , G_{heavy} = K(S) = 1 √ 2 h^{U(D)}_χ υ_χ, (28)

where M_{light} and f_{light} are of the order of υ_ρ, υ_η ∼ GeV, while Λ_{heavy} and G_{heavy} are of the order υ_χ ≫ GeV. The diagonalization of the matrices in (27) can be obtained by unitary transformations of the left- and right-handed weak eigenstates:

ψ^′_{L,R} = O^†_{L,R}ψ_{L,R}, (29) where ψ^′_{L,R} = (U^′, T^′)_{L,R} or (D^′, J^′)_{L,R} are the mass eigenstates. In order to find the form of the matrices O_{L,R}, we separate them into two rotations:

O_{L,R} = U_{L,R}W_{L,R} = ( V_{L,R} 0 0 P_{L,R} ) ( 1 B_{L,R} −B^†_{L,R} 1 ) , (30)

where V_{L,R} = V^{U,D}_{L,R} are the same bi-unitary transformations as in (23) that diagonalize the U and D components in the low energy limit, and P_{L,R} = V^J_{L,R} or 1 that rotate the J or T components, respectively. Since the first rotation through U_{L,R} does not lead to a completely diagonal mass matrix due to the mixing terms f_{light} and G_{heavy} in (27), we choose bi-unitary rotations B_{L,R} = B^{U,D}_{L,R} by requiring the vanishing of the off-diagonal components of the following matrix:

O^†_LM_ψO_R = W^†_LU^†_LM_ψU_RW_R = ~m_ψ = ( ~m_{light} 0 0 ~m_{heavy} ) . (31)

Considering the scenario of small mixing terms (near the decoupling limit) (G_{heavy} ≪ Λ_{heavy}, f_{light} ≪ M_{light}) and using the method of recursive expansion [23], the authors in ref. [22] shows the following solutions:

B_L ≈ ( m_l ~G^† + ~fm^†_h ) ( m^2_h )_{−1} , B^†_R ≈ ~G (m_h)^{−1} , (32)

where m_l = V^†_L M_{light}V_R, m_h = P^†_LΛ_{heavy}P_R, ~f = V^†_L f_{light}P_R and ~G = P^†_LG_{heavy}V_R. Replacing (32) in (30) and (29), we obtain the following mass eigenstates:

U^′_L = (V^{U†}_L )U_L − (B^U_L )T_L ≈ (V^{U†}_L )U_L − [ m_U m^2_T

(V^U_R K)^† + ~k m_T ] T_L

T^′_L = (V^U_L B^U_L )^†U_L + T_L ≈ [ m_U m^2_T

~K(V^U_L )^† + ~k† m_T V^{U†}_L ] U_L + T_L

U^′_R = (V^{U†}_R )U_R − (B^U_R )T_R ≈ (V^{U†}_R )U_R − [ ~K m_T ] T_R

T^′_R = (V^U_R B^U_R )^†U_R + T_R ≈ [ ~K m_T V^{U†}_R ] U_R + T_R (33)

D^′_L = (V^{D†}_L )D_L − (B^D_L V^{J†}_L )J_L ≈ (V^{D†}_L )D_L − [ m_D m^2_J

(V^D_R S)^† + ~s m_J V^{J†}_L ] J_L J^′_L = (V^D_L B^D_L )^†D_L + (V^{J†}_L )J_L ≈ [ m_D m^2_J

~S(V^D_L )^† + ~s^† m_J V^{D†}_L ] D_L + (V^{J†}_L )J_L

D^′_R = (V^{D†}_R )D_R − (B^D_R V^{J†}_R )J_R ≈ (V^{D†}_R )D_R − [ ~S m_J V^{J†}_R ] J_R

J^′_R = (V^D_R B^D_R )^†D_R + (V^{J†}_R )J_R ≈ [ ~S m_J V^{D†}_R ] D_R + (V^{J†}_R )J_R. (34)

With the rotations from (33) and (34) for the quarks, and (11)-(12) for the Higgs, the Yukawa Lagrangian of the 3-3-1 model in (17) can be written in mass eigenstates. In particular, for the couplings between the charged Higgs bosons and the (U^′, D^′) mass eigenstates, we obtain:

− L^{H±1,2}_Y = U^′_L(V^{U†}_L ) [( −h^D_ρ S_{βT} + h^D_η C_{βT} ) V^D_R − ( −h^J_ρ S_{βT} + h^J_η C_{βT} ) V^J_R B^{D†}_R ] D^′_RH^+_1

+ D^′_L(V^{D†}_L ) [( −h^U_ρ S_{βT} + h^U_η C_{βT} ) V^U_R − ( −h^T_ρ S_{βT} + h^T_η C_{βT} ) B^{U†}_R ] U^′_RH^−_1

+ D^′_L(B^D_L V^{J†}_L ) [ −h^U_ρ V^U_R + h^T_ρ B^{U†}_R ] U^′_RH^−_2

+ U^′_L(B^{U†}_L ) [ −h^D_ρ V^D_R + h^J_ρ B^{U†}_R ] D^′_RH^+_2 + h.c. (35)

Since the rotations B^{U,D}_{L,R} are suppressed by the inverse of the masses of the heavy T and J quarks according to (32) (where m_h = m_{T,J} ), the couplings associated with h^{J,T}_{ρ,η} in (35) are negligible with respect to the h^{D,U}_{ρ,η} couplings. In addition, other terms can be removed by the discrete symmetries in (24). Taking into account the above facts and using Eqs. (25), the Lagrangian (35) for type-I and -II models can be written as:

− L^I_Y = U^′_L [ − √ 2m_Dκ υ T_{βT} ] D^′_RH^+_1 + D^′_L [ − √ 2κ^†m_U υ T_{βT} ] U^′_RH^−_1

+ D^′_L [ − √ 2m_U υC_{βT} (B^D_L V^{J†}_L V^U_L ) ] U^′_RH^−_2 + U^′_L [ − √ 2m_D υC_{βT} (B^{U†}_L V^D_L ) ] D^′_RH^+_2 + h.c., (36)

− L^{II}_Y = U^′_L [√ 2m_Dκ υ cotβ_T ] D^′_RH^+_1 + D^′_L [ − √ 2κ^†m_U υ T_{βT} ] U^′_RH^−_1

+ D^′_L [ − √ 2m_U υC_{βT} (B^D_L V^{J†}_L V^U_L ) ] U^′_RH^−_2 + h.c., (37) where κ is the CKM matrix and υ = √ υ^2_ρ + υ^2_η = 246 GeV is the electroweak VEV. We see that the couplings of the H^±_1 bosons in the above Lagrangians are analogous to the H^±-boson couplings of the 2HDM in (7). Thus, we identify the H^±_1 bosons with a 2HDM-like charged Higgs bosons (furthermore, if at low energy we neglect the coupling with the Z^′ boson in Eq. (16), we obtain that H^±_1 → H^±).

4 Production of charged Higgs bosons

Since the couplings found in (36) and (37) are proportional to the quark masses, the largest contribution comes from the top quark (m_t ≈ 173 GeV). Thus, considering the couplings to the third up type family, the dominant contribution of the Yukawa interactions in (36) and (37) are:

− L^{I(II)}_Y ≈ − √ 2m_tT_{βT} υ b_Lt_RH^−_1 − √ 2m_tB^D_L υC_{βT} b_Lt_RH^−_2 + h.c., (38)

where we consider κ_{tb} ∼ 1 for the (3, 3) component of the CKM matrix. We are interested in comparing the production ratios between H^±_1 and H^±_2 , then in the above Lagrangian we also assume for simplicity that V^{U,D,J}_{L,R} ∼ 1 for the U, D and J quarks. It is to note that type-I and type-II models exhibit different Yukawa couplings in the down sector, but the same couplings in the up sector. Since we neglected the contribution from the down-type masses, we see in Eq. (38) that both models possess identical couplings.

Taking into account the couplings in (15), (16) and (38) for type-I and -II models, we may study the production of H^±_{1,2} Higgs bosons. Fig. 1 shows different partonic processes for Higgs production in pp collisions, where (a) corresponds to quark-antiquark annihilation for pair production through vector electroweak bosons, while (b)-(f) corresponds to associated production tbH^±_{1,2} through gluon-gluon collisons ((b)-(d)) and quark-antiquark annihilation ((e) and (f)).

4.1 Pair production

For the pair production from Fig. 1(a), we use the couplings in (16). We observe that T_{βT} , M_{H1,2} and M_Z′ are free parameters, while g_L and g_X can be parametrized as functions of the electric charge of the proton e and the Weinberg angle: e = g_LS_W and g_X = √ 3g_LS_W / √ 3 − 4S^2_W (from definition in (14)). The parameter T_{βT} only appears in the coupling of H^±_1 with Z^′ through the coefficient (C_{2βT} + T^2_W ) in (16). Just for numerical purposes we take T_{βT} = 10. At CM energy of 14 TeV in pp collisions, we use the Calchep package [26] to obtain the pair production cross sections for H^±_1 and H^±_2 bosons. Fig. 2(a) shows the dependence of the cross section with the mass of the Z^′ boson for three different Higgs masses: M_{H1,2} = 300, 500 and 1000 GeV. The behaviour shown by the curves can be understood as follows: For M_Z′ < 2M_{H1,2} , the production of real Z^′ bosons is supressed by kinematical conditions, so that the contributions come only from A and Z bosons. Above the resonance region M_Z′ = 2M_{H1,2} , the production of Z^′ increases, which leads to larger cross sections. However, when the Z^′ boson becomes heavier, the energy of the collision is not large enough to obtain an appreciable Z^′ production, thus the A and Z contributions are again the dominant modes for pair production. On the other hand, we see that around the region of the Z^′-resonance, the cross sections splits in two branches, where the H^±_2 bosons exhibit larger contributions than the 2HDM-like bosons H^±_1 . This splits is due to the different contributions exhibits by the H^±_1 and H^±_2 bosons with the gauge bosons in Eqn. (16). Using the notation g_{HiHiV} to designate the Higgs-Higgs-Vector couplings, and with SM numerical inputs, we obtain the following relations: g_{H2H2A} g_{H1H1A} = 1 g_{H2H2Z} g_{H1H1Z} = 2S^2_W C_{2W} ≈ 0.8 g_{H2H2Z}′ g_{H1H1Z}′ = 2 (1 + T^2_W ) (C_{2βT} + T^2_W )

≈ 3.7, (39)

which indicates that due to the Z^′-couplings, the ratios between cross sections σ(H^±_2 )/σ(H^±_1 ) can be as large as 3.7^2 ∼ 13.7. i.e as one order of magnitude larger. Thus, we can see in Fig. 2(a) for the curves M_{H1,2} = 1000 GeV, that the H^±_2 boson exhibits a peak which is about one order of magnitude larger than the H^±_1 peak.

On the other hand, Fig. 2(b) compares the dependence of the cross sections with the Higgs masses for H^±_1 , H^±_2 , and H^±_{2HDM} Higgs bosons. We use the value M_Z′ = 2 TeV. As with the Fig. 2(a), the cross sections splits into various branches for M_{H1,2} ≤ M_Z′ /2 = 1 TeV, where the largest contribution comes from the H^±_2 bosons. In particular, we see that for 2HDM we obtain smaller production ratios due to the fact that in this model the Z^′ contribution does not exist.

4.2 Single production

Figs. 1(b)-(f) corresponds to single Higgs production in association with bt quarks (we show the production of the H^−_{1,2} component. The H^+_{1,2} is identical but in association with bt quarks). In this case, in addition to (16), we must take into account the parameters from couplings in (15) and (38). Thus, we have the new free parameter B^D_L for the quark couplings with H^±_2 . This parameter corresponds to the mixing rotations associated with the down-type mass matrices M_{DJ} from (27). According to Eq. (32), and for the third Down-type family, we obtain the following relation:

B^D_L ≈ ( m_b ~S^† + ~sm^†_J ) ( m^2_J )_{−1} (40)

where m_b ≈ 4 GeV corresponds to the mass of the b quark, m_J ∼ υ_χ ≫ GeV is the mass of the heavy J quarks, ~S = S ∼ υ_χ the heavy mixing component of M_{DJ} in (27), and ~s = s ∼ υ_{ρ,η} ∼ GeV the corresponding light mixing components. Due to the above order of magnitudes of the VEVs, the mixing rotations in (40) exhibits small values (B^D_L ≪ 1).

However, the H^−_2 couplings in Eq. (38) depend on the ratio B^D_L /C_{βT} . Thus, although the mixing rotations takes small values, the couplings with the Higgs H^±_2 may be appreciable for small C_{βT} . Then, we use the parameter r = B^D_L /C_{βT} instead of B^D_L for our analysis. First, we obtain the cross section for associated production of H^±_1 Higgs bosons. Fig. 3(a) exhibits the dependence of the cross section with the parameter T_{βT} for the three H^±_1 masses, where large T_{βT} values lead to large production cross sections. Second, for the H^±_2 -boson production, we calculate the dependence of the cross section with the parameter r, as shown in Fig. 3(b). Since the Yukawa couplings is proportional to r, the cross sections increase with r.

4.3 H^±_{1,2}tb production

In the above subsection we obtain the cross sections for single production in association with bt quarks. However, we can obtain the same final states from pair production in the diagram 1(a) if we suppose that one of the Higgs bosons decay to bt. Thus, the total cross sections σ(pp → tbH^±_{1,2}) have contributions from all the modes shown in Fig. 1. To explore how large is the contribution from each mode, we calculate the corresponding cross sections using the following values: M_Z′ = 2 TeV, T_{βT} = 10 and r = 0.1 (we note that these values are consistent with the condition of B^D_L small: B^D_L = rC_{βT} ≈ 0.01 ≪ 1). Figs. 4(a) and (b) display the dependence of the cross sections with the Higgs masses for H^±_1 and H^±_2 , respectively. We see that, in general, the dominant modes come from Gluos-Gluon collisions (Figs. 1(b)-(d)). We also see that, as it is to expect, the contribution from Higgs pair production qq → Z^′ → H^+_{1,2}H^−_{1,2} → tbH^−_{1,2}, becomes resonant for M_{H1,2} = M_Z′ /2 = 500 GeV. Furthermore, this mode becomes larger than the gluon collision for H^±_2 masses around the resonant region (see Fig. 5(b)). The mode from Fig. 1(f) is, on the contrary, negligible for all the range of M_{H1,2} .

5 Decay of the charged Higgs bosons to leptons

To explore possibilities to distinguish different like-charged Higgs bosons, we study the decay mode H^±_{1,2} → τν from associated H^±_{1,2}bt production. To have this decay, we first must study the lepton couplings in the Yukawa Lagrangian. From the spectrum in (9) and (10), assuming Majorana mass terms for the singlets N_R, and according with the discrete symmetries in (24), we obtain the following renormalizable Yukawa Lagrangian for the lepton sector: − L^{lep}_Y = L^i_L [( χh^N_{χij} + ηh^N_{ηij} ) N^j_R + ρh^e_{ρij} e^j_R ]

+ 1 2 3∑ α,β,γ=1 L^{i(α)}_L ( L^{j(β)}_L )_c h_ρρ^∗_{(γ)}ϵ^{αβγ} + 1 2 M_{Rij} N^i_RN^{jc}_R + h.c, (41) where i, j = 1, 2, 3 label the family index (three L_L triplets), α, β, γ = 1, 2, 3 label the flavor components into each triplet, and ϵ^{αβγ} corresponds to the antisymmetric Levi-Civita tensor (1 for even permutations of (123), −1 for odd permutations, and 0 if any index is repeated). For the charged sector, we obtain the following mass matrix after the symmetry breaking:

M_e = 1 √ 2 h^e_ρυ_ρ. (42)

For the neutral leptons, the Lagrangian in (41) contains mixing terms which produce neutrino mass terms. The authors in ref. [27] study three see-saw scenarios in order to obtain small neutrino masses. On the other hand, as with the quark Lagrangian, we rotate the Higgs sector to mass eigenstates according to Eqs. (11) and (12). In particular, for the couplings with the charged Higgs bosons and the SM leptons (e^i, ν^i), we obtain:

− L^{H±1,2}_Y = ν^i_L ( −h^e_{ρij} S_{βT} ) e^j_RH^+_1 + e^i_L (−h_ρ) ν^{jc}_R H^−_2 + h.c. (43)

Using Eq. (42), we can write the coupling constant h^e_ρ in terms of the lepton masses, while υ_ρ = υC_{βT} . Thus, for the tau lepton (τ), Eq.(43) reads:

− L^{H±1,2}_Y = − √ 2m_τ T_{βT} υ ν_{τ L}τ_RH^+_1 − h_ρτ_Lν^c_{τ R}H^−_2 + h.c. (44)

In order to obtain small neutrino masses, the see-saw mechanism in 3-3-1 models requires small values of the parameter h_ρ (typically h_ρ ∼ 10^{−7} − 10^{−4}). However, in the framework of the inverse see-saw mechanism, it is possible to obtain couplings as large as h_ρ ∼ 1GeV/υ_ρ which is consistent with small neutrino masses [27].

With the above considerations, we calculate the cross section distribution in pp colisions in the CERN LHC hadron collider, based on an integrated luminosity L = 100 fb^{−1} at CM energy of 14 TeV. We assume that Br(H^±_{1,2} → τν) = 100%. We also consider the dominant contribution from gluon-gluon collisions (Figs. 1(b)-(d)), and keep large Z^′ masses to neglect its effects. We fix the following parameters:

T_{βT} = 10 r = 0.1 h_ρ ∼ 1GeV/υ_ρ = 1GeV/υC_{βT} ≈ 0.041. (45) Fig. 5 shows the Higgs boson tranverse mass distributions for the τ final state. The distribution in Fig. 5(a) shows the Higgs events for M_{H1} = 300 GeV, and for M_{H2} = 500 and 1200 GeV. For H^±_2 bosons with mass 500 GeV, the signal is overlapped by the H^±_1 background, while for 1200 GeV bosons we see a small excess over the background. Fig. 5(b) shows the same distributions but for M_{H1} = 500 GeV, which overlaps the H^±_2 signals. Finally, Fig. 5(c) displays distributions for M_{H1} = 1000 GeV, where an observable H^±_2 signal with mass 500 GeV arises over the H^±_1 background. Although the production of the hipercharge-two Higgs boson is in general small in relation with the hypercharge-one Higgs, we see from the above analysis possible scenarios where the two signals may be distinguishable. Furthermore, this small signal could be improved if more sophisticated discriminating distributions are used, or other decay channels are considered [28].

6 Conclusions

The identification of multiple Higgs boson signals could reveal many features about the underlying model beyond the SM. For example, if a charged Higgs boson is detected, further analysis will be necessary to test the compatibility of different models with the experimental data. In this paper we show that both versions of the 2HDM (type-I and type-II models), which contains one charged Higgs boson, may be embedded into a 3-3-1 model, which exhibits two charged Higgs bosons: a hipercharge-one H^±_1 and a hypercharge-two H^±_2 Higgs boson. At low energy, H^±_1 can be identified with the charged Higgs boson of the 2HDM, while H^±_2 are other bosons from the underlying 3-3-1 model. Thus, in this case, the identification of two like-charged Higgs boson signals may reveal new physics beyond 2HDM. Taking into account mixing couplings between the two scales of the model (υ ∼GeV and υ_χ ≫GeV), we show that the H^±_2 can be produced through the same production channels as the H^±_1 . Using the method of recursive expansion, we found that after rotations to mass eigenstates, Yukawa couplings between the SM fermions and H^±_2 arise due to the small mixing angle associated to the rotation matrix B^D_L . Furthermore, since the Yukawa couplings appear through the ratio B^D_L /C_{βT} for type-I and -II models, events of H^±_2 may be enhanced to observable scales if C_{βT} takes small values. We show that pair production of charged Higgs bosons can be significantly enhanced due to the contribution of a heavy Z^′ neutral gauge boson, predicted by the model. The dominant mode for associated btH^±_{1,2} is through gluon-gluon collisions. However, pair production through quark anhilation can be as large as single production due to resonant intercharge of the heavy Z^′ boson in 3-3-1 models. By considering decays to leptons H^±_{1,2} → τν_τ , we obtain scenarios where small peaks of H^±_2 -boson events in transverse mass distributions can be identified over the H^±_1 background. This small signal could be improved if more sophisticated discriminating distributions are used. Thus, in case that charged Higgs bosons are detected, the identification of multiple like-charged Higgs boson signals may be a possible discriminating method to test different theoretical models beyond the SM.

This work was supported by Colciencias.

References

[1] S.L. Glashow, Nucl. Phys. 22, 579 (1961); S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967);

A. Salam, in Elementary Particle Theory: Relativistic Groups and Analyticity (Nobel Symposium No. 8), edited by N.Svartholm (Almqvist and Wiksell, Stockholm, 1968), p. 367.

[2] LEP Working Group for Higgs boson searches, ALEPH, DELPHI, L3 and OPAL Collaborations, Phys. Lett. B565, 61 (2003).

[3] ATLAS Collaboration (2012), arXiv:1207.0319

[4] https://cms-docdb.cern.ch/cgi-bin/PublicDocDB//ShowDocument?docid=6125

[5] The Tevatron New Physics and Higgs Working Group (2011). arXiv: 1107.5518.

[6] ATLAS Collaboration, Phys. Lett. B710, 49 (2012)

[7] CMS Collaboration (2012). arXiv:1202.1488.

[8] J.M. Cornwall, D.N. Levin, and G. Tiktopoulos, Phys. Rev. Lett. 30, 1286 (1973); Phys.

Rev. D10, 1145 (1974); C.H. Llewellyn Smith, Phys. Lett. B46, 233 (1973); B.W. Lee, C. Quigg and H.B. Thacker, Phys. Rev. D16, 1519 (1977).

[9] S. Weinberg, Phys. Rev. D13, 974 (1976); Phys. Rev. D19, 1277 (1979); E. Gildener, Phys. Rev D14, 1667 (1976); L. Susskind, Phys, Rev D20, 2619 (1979); G. ’t Hooft, in Recent developments in gauge theories, Proceedings of the NATO Advanced Summer Institute, Cargese 1979 (Plenum, 1980).

[10] S. Glashow and S. Weinberg, Phys. Rev. D15, 1958 (1977); W.S. Hou, Phys. Lett B296, 179 (1992); D. Cahng, W. S. Hou and W. Y. Keung, Phys. Rev. D48, 217 (1993); J.L. Diaz-Cruz and G. Lopez Castro, Phys. Lett B301, 405 (1993); G. Cvetic, S. S. Hwang and C. S. Kim., Phys. Rev. D58, 116003 (1998).

[11] ALEPH Collaboration, A. Heister et al., Phys. Lett. B543, 1 (2002), arXiv:hep-ex/0207054.

[12] H. Miyazawa, Prog. Theor. Phys. 36 (6), 1266 (1966); P. Ramond, Phys. Rev. D3, 2415 (1971); Y. A. Golfand and E. P. Likhtman, JETP Lett. 13, 323 (1971); A. Neveu and J. H. Schwarz, Nucl. Phys. B31, 86 (1971); A. Neveu and J. H. Schwarz, Phys. Rev. D4, 1109 (1971); J. Gervais and B. Sakita, Nucl. Phys. B34, 632 (1971); D. V. Volkov and V. P. Akulov, Phys. Lett. B46, 109 (1973); J. Wess and B. Zumino, Phys. Lett. B49, 52 (1974); J. Wess and B. Zumino, Nucl. Phys. B70, 39 (1974).

[13] S. Dittmaier, C. Mariotti, G. Passarino, R. Tanaka, et. al., Handbook of LHC Higgs Cross Sections: 1. Inclusive Observables, CERN-2011-002 (2011) [arXiv:1101.0593].

[14] F. Pisano and V. Pleitez, Phys. Rev. D46, 410 (1992); R. Foot, O.F. Hernandez, F.

Pisano, V. Pleitez, Phys. Rev. D47, 4158 (1993); V. Pleitez and M.D. Tonasse, Phys. Rev. D48, 2353 (1993); Nguyen Tuan Anh, Nguyen Anh Ky, Hoang Ngoc Long, Int. J. Mod. Phys. A16, 541 (2001).

[15] P.H. Frampton, Phys. Rev. Lett. 69, 2889 (1992); P.H. Frampton, P. Krastev and J.T.

Liu, Mod. Phys. Lett. 9A, 761 (1994); P.H. Frampton et. al. Mod. Phys. Lett. 9A, 1975 (1994)

[16] R. Foot, H.N. Long and T.A. Tran, Phys. Rev. D50, R34 (1994); H.N. Long, ibid. 53, 437 (1996); ibid, 54, 4691 (1996); Mod. Phys. Lett. A13, 1865 (1998); Nguyen Anh Ky, Hoang Ngoc Long, Int. J. Mod. Phys. A16, 541 (2001)

[17] Rodolfo A. Diaz, R. Martinez, F. Ochoa, Phys. Rev. D69, 095009 (2004); Rodolfo A.

Diaz, R. Martinez, F. Ochoa, Phys. Rev. D72, 035018 (2005); Fredy Ochoa, R. Martinez, Phys. Rev D72, 035010 (2005); A. Carcamo, R. Martinez and F. Ochoa, Phys. Rev. D73, 035007 (2006).

[18] J.S. Bell, R. Jackiw, Nuovo Cim. A60, 47 (1969); S.L. Adler, Phys. Rev. 177, 2426 (1969); D.J. Gross, R. Jackiw, Phys.Rev. D6, 477 (1972). H. Georgi and S. L. Glashow, Phys. Rev. D6, 429 (1972); S. Okubo, Phys. Rev. D16, 3528 (1977); J. Banks and H. Georgi, Phys. Rev. D14, 1159 (1976).

[19] P.H. Frampton, in Proc. Particles, Strings, and Cosmology (PASCOS), edited by K.C.

Wali (Syracuse, NY, 1994). Publisher: World Scientific, New York (1995) [20] R.D. Peccei and H.R. Quinn, Phys. Rev. Lett. 38, 1440 (1977); Phys. Rev. D16, 1791 (1977); P.B. Pal, Phys. Rev D52, 1659 (1995) [21] A. Alves, E. Ramirez Barreto, A.G. Dias, Phys. Rev D84, 075013 (2011). [22] C. Alvarado, R. Martinez, F. Ochoa, Phys. Rev. D86, 025027 (2012), arXiv:1207.0014 [hep-ph] [23] W. Grimus and L. Lavoura, JHEP 0011, 042 (2000).

[24] S. Davidson and H.E. Haber, Phys. Rev, D72, 035004 (2005); D72, 099902(E) (2005)];

H.E. Haber and D. O’Neil, Phys. Rev D74, 015018 (2006); D74, 059905(E) (2006) [25] D.L. Anderson and M. Sher, Phys. Rev. D72, 095014 (2005) [26] http://theory.sinp.msu.ru/∼pukhov/calchep.html [27] E. Cataño, R. Martinez and F. Ochoa, arXiv:1206.1966 [hep-ph]. [28] E. Gross and O. Vitells, Phys. Rev. D81, 055010 (2010); Daniel Pelikan, arXiv:1201.4710 [hep-ex].

Figure 1: Charged Higgs boson production in pp collisions for (a) pair production in quarkantiquark annihilation, (b)-(d) associated single production in gluon-gluon collision and (e)− (f) quark-antiquark annihilation

Figure 2: Dependence of the cross section for charged Higgs-boson pair production with (a) the Z^′-boson mass for M_H = 300, 500 and 1000 GeV, and with (b) the Higgs mass for M_Z′ = 2 TeV in 3-3-1 and 2HDM models.

Figure 3: Dependence of the cross section for associated (a) tbH^−_1 production with tanβ_T and (b) tbH^−_2 production with the ratio r = B^D_L /C_{βT} for M_{H1,2} = 300, 500 and 1000 GeV

Figure 4: Dependence of the cross section for (a) tbH^−_1 and (b) tbH^−_2 productions with the Higgs mass in different production modes. We use the inputs tanβ_T = 10, r = 0.1 and M_Z′ = 2 TeV.

Figure 5: Transverse mass distributions in H^±_{1,2} → τν_τ decay in associated Higgs-boson production for (a) M_{H1} = 300 GeV, (b) M_{H1} = 500 GeV, and (c) M_{H1} = 1000 GeV compared with H^±_2 bosons for M_{H2} = 500 and 1200 GeV.