arXiv:hep-ph/0309097 v1 9 Sep 2003

Probing the charged Higgs quantum numbers through the decay H^+_α → W^+h^0_β

J. L. Diaz–Cruz^a, Olga Félix–Beltrán^b, J. Hernández–Sánchez^c, E. Barradas–Guevara^a,

aAcademic Body for Particles and Fields, Facultad de Ciencias Físico Matemáticas, BUAP, Apartado Postal 1152, 72000 Puebla, Pue., México bInstituto de Física, UNAM, Apdo. Postal 20-364, México 01000 D.F., México cCentro de Investigación Avanzada en Ingeniería Industrial, Universidad Autónoma del Estado de Hidalgo, Carretera Pachuca-Tulancingo Km. 4.5, Ciudad Universitaria, C.P. 42020 Pachuca, Hgo., México

Abstract

The vertex H^+_α W^−h^0_β , involving the gauge boson W^± and the charged (H^±_α ) and neutral Higgs bosons (h^0_β ), arises within the context of many extensions of the SM, and it can be used to probe the quantum numbers of the Higgs multiplet. After presenting a general discusion for the expected form of this vertex with arbitrary Higgs representations, we discuss its strength for several specific models, which include: i) the Two-Higgs Doublet Model (THDM), both the generic and the SUSY case, and ii) models with additional Higgs triplets, including both SUSY and non- SUSY cases. We find that in these models, there are regions of parameters where the decay H^+_α → W^+h^0_β , is kinematically allowed, and reaches Branching Ratios (BR) that may be detectable, thus allowing to test the properties of the Higgs sector.

1 Introduction

The Higgs spectrum of many well motivated extensions of the Standard Model (SM) often includes a charged Higgs, whose detection at future colliders would constitute a clear evidence of a Higgs sector beyond the minimal SM [1]. In particular, the two-Higgs doublet model (THDM) has been extensively studied as a prototype of a Higgs sector that includes a charged Higgs boson (H^±)[1]. However, a definitive test of the mechanism of electroweak symmetry breaking will require further studies of the complete Higgs spectrum. In particular, probing the properties of charged Higgs could help to find out whether it is indeed associated with a weakly-interacting theory, as in the case of the

Preprint submitted to Elsevier Science 9 September 2003 popular minimal SUSY extension of the SM (MSSM) [2], or to a stronglyinteracting scenario [3]. Furthermore, these tests should also allow to probe the symmetries of the Higgs potential, and to determine whether the charged Higgs belongs to a weak-doublet or to some larger multiplet.

Decays of a charged Higgs boson have been studied in the literature, including the radiative modes W^+γ, W^+Z [4], mostly within the context of the THDM, or its MSSM incarnation, and more recently for the effective Lagrangian extension of the THDM [5]. Charged Higgs production at hadron colliders was studied long ago [6], and recently more systematic calculations of production processes at LHC have been presented [7]. Current bounds on charged Higgs mass can be obtained at Tevatron, by studying the top decay t → bH^+, which already eliminates some region of parameter space [8], whereas LEP bounds give approximately m_H + > 100 GeV [9].

On the other hand, the vertex H^+_α W^−h^0_β , deserves special attention because it can give valuable information about the underlying structure of the gauge and scalar sectors. In the first place, the decay mode H^+_α → W^+h^0_β could be detected at the future Large Hadron Collider (LHC) as it was claimed in reference [10] within the context of the MSSM. Furthermore, the vertex H^+_α W^−h^0_β, can also induce the associated production of H^+_α + h^0_β at hadron colliders, through a virtual W^{+∗} in the s-channel, which could become a relevant production mechanism for heavy charged Higgs bosons.

In this paper we are interested in studying thoroughly the physics behind this important vertex. Its organization goes as follows: in section 2, we present a general analysis of the case when the Higgs sector includes arbitrary Higgs representations; we derive a general formula for the vertex H^+_α W^−h^0_β in terms of the isospin components and the hypercharge of the Higgs multiplet. Then, in section 3, we apply this general discussion to study the charged Higgs vertex within the THDM and the minimal SUSY extension of the SM (MSSM). Results for the BR of the charged Higgs decay in the MSSM are presented including the leading radiative corrections. In section 4, we discuss the strength of the vertex for an extended supersymmetric model that includes a complex Higgs triplet; we perform a numerical analysis to search for values of Higgs masses that allow the decays H^+_α → W^+h^0_β to procced. Finally, in section 5 we present our conclusions.

2 General Analysis

Let us consider a Higgs sector that includes several Higgs multiplets Φ_α, which transforms under SU(2) × U(1) with isospin (T_α) and hypercharge (Y_α). The components of the isospin T_α, T_{iα} (i = 1, 2, 3) are n-dimensional representations of SU(2), and satisfy the algebra [T_{iα}, T_{jα}] = iϵ_{ijk}T_{kα}. From the operators T_{iα} one can define the raising and the lowering operators T^±_α = T_{1α} ± iT_{2α}, which will be used next.

The kinetic terms of the Higgs multiplets are given by

L_K = ∑ α (D^μΦ_α)^†(D_μΦ_α), (1)

where D_μ denotes the covariant derivative, and it takes the following form for a general multiplet,

D_μ = ∂_μ − ig √ 2 (T^+W^+_μ + T^−W^−_μ ) − ig c_w (T_3 − s^2_wQ)Z_μ − ieQA_μ, (2)

where Q is the charge operator and the hypercharge Y is normalized to satisfy the relation Q = T_3 + Y/2. Equation (1) will induce the gauge boson masses and the Higgs-gauge vertices after spontaneous symmetry breaking (SSB).

2.1 The Goldstone bosons

The Higgs multiplet Φ_α can be expanded in terms of the spinors χ^{n(+)}, eigenstates of T^2_α and T_{3α}, as follows:

Φ_α = ∑ n ϕ^{n(+)}_α χ^{n(+)}_α , (Φ_α)^† = ∑ n(ϕ^{n(+)}_α )^∗(χ^{n(+)}_α )^†, (3)

where the components ϕ^{n(+)}_α denote the scalar state with n units of the electric charge, and include: ϕ^0_α, ϕ^±_α , ϕ^{±±}_α , ..., for n = 0, ±1, ±2, .... The spinors χ^{n(+)}_α , being eigenstates of T^2_α and T_{3α}, satisfy the following relations,

(χ^{m(+)}_α )^†(χ^{n(+)}_β ) = δ_{α,β}δ^{m,n}, T_{3α}χ^{m(+)}_α = T^m_{3α}χ^{m(+)}_α , T^m_{3α} = T_α, T_α − 1, ..., −T_α

T^±_α χ^{m(+)}_α = T^{±,m}_α χ^{m±1(+)}_α , T^{±,m}_α = [ (T_α ∓ T^m_{3α})(T_α ± T^m_{3α} + 1) ]_{1/2} , (4) where T^m_{3α} and T^{±,m}_α are the eigenvalues of the operators T_{3α} and T^±_α respectively.

After SSB, the neutral Higgs components acquire vacuum expectation values (v.e.v.’s), and one can write:

< Φ_α > = v_αχ^0_α, < Φ_α >^†= v^∗_α(χ^0_α)^†. (5)

While in some particular model it is possible that some of the < Φ_α > could be absent, in the following we shall assume that v^∗_α = v_α, which corresponds to a CP-invariant vacuum. Thus, in order to obtain the Higgs mass matrices and interactions we need to make the substitution Φ_α → Φ_α+ < Φ_α > into the lagrangian (1).

Expanding equation (1), gives the following expression for the linear term involving the charged gauge boson,

(L_K )_W ∓_ϕ±_ϕ0 = ig √ 2 W^−_μ ∑ α [ Φ^†_αT^−(∂_μΦ_α) − (∂_μΦ_α)^†T^−Φ_α ]

− ig √ 2 W^+_μ ∑ α [ (∂_μΦ_α)^†T^+Φ_α − Φ^†_αT^+(∂_μΦ_α) ] . (6)

From this equation one can identify the combination of fields that correspond to the charged Goldstone boson G^±_W , by separating terms of the form im_W (W^−_μ ∂^μG^+_W − W^+_μ ∂^μG^−_W ), which leads to

G^+_W = g √ 2m_W ∑ α [ (T^+ < Φ_α >)^†Φ_α − Φ^†_αT^− < Φ_α > ] . (7)

The expression for the charged Goldstone bosons can be written then in terms of the components ϕ^±_α , as follows:

G^+_W = g √ 2m_W ∑ α v_α [ T^{+,0}_α ϕ^+_α − T^{−,0}_α (ϕ^−_α )^∗ ] C_{Yα} . (8)

For the cases when T_α is integer and Y = 0 (i.e. in real representation ), one has: T^{+,0}_α = T^{−,0}_α = √ T_α(T_α + 1). On the other hand, when 2T_α = Y_α, which corresponds to a complex representation, and T_α could be either integer or half-integer (e.g., Higgs doublets with Y = 1 or triplets with Y = 2), one has T^{+,0}_α = 0 for Y_α < 0 and T^{−,0}_α = 0 when Y_α > 0. Furthermore, one can fix the following phase convention: ϕ^+_{α,T} = −(ϕ^−_{α,T} )^∗. We also notice that when T_α is integer and Y_α = 0, < Φ_α(T, Y ) > can contribute to m_W .

Thus, the most general expression for the charged Goldstone bosons for a Higgs sector that includes an arbitrary number of multiplets Φ_α(T, Y ) (either with Y_α = 0 or Y_α = 2T_α) is given by:

G^+_W = g √ 2m_W ∑ α v_αT^{+,0}_α ϕ^+_α . (9)

2.2 The vertex H^+_α W^−h^0

To derive the form of this vertex, we have to determine the physical charged Higgs states H^+_α , which must be orthogonal of the Goldstone boson G^+_W . For this, one needs to construct and diagonalize the Higgs mass matrix, which requires to study the Higgs potential. However, in this section we shall procced as general as possible, and we will only indicate the mixing matrix for the charged and neutral Higgs states.

Using the previous expansion for Φ_α (equation (3)), as well as the properties of the spinors χ_α (equation (4)), and substituting them in the equation (6), we obtain the general expression for the vertices of the type W^+H^{n(+)}H^{(n+1)(−)} as follows^1 ,

(L_K )_W ∓_ϕ±_ϕ0 = ig √ 2 W^−_μ ∑ α ∑ n T^{−,n}_α [ (ϕ^{(n−1)(+)} α )^∗ ←→ ∂_μϕ^{n(+)}_α ]

− ig √ 2 W^+_μ ∑ α ∑ n T^{+,n−1} α [ ϕ^{(n−1)(+)} α ←→ ∂_μ(ϕ^{n(+)}_α )^∗ ] , (10)

where a ←→ ∂_μb = a∂_μb − b∂_μa. We pick now the terms with n = 0, 1, to obtain the following expression for the vertex W^−ϕ^+ϕ^0,

(L_K )_W ∓_ϕ±_ϕ0 = ig √ 2 W^−_μ ∑ α [ T^{−,0}_α (ϕ^−_α )^∗ ←→ ∂_μϕ^0_α + T^{−,1}_α (ϕ^0_α)^∗ ←→ ∂_μϕ^+_α ]

− ig √ 2 W^+_μ ∑ α [ T^{+,−1}_α ϕ^−_α ←→ ∂_μ(ϕ^0_α)^∗ + T^{+,0}_α ϕ^0_α ←→ ∂_μ(ϕ^+_α )^∗ ] . (11)

If we focus our attention on Higgs multiplets with integer T_α and Y_α = 0 (or Y_α = 2T_α), then we have T^{−,0}_α = T^{−,1}_α = T^{+,−1}_α = T^{+,0}_α (or T^{−,0}_α = T^{+,−1}_α = 0 and T^{−,1}_α = T^{+,0}_α ). Furthermore, for the case Y_α = 0 we use the phase conventions: ϕ^+_{α,T} = −(ϕ^−_{α,T} )^∗. Thus, for theses cases the coupling W^−ϕ^+ϕ^0, has the following form:

(L_K )_W ∓_ϕ±_φ0 = ig √ 2 W^−_μ ∑ α T^{+,0}_α φ^0_α ←→ ∂_μϕ^+_α + h.c. . (12)

Since T^{+,0}_α = const, the strenght of the vertex will depend on the mixing factors. Namely, in order to obtain the coupling W^−H^+h^0 it is necessary to determine the physical Higgs states of the charged and neutral sector (CPeven). Since we have assumed that the Higgs potential is CP-invariant, the imaginary and real parts of the neutral scalar fields do not mix. Thus, the physical neutral Higgs bosons (CP-even) are determined from Reϕ^0_α = φ^0_α.

For the charged Higgs, we define a unitary rotation that gives the physical mass eigenstates H^+_α as: H^+_α = ∑ β U_{αβ}ϕ^+_β . (13)

1 A phenomenological study of the double-charged Higgs vertex is underway [11].

Then, we choose the first charged field H^+_1 to be the Goldstone boson G^+_W , while the physical charged fields H^+_α (for α ≥ 2) are orthogonal states to the Goldstone boson. Then, we can fix the first row of the matrix U, through the following expression

U_{1β} = g √ 2m_W v_βT^{+,0}_β . (14)

For the physical neutral Higgs eigenstates H^0_β , one only needs to consider Reϕ^0_α, and we introduce a similar unitary rotation (V_{βγ} ) that gives the masseigenstates, namely: H^0_β = ∑ β V_{βγ} ϕ^0_β. (15)

We can also choose the first physical neutral field H^0_1 to be the lightest Higgs boson, which can be identified as the light SM-like state preferred by EW radiative corrections.

Thus, using these rotations U and V , as well as the previous conventions, we find that the vertex W^+H^−_α H^0_β is given by

(L_K )_W ∓_H ±_{α H} 0_β = ig 2 [ ∑ α≥2,β η_{α,β}H^0_β ←→ ∂_μH^+_α ] W^−_μ . (16)

where: η_{α,β} = √ 2 ∑ γ T^{+,0}_γ V^∗_{βγ} U^∗_{αγ} ; (17)

it depends on the quantum number T_α and the mixing matrices U&V , but not on the vev’s.

2.3 Application: a model with one Higgs doublet and one real triplet

To illustrate the above formulae, we can write the corresponding expressions for a model that includes a complex Higgs doublet, i.e. T = 1/2, T_3 = ±1/2, and a real triplet, with T = 1, Y = 0. In matrix representations, the eigenstates of T for the doublet are given by

| 1 2 , 1 2 > = 1 0 = χ^+, | 1 2 , − 1 2 >= 0 1 = χ^0,

T_3 = 1 2 1 0 0 −1 . (18)

Then, we can expand the Higgs doublet Φ_D in terms of the spinors χ^{+,0} as follows: Φ_D = ϕ^+_D ϕ^0_D

= ϕ^+_Dχ^+ + ϕ^0_Dχ^0 = 1∑ n=0 ϕ^{n(+)}_D χ^{n(+)}. (19)

For this representation the operator T^± are

T^+ = 0 1 0 0 , T^− = (T^+)^† = 0 0 1 0 . (20)

And their action on the spinors χ^{+,0} are: T^+χ^+ = 0, T^+χ^0 = χ^+, T^−χ^+ = χ^0, T^−χ^0 = 0.

On the other hand, for a Higgs triplet with T = 1, one has T_3 = 1, 0, −1 and the spinors associated with the isospin eigenstates are given by:

|1, 1 >= 1 0 0 = χ^+, |1, 0 >= 0 1 0 = χ^0, |1, −1 >= 0 0 1 = χ^− . (21)

T_3 has the matrix representation

T_3 =

1 0 0 0 0 0 0 0 −1

. (22)

Thus, the Higgs triplet Φ_T with hypercharge Y = 0, can be expanded in terms of the spinors χ^{+,0,−} as follows

Φ_α = ϕ^+_α ϕ^0_α ϕ^−_α = ϕ^+_α χ^+ + ϕ^o_αχ^0 + ϕ^−_α χ^− = 1∑ n=−1 ϕ^{n(+)}_α χ^{n(+)}. (23)

In this case, the action of matrix T^± on the spinors χ^{+,0,−} are given by T^+χ^+ = 0, T^+χ^0 = √ 2χ^+, T^+χ^− = √ 2χ^0, T^−χ^+ = √ 2χ^0, T^−χ^0 = √ 2χ^−, T^−χ^− = 0.

The model includes one charged Higgs and two neutral CP-even states, which are obtained from the weak eigenstates by orthogonal 2 × 2 rotations, which are parameterized by mixing angles α and δ, respectively. Therefore, one can write the factor η in terms of these mixing angles; for the light state it goes as follows:

η_h0 = cos γ sin δ + √ 2 sin γ cos δ. (24)

Similarly, for the heavier neutral Higgs we obtain:

η_H 0 = sin γ sin δ + √ 2 cos γ cos δ, (25)

where tan 2γ depends of parameters of the Higgs potential.

Thus, the coupling H^+W^−h^0 is quite sensitive to the structure of the covariant derivative, and could be one place where to look for deviations from the minimal THDM (or SUSY) prediction at tree-level.

3 The vertex H^+W^−h^0 in the THDM and MSSM

One of the simplest models that predicts a charged Higgs is the THDM, which includes two scalar doublets of equal hypercharge, namely Φ_1 = (ϕ^+_1 , ϕ^0_1) and Φ_2 = (ϕ^+_2 , ϕ^0_2), this is indeed the Higgs content used in the minimal SUSY extension of the SM (MSSM). Besides the charged Higgs (H^±), the spectrum of the THDM includes two neutral CP-even states (h^0, H^0, with m_h0 < m_H 0 ), as well as a neutral CP-odd state (A^0).

Diagonalization of the charged mass matrices gives the expression for the charged Higgs mass-eigenstate: H^+ = cos βϕ^+_1 +sin βϕ^+_2 , where tan β(= v_2/v_1) denotes the ratio of v.e.v.’s from each doublet. In this case the factor η that appears in the vertex H^+W^−h^0 is given by:

η_h0 = sin β sin α + cos β cos α

= cos(β − α).

(26)

Similarly, for the heavier neutral Higgs we obtain: η_H 0 = sin(β − α). In these cases it is possible for the vertices H^+W^−h^0(H^0) to vanish, but only thanks to ad hoc combination of mixing angles.

3.1 The decay H^+W^−h^0 in the THDM

The vertex H^+W^−h^0 could induce the decay H^+ → W^+h^0(H^0), whenever it is kinematically allowed. Since the charged and neutral Higgs masses are given by: m^2_H ± = m^2_A +

2m^2_W g^2

(λ_5 − λ_4)

m^2_h0 = m^2_Ac^2_{β−α} + v^2 [ λ_1c^2_βs^2_α + λ_2s^2_β c^2_α − 2λ_T c_αc_βs_αs_β + λ_5c^2_{β−α} ] , m^2_H 0 = m^2_As^2_{β−α} + v^2 [ λ_1c^2_βc^2_α + λ_2s^2_β s^2_α + 2λ_T c_αc_βs_αs_β + λ_5s^2_{β−α} ] , (27)

where λ_i are the parameters of the quartic terms that appear in the Higgs potential, λ_T = λ_3 + λ_4 + λ_5 [12,13]. Therefore, one can write the following conditions on the Higgs parameters for the decay H^+ → W^+h^0 to procced:

cos^2βλ_1 + sin^2βλ_2 ≤ − 2 v^2 ( m^2_W − μ^2_{12} cos β sin β ) − λ_4 − λ_5 (28)

In the decoupling limit approximation, where α ≃ β −^π_2 and μ^2_{12} = 0 (with λ_6 = λ_7 = 0) this condition becomes

cos^2βλ_1 + sin^2βλ_2 ≤ −

2m^2_W v^2

− λ_4 − λ_5 (29)

which also corresponds to the case when the scalar potential respects a discrete symmetry under which one doublet changes sign. Thus we see that there are regions of parameters where the decay H^+ → W^+h^0 can proceed. The corresponding decay width is given by:

Γ(H^+ → W^+h^0) = g^2λ^12 (m^2_H + , m^2_W , m^2_h0 ) 64πm^3_H +

| η_h0 |^2 × [ m^2_W − 2(m^2_H + + m^2_h0 ) +

(m^2_H + − m^2_h0 )^2 m^2_W ]

where λ is the usual kinematic factor, λ(a, b, c) = (a − b − c)^2 − 4bc. This decay mode has been studied in the literature [10], and it is concluded that the coming large hadron collider (LHC) can detect it. For the light SM-like Higgs, this decay is proportional to the factor η^2_h0 = cos^2(β − α), which will determine its strength.

Other relevant decays of the charged Higgs boson are the modes into fermion pairs, which include the decays H^+ → τ ν_τ , cb̄, and possibly into tb̄. If the charged Higgs is indeed associated with the Higgs mechanism, its couplings to fermions should come from the Yukawa sector, and the corresponding decays should have a larger BR for the modes involving the heavier fermions. A very simple test of this could be done through a comparison of the modes H^+ → τ ν_τ and H^+ → μν_μ, which should have very different BR’s.

To evaluate the branching ratios within the THDM we have used the expressions for the decay widths of the tree-level modes, as appearing in ref. [1]. We take m_t = 175 GeV, and the values for the electroweak parameters of the Table of Particle Properties [14]. We shall only comment on the resulting BR for the charged Higgs for the following scenarios, and assume here m_h = 115 GeV. A more detailed discussion of the THDM case was presented in ref. [5].

a) Non-decoupling scenario-A. We consider here a large mass difference between A^0 and H^+, i.e. m_H + − m_A = 300 GeV, with m_H ≃ m_H + , and also α ≃ β − π/2. In this case we find that the mode W^+h^0 has a BR about 10^{−3} (2 × 10^{−5}), for tan β = 7 (30) and H^+ = 300 GeV. On the other hand, the BR for the radiative modes H^+ → W^+Z and H^+ → W^+γ is about 4 × 10^{−2} (4 × 10^{−3}), for is about 2 × 10^{−6} (2 × 10^{−7}), respectively. Thus, for this case, H^+ → W^+Z dominates.

b) Non-decoupling scenario-B. Here we also assume a large mass difference between A^0 and H^+, i.e. m_A − m_H + = 300 GeV, with m_H ≃ m_H + , but now with α ≃ β − π/4. In this case we find that the BR for the mode W^+h^0 has a BR about 1 (0.2) for tan β = 7 (30) and H^+ = 300 GeV. Similarly, the BR for the mode H^+ → W^+Z is about 10^{−2} (4 × 10^{−3}), whereas the BR for H^+ → W^+γ is about 4×10^{−7} (2×10^{−7}). In this scenario H^+ → W^+h^0 clearly dominates, even above the tb̄ mode.

3.2 The decay H^+W^−h^0 in the MSSM with radiative corrections

As it was mentioned before, one of the most popular motivations for the THDM, is that such Higgs sector is in fact the one of the minimal SUSY extension of the SM (MSSM). The masses of the two CP-even neutral Higgses (h^0, H^0) and the charged pair (H^±), are conveniently determined in terms of the mass of the CP-odd state (A^0) and tan β = v_2/v_1. The Higgs potential of the MSSM has less free parameters than the THDM; in particular the quartic couplings are given in terms of the gauge couplings, which then implies that the light Higgs boson must satisfy the (tree-level) bound m_h0 ≤ cos 2β m_Z . However this relation receives important corrections form top/stop loops, which give an aproximate bound m_h0 ≤ 130 GeV [15].

In the decoupling limit (m_A >> m_Z ) the parameters of the potential give the approximate relation: c^2_{β−α} ∼ m^2_z /m^2_A0 , which tends to be small for large values of m_A0 . One also obtains an approximately degenerated spectrum of heavy Higgs bosons, i.e. m_H + ≃ m_H 0 ≃ m_A0 , while the mixing angles satisfy the approximate relation: α ≃ β − π/2. Therefore, only the decay mode W^+h^0 is allowed for most regions of parameter space of the MSSM. One obtains a typical BR of the order 2 × 10^{−2} (7 × 10^{−5}) for m_H + = 300 GeV and tan β = 7 (30).

We have performed a detailed parametric search for contour regions for the branching ratio of H^± → W^± + h^0, using the program HDECAY [16], and the results are shown in fig. 1. We thus see that the BR is larger for small values of tan β and almost independent of m_A0 .

4 The vertex H^+W^−h^0 in a SUSY models with a Higgs triplet

The supersymmetric model with two doublets and a complex triplet is one of the simplest extension of the minimal supersymmetric model that allows to study phenomenological consequences of an explicit breaking of the custodial symmetry SU(2) [17].

4.1 The Higgs sector of the model

The model includes two Higgs doublets and a (complex) Higgs triplet given by Φ_1 = ϕ_1^0

ϕ_1^−

, Φ_2 = ϕ_2^+

ϕ_2^0 , ∑ = √_1

2 ξ^0 −ξ^+_2

ξ^−_1 −

√_1

2 ξ^0 . (30) The Higgs triplet is described in terms of the 2 × 2 matrix representation; ξ^0 is the complex neutral field, and (ξ^−_1 )^∗, (ξ^+_2 ) denote the charged scalars. The most general gauge invariant and renormalizable superpotential, that can be written for the Higgs superfields Φ_{1,2} and Σ is given by:

W = λΦ_1 · ΣΦ_2 + μ_D Φ_1 · Φ_2 + μ_T Tr(Σ^2) , (31)

where we have used the notation Φ_1 · Φ_2 ≡ ϵ_{ab}Φ^a_1Φ^b_2. The resulting scalar potential involving only the Higgs fields is then written as

V = V_{SB} + V_F + V_D ,

where V_{SB} denotes the most general soft-supersymmetry breaking potential [18]. In turn, the full scalar potential can be splitted into its neutral and charged parts, i.e. V = V_{charged} + V_{neutral}.

From the Higgs potential one derives the minimization conditions and the scalar mass matrices. For the neutral scalars we have that the resulting mass matrix splits into two blocks, one of them (the imaginary components) is associated with the pseudoscalar Higgs states, while the other one (real components) describes the masses of the scalar Higgs bosons. The mass matrix for the imaginary parts contains a massless state, which is the Goldstone boson G^0 that gives mass to the Z boson. Whereas the mass matrix for charged states include also a massless state G^+, which give mass to W^+ boson (G^{+ ∗} ≡ G^−).

Besides the supersymmetry-breaking mass terms, m^2_i (i = 1, 2, 3), the potential depends on the parameters λ, μ_D , μ_T , A, B. For simplicity we shall assume that there is no CP violation in the Higgs sector, and thus all the parameters and the v.e.v.’s are assumed to be real. The explicit expressions of the Higgs potential are given in ref [18].

We can also combine the v.e.v.’s of the Higgs doublet as v^2_D ≡ v^2_1 + v^2 and define tanβ ≡ v_2/v_1. Further, the relations between (v_D, v_T ) and (m^2_W , m^2_Z ) are m^2_W =^1_2 g^2(v^2_D + 4v^2_T ),

m^2_Z = 1 2 g^2v^2_D cos^2θ_W . (32)

which imply that the tree-level ρ-parameter is different from one, namely, ρ ≡ M^2_W M^2_Z cos^2θ_W

= 1 + 4R^2, R ≡ v_T v_D . (33)

The bound on R is obtained from the ρ parameter, which lays in the range 0.9799-1.0066 at 95 % c.l., thus, R ≤ 0.04 (95 % c.l.) and then v_T ≤ 9 GeV, at 95 % c.l. [19]. This bound must be respected in our numerical analysis.

4.2 Mass spectrum

The diagonalization of the mass matrices, and the resulting mass eigenvalues and mixing matrix, will allows us to analyze the coupling H^+_α W^−h^0_β (α = 1, 2, 3 and β = 1, 2, 3). The CP-even mass eigenstates are denoted by h^0, H^0_1 y H^0_2 , ordered according to their masses, m_h0 < m_H 0_1 < m_H 0_2 . The charged Higgs states are denoted by H^±_α with m_H ±_1 < m_H ±_2 < m_H ±_3 . Because of the large number of parameters appearing in the model, which include tan β, R, λ, μ_D, μ_T , A, B_D, B_T , one has to consider some simplified cases, for which we shall try to identify usefull relations or trends for the behaviour of Higgs masses and couplings. For our numerical analysis of the allowed region and Higgs masses, we shall consider: a) tan β as an independent-variable; b) R will take the representative value 0.01; c) the parameter λ will take the values 0.5, 1.0; and d) the remmaining parameters will cover the ranges allowed by SUSY, namely masses in the range between 0 and 1000 GeV. Furthermore, we shall analyze the following specific scenarios (which were defined and studied in ref. [18]):

Scenario I: B_D = μ_D = 0, which represent the scenario when SSB is dominated by the effects of the Higgs triplets, here we shall also consider the following cases

A) B_T = μ_T = A

B) B_T = μ_T = −A C) B_T = −μ_T = A D) −B_T = μ_T = A

Scenario II: B_T = μ_T = 0, which represent the scenario when SSB is dominated by the effects of the Higgs doublets; now the following cases will be considered:

A) B_D = μ_D = A B) B_D = μ_D = −A C) B_D = −μ_D = A D) −B_D = μ_D = A

Scenario III: | B_D| = |B_T | = |μ_D| = |μ_T | = |A|, both doublets and the triplet contribute to SSB. Within this scenario we shall consider several cases; for instance A) B_D = B_T = μ_D = μ_T = A, as well as 15 others combinations with positive and negative signs.

Then, for each point in parameter space, within the above scenarios, we shall determine the allowed regions, by requiring the scalar squared mass eigenvalues to be positive, and the Higgs potential laying in a global minimum. In these allowed regions the mases of the physical Higgs states of the model are computed numerically.

4.3 The vertex W^+H^−_α h^0 and W^+H^−_α Z

We shall apply now the general expression for the vertex W^+H^−_α h^0 derived in sect. 2, for the present SUSY model with a Higgs triplet; we shall only consider the case of the lightest neutral CP-even scalar. To present a complete study of the branching ratios of the charged Higgs, we shall also discuss the vertex W^+H^−_α Z, which could dominate in some specific scenarios.

Substituting the expression for the rotation matrices of the charged and neutral Higgs sectors, U and V , in the expression for η_{α,β} (equation (16)) allows us to derive the following expression for the coefficient of the vertex W^−H^+_α h^0, namely,

η_h0 = ( 1 √ 2 V_{11}(U_{2i} − U_{1i}) + 1 4 V_{31}(U_{4i} − U_{3i}) ) , (34)

where H^+_α denote the charged Higgs bosons of the model, and h^0 corresponds to the lightest scalar Higgs boson of the model. The terms U_{ji} denote the coefficients in the expansion for H^+_α , which is given by:

H^±_α = U_{1i}H^+_2 + U_{2i}H^−_1 + U_{3i}ξ^+_2 + U_{4i}ξ^{− ∗}_1 (35) while V_{ij} denote the elements of the rotation matrix for the CP-even neutral sector.

On the other hand, in this model the vertex H^+_α W^−Z is also induced at tree level because of the violation of the custodial symmetry. The expression for the vertex H^+_α W^−Z is given by

H^+_α W^−Z : i e^2v_T (U_{3i} − U_{4i}) cosθ_W sin^2θ_W

. (36)

One can see than only the triplet components contribute to this vertex, while the dependence on v_T gives a suppression effect. In what follows, the coefficients U, V , are calculated at tree level.

4.4 Branching ratios for the modes H^+_α → W^+Z and H^+_α → W^+h^0

We now discuss the BR for the charged Higgs, including the decay widths of the dominant modes of H^+_α , which turn out to be the following modes: 1)H^+_α → W^+Z; 2)H^+_α → W^+h^0; 3) H^+_α → τ ν_τ ; and 4)H^+_α → tb̄. The decay width for each of the above modes is:

(1) The decay H^+_α → W^+h^0:

Γ (H^+_α → W^+h^0) = g^2λ^{1/2}(m^2_H +_α , m^2_W , m^2_h0 ) 64πm^3_H +_α

| η_h0 |^2 × m^2_W − 2(m^2_H +_α + m^2_h0 ) +

(m^2_H +_α + m^2_h0 )^2

m^2_W

(37)

where λ^{1/2} is the usual kinematic factor λ^{1/2}(a, b, c) = (a − b − c)^2 − 4bc; this decay is proportional to the factor η^2_h0 .

(2) The decay H^+_α → W^+Z: Γ ( H^+_α → W^+Z ) = m_H +_α 16π λ^{1/2}(1, w, z) [ | M_{LL} |^2 + | M_{T T} |^2 ] . (38)

Here w = (^{mW}_{mH+α} )^2 and z = (^{mZ}_{mH+α} )^2; | M_{LL} |^2 = g^2 4z | (1 − w − z)F_Z |^2 and

| M_{T T} |^2 = 2g^2w| F_Z |^2 are the final polarization contributions of the gauge bosons.

(3) The decay H^+_α → tb̄:

Γ(H^+_α → tb̄) =

3g^2 32πm^2_W m^3_H +_α λ^{1/2}(m^3_H +_α , m^2_t , m^2_b ) × [ (m^3_H +_α − m^2_t − m^2_b )(m^2_b tan^2β T_2 + m^2_t cot^2β T_1) − 4m^2_b m^2_t T_1 T_2 ] , (39) where T_1 y T_2 depend on the mixing angles that diagonalize the charged

Higgs mass matrix, namely: T_1 = cot β(

U_{22} cos β

) and T_2 = tan β(

U_{12} sin β ). (4) The decay H^+_α → τ ν_τ :

Γ(H^+_α → τ ν_τ ) = g^2 32πm^2_W m^3_H +_α λ^{1/2} ( m^2_H +_α , 0, m^2_τ )

× m^2_τ , tan^2β T_2(m^3_H +_α − m^2_τ )

(40)

We have then evaluated numerically the BR for these four modes, using the previous expressions. For the numerical analyses, we considered the scenarios listed above, which have fixed values of λ and tan β.

In scenario I, the calculation are performed for λ = 0.5, 1 and tan β = 5, 10, 15. We considered the cases A and D within this scenario, for each of the charged Higgs bosons H^+_α . In Figs. 2 we present the BR for case A, with λ = 0.5. In this scenario, the decay H^+_α → W^+h^0 is not allowed for the lightest charged Higgs boson, thus and we only show the results for H^+_2 and H^+_3 . For H^+_2 , the second lighter charged Higgs boson, we can see that W Z is the dominant mode, which would be a clear signature of the Higgs triplet. The mode W^+h^0 reaches an important BR, although it is smaller than the BR for tb̄. For the state H^+_3 , W^+Z has a BR of the order 10^{−1}; here the mode W^+h^0 is dominant, while the mode tb becomes dominant when tan β increasses. In turn, the mode τ ν_τ is the most supressed one, and it reaches a maximum BR of order 10^{−3} when λ = 0.5 and large tan β .

For λ = 1 in scenario I (see Fig. 3), the mode W^+h^0 is dominant for H^+_2 , whereas for H^+_3 it becomes dominant when tan β increasses. The W^+Z mode gets a BR of the order 10^{−2}, this is dominating for H^+_3 boson when tan β is small, while the BR for the mode tb increasses when tan β increase. For case D, we notice a different behavior, as it is show in Figs. 4 and Fig. 5, which show the BR for λ = 0.5 y λ = 1. Now the mode W^+h^0 mode gets a BR of order 10^{−1} for H^+_2 ; the same occurs for H^+_3 boson. When λ increase, W^+h^0 mode is dominant for H^+_3 , while W^+Z is dominant for H^+_2 .

In scenario II, which mimics the MSSM, Fig. 5 and 6 show the BR’s for λ = 0.5 and λ = 1. Now, the mode tb becomes dominant for H^+_1 , the lightest charged Higgs boson, for any combination of of parameters. We also notice that the mode W^+h^0 has a BR of order of 10^{−2}. On the other hand, the mode W^+Z is dominant for H^+_2 and H^+_3 , for any combination of the parameters. The mode W^+h^0 mode gets suppressed when tan β increase.

Finally, for scenario III we considere the case F. Here both doublets and tripet contribute equally to SSB. The results for the BR’s are show in Fig. 8 and Fig. 9 for λ = 0.5 and λ = 1, respectively. Again, we find that for H^+_1 the dominant mode is tb. The behavior of W^+Z and^+h^0 modes is similar to the ones from scenario II. We also find that the mode W^+h^0 reaches larger BR’s when tan β is large.

5 Conclusions

We have studied the charged Higgs vertex H^+_α W^+h^0_β , within the context of several extensions of the SM that predict this vertex. For a Higgs sector that includes arbitrary Higgs representations, we were able to derive the general form of this vertex, i.e. its dependence on the isospin and hypercharge of the Higgs multiplet. Then, we evaluate the strength of this vertex for several specific models, which include: i) the THDM, both generic and the MSSM version, and ii) models with additional Higgs triplets, for both SUSY and non-SUSY cases. When the decay H^+_α → W^+h^0 is allowed, it can reach a BR that could be detected at LHC, and would permit to test the charged Higgs quantum numbers. We can summarize our results in terms of the following classification for the BR, namely:

• Dominant: Large BR (when H^+_α → W^+h^0 is the dominant mode) • Moderate: BR ∼ 10^{−1} − 10^{−2} • Small: BR ∼ 10^{−2} − 10^{−4} • Negligible: BR < 10^{−4}

We can appreciate that for each model there area regions or values of parameters that correspond to one of those scenarios. Therefore, the observation of the decay H^+ → W^+h^0, as the dominant mode, would correspond to the THDM or scenario I of the SUSY triplet case, while the moderate case could arise either of THDM or MSSM (observation of more Higgs bosons with the predicted properties would then be needed to descriminate among them), while the detection of several charged and neutral Higgs bosons would correspond to a model with more elaborated Higgs sector (such as Higgs triplets). Then, some results for typical BR’s within each model are shown in Table 1.

Acknowledgments: The work of J.H.S. is suported by Programa de Consolidación Institucional-Conacyt (México). J. L. D. C. is supported by CONACYT- SNI. We would like to thank the Huejotzingo Seminar on Theoretical Physics, for inspiration and discussions.

BR ( H^+ → W^+h^0 ) THDM^{(1)} MSSM^{(2)}

Triplets^{(3)} SUSY-Higgs

a) Dominant α = β −^π_4 tan β = 7 not possible

Scenario I:

m_H + = 100 − 550 GeV tan β = 5

b) Moderate α = β −^π_4 tan β = 30 m_H + = 300 GeV tan β ∼= 7

Scenario I:

m_H + = 200 − 300 GeV tan β = 5, 10 Scenario II:

m_H + = 200 GeV tan β = 5, 15 Scenario III:

m_H + = 150 − 300 GeV tan β = 30

c) Small α = β −^π_2 tan β = 7 m_H + = 300 GeV 10 < tan β ≲ 25

Scenario I:

m_H + ≃ 250 − 400 GeV tan β = 10 Scenario III:

m_H + ≃ 200 GeV tan β = 5, 15, 30

d) Negligible α = β −^π_2 tan β = 30 m_H + = 300 GeV tan β ≥ 25

Scenario I:

m_H + ≃ 280 GeV tan β = 15 Scenario II:

m_H + ≃ 200 GeV tan β = 5, 15, 30 Scenario III:

m_H + ≃ 200 GeV tan β = 5, 15, 30

Table 1 Classification of BR (H^+ → W^+h^0) according to the scheeme discussed in the text. (1) For the THDM we take m_H + − m_A = 300 GeV, m_h0 = 115 GeV. (2) We have m_H + ≈ m_A0 for most regions of parameters. (3) We consider the cases with λ = 1, and the scenarios I, II, III defined in the text.17

References

[1] S. Dawson et al., The Higgs Hunter’s Guide, 2nd ed., Frontiers in Physics Vol.

80 (Addison-Wesley, Reading MA, 1990).

[2] M. Carena et al., Report of the Tevatron Higgs working group; FERMILAB- CONF-00-279-T; hep-ph/0010338; see also: C. Balazs et al., Phys. Rev. D59, 055016 (1999); J.L. Díaz-Cruz et al., Phys. Rev, Lett. 80, 4641 (1998).

[3] See for instance: B. Dobrescu, Phys. Rev. D63, 015004 (2001). [4] J. L. Díaz-Cruz and M.A. Pérez, Phys. Rev. D33, 273 (1986); J. Gunion, G.

Kane and J. Wudka, Nucl. Phys. B299, 231 (1988); A. Mendez and A. Pomarol, Nucl. Phys. B349, 369 (1991); E. Barradas et al., Phys. Rev. D53, 1678 (1996); M. Capdequi Peyranere, H. E. Haber, and P. Irulegui, Phys. Rev. D44, 191 (1991); S. Kanemura, Phys. Rev. D61, 095001 (2000).

[5] J. L. Díaz-Cruz, J. Hernández-Sánchez and J.J. Toscano, Phys. Lett. B512, 339 (2001).

[6] J. L. Díaz-Cruz and O.A. Sampayo, Phys. Rev. D50, 6820 (1994); J. Gunion et al., Nucl. Phys. B294, 621 (1987); M. A. Pérez and A. Rosado, Phys. Rev. D30, 228 (1984).

[7] M. Bisset et al, Eur. Phys. J. C19, 143 (2001); A. Barrientos Bendezu and B.A.

Kniehl, Phys. Rev. D63, 015009 (2001); Z. Fei et al., Phys. Rev. D63, 015002 (2001); D. J. Miller et al., Phys. Rev. D61, 055011 (2000).

[8] F. Abe et al. (CDF Collaboration), Phys. Rev. Lett. 79, 357 (1997). [9] For a review see: F. Borzumati and A. Djouadi, hep-ph/9806301. [10] S. Moretti, Phys. Lett. B481, 49 (2000); K. A. Assamagan, Y. Coadou and A.

Deandrea, Eur. Phys. J. C4, 9 (2002). [11] J. Hernández-Sánchez, work in progress.

[12] J. F. Gunion and H. E. Haber, Phys. Rev. D67, 075019 (2003). [13] J. L. Diaz Cruz and A. Mendez, Nucl. Phys.B380, 39 (1992). [14] Review of Particle Properties, Eur. Phys. J. C15, 1 (2000). [15] Review of Particle Physics, Phys. Rev. D66, 309 (2002). [16] A. Djouadi, J. Kalinowski and M. Spira, hep-ph/9704448. [17] J. R. Espinosa and M. Quirós, Nucl. Phys. B384, 113 (1992). [18] Olga Félix Beltrán, Int. Jour. of Mod. Phys. A17, 465 (2002). [19] T. Rizzo, Mod. Phys. Lett. A6, 1961 (1992).

List of Figures

(1) BR (H^+ → W^+h^0) in the MSSM, with radiative corrections to the Higgs mass as included in HDECAY, with m~_q = 500 GeV, μ = 100 and A_0 = 1500.

(2) Branching Ratios of the charged Higgs bosons H^+_α in the principal modes for the scenario I, case A, considering λ = 0.5. The kind of lines correspond to the different modes as: (a) dashed: H^+_α → tb; (b) dotted: H^+_α → W^+Z; (c) solid: H^+_α → τ ν_τ ; and dot-dashed: H^+_α → W^+h^0. The figure show this modes for each charged Higgs boson, the first row correspond to the H^+_2 and the second row to H^+_3 . In the columns is shown the different results to tan β = 5, 10, 15.

(3) The same of Fig. 2, with λ = 1.0. (4) Scenario I, case D, with λ = 0.5. (5) The same of Fig. 4, with λ = 1.0.

(6) Scenario II, case D, with λ = 0.5. In this scenario, we considered tan β = 5, 15, 30.

(7) The same of Fig. 6, with λ = 1.0. (8) Scenario III, case F, with λ = 0.5.. (9) The same of Fig. 8, with λ = 1.0.