arXiv:hep-ph/0402284 v1 27 Feb 2004

Decay H^+ → W^+γ in a nonlinear R_ξ-gauge

J. Hernández-Sánchez,^1 M. A. Pérez,^2 G. Tavares-Velasco,^3 and J. J. Toscano^3 1Centro de Investigación Avanzada en Ingeniería Industrial, Universidad Autónoma del Estado de Hidalgo, C.P. 42184, Pachuca, Hidalgo, México 2Departamento de Física, CINVESTAV, Apartado Postal 14-740, 07000, México, D. F., México 3Facultad de Ciencias Físico Matemáticas, Benemérita Universidad Autónoma de Puebla, Apartado Postal 1152, Puebla, Pue., México (Dated: February 27, 2004)

A new evaluation of the charged Higgs boson decay H^+ → W^+ γ is presented in the context of the general two-Higgs doublet model. A nonlinear Rξ -gauge which considerably simplifies the calculation is introduced and simple expressions are obtained for the fermionic and bosonic contributions. The H^+ → W^+ γ branching ratio is analyzed for several values of the parameters of the model. Although this decay can have a branching fraction as large as 10^{−4} in a certain region of the parameter space, it is found that such a region is disfavored by the most recent constraints on b → sγ, g − 2 of the muon, Z → bb̄, and the ρ parameter, along with the exclusions from direct searches at the CERN e^−e^+ LEP collider. The possibility of detecting this decay at future colliders is discussed.

PACS numbers: 12.60.Fr, 14.80.Cp

I. INTRODUCTION

One of the most popular extensions of the standard model (SM) is the two-Higgs doublet model (THDM), mainly because of its simplicity and consistency with the minimal realization of supersymmetry (SUSY) [1]. The THDM predicts the existence of five Higgs bosons: two neutral CP-even scalar bosons h^0 and H^0, one neutral CP-odd scalar boson A^0, and a pair of charged scalar bosons H^± [1]. The detection of the charged Higgs boson would be an irrefutable signal of an extended Higgs sector, and its experimental study might help us to elucidate the structure of the Higgs potential and shed light on the group representation of the Higgs fields through the study of its couplings to the gauge boson fields. In models which only comprise singlets and doublets of Higgs bosons, the decays of the charged scalar boson into a gauge boson pair, namely H^+ → W^+γ [2, 3, 4] and H^+ → W^+Z [5, 6], are absent at the tree level, though they may occur at higher orders. While the decay mode H^+ → W^+γ is forbidden at the tree level due to electromagnetic gauge invariance, the H^+ → W^+Z decay can be induced at this order in models including Higgs triplets or more complicated representations [1]. In spite of their suppressed branching ratios, these decay modes are very interesting, which is due to the fact that their experimental study may provide important information concerning the underlying structure of the gauge and scalar sectors. Apart from being rather sensitive to new physics effects [7], these channels have a clear signature and might be at the reach of future particle colliders.

In this work we present an evaluation of the one-loop induced decay H^+ → W^+γ in the framework of the THDM. This decay was already studied in the context of the minimal supersymmetric standard model (MSSM), which is a restricted case of the general THDM. At the one-loop, the main contributions to this decay arise from the thirdgeneration quarks t and b, whereas the bosonic sector contributes through the CP-even Higgs bosons h^0 and H^0 along with the W boson. The fermionic contribution and the effects of a fourth family were studied in Ref. [2]. The bosonic contribution was studied in the linear R_ξ-gauge [3], which is not suitable for such a calculation since gives rise to several complications that can be evaded by the use of a nonlinear R_ξ-gauge [8]. For instance, while in the linear R_ξ-gauge one has to deal with about 100 Feynman diagrams when computing the bosonic contribution [3], in a nonlinear R_ξ-gauge one only needs to compute 21 diagrams. As for the unitary gauge, the calculation happens to be extremely hard due to the terms arising from the longitudinal part of the gauge boson propagators [4]. Our aim in this work is to reevaluate the H^+ → W^+γ decay in a nonlinear R_ξ-gauge, which leads to considerably simplifications due to the fact that some unphysical vertices are removed from the interaction Lagrangian. We will see that such a gauge not only reduces considerably the number of Feynman diagrams but also renders manifestly gauge-invariant and ultraviolet-finite amplitudes. Apart from emphasizing the advantages of using the nonlinear R_ξ-gauge, we will analyze the H^+ → W^+γ decay in some scenarios which are still consistent with the most recent bounds obtained from electroweak precision measurements. Indeed, it has been argued quite recently [9] that the parameter space of the type-II THDM has become tightly constrained according to the last reported value of the muon anomalous magnetic moment a_μ [10], so we will concentrate essentially on the still-allowed region.

The rest of the paper is organized as follows. A brief review of the model and the nonlinear R_ξ-gauge used in our calculation are presented in Sec. II. Sec. III is devoted to discuss the most interesting details of the calculation with emphasis on the facilities brought about by the nonlinear R_ξ-gauge. The discussion and conclusions are presented in Sec. IV and V, respectively. Finally, the Feynman rules necessary for the calculation are shown in Appendix A.

II. THE CP-CONSERVING HIGGS POTENTIAL IN THE TWO-HIGGS DOUBLET MODEL

The scalar sector of the CP-conserving THDM consists of two scalar doublets with hypercharge +1: Φ^†_1 = (ϕ^−_1 , ϕ^{0∗}_1 ) and Φ^†_2 = (ϕ^−_2 , ϕ^{0∗}_2 ). The most general gauge invariant potential can be written as [11]

V (Φ_1, Φ_2) = μ^2_1(Φ^†_1Φ_2) + μ^2(Φ^†_2Φ_2) − ( μ^2_{12}(Φ^†_1Φ_2) + H.c. ) + λ_1(Φ^†_1Φ_1)^2 + λ_2(Φ^†_2Φ_2)^2 + λ_3(Φ^†_1Φ_1)(Φ^†_2 Φ_2)

+ λ_4(Φ^†_1Φ_2)(Φ^†_2Φ_1) + 1 2 ( λ_5(Φ^†_1Φ_2)^2 + ( λ_6(Φ^†_1Φ_1) + λ_7(Φ^†_2Φ_2) ) (Φ^†_1Φ_2) + H.c. ) (1) It has been customary to impose the discrete symmetry Φ_1 → Φ_1 and Φ_2 → −Φ_2 in order to avoid dangerous flavor changing neutral current (FCNC) effects. This symmetry is strongly violated by the terms associated with λ_6, and λ_7, but it is softly violated by that associated with μ^2_{12}. It is worth mentioning that the last term plays an important role in SUSY models. All of the terms in Eq. (1) are essential to obtain the decoupling limit of the model, in which only one CP-even scalar boson is light. In this work we will assume that this discrete symmetry is softly violated, which means that we will take λ_6 = λ_7 = 0 throughout the rest of the presentation.

The scalar potential (1) has to be diagonalized to yield the mass-eigenstates fields. The charged components of the doublets lead to the physical charged Higgs boson and the pseudo-Goldstone boson associated with the W gauge field as follows

H^± = −ϕ^±_1 sin β + ϕ^±_2 cos β, (2) G^±_W = ϕ^±_1 cos β + ϕ^±_2 sin β, (3)

with tan β = v_2/v_1, being v_1 (v_2) the vacuum expectation value (VEV) associated with Φ_1 (Φ_2). On the other hand, the imaginary part of the neutral components ϕ^0_{iI} define the neutral CP-odd scalar and the pseudo-Goldstone boson associated with the Z gauge boson. The corresponding rotation is given by

A^0 = −ϕ^0_{1I} sin β + ϕ^0_{2I} cos β, (4) G_Z = ϕ^0_{1I} cos β + ϕ^0_{2I} sin β, (5)

whereas the real part of the neutral components ϕ^0_{iR} define the CP-even Higgs bosons h^0 and H^0:

h^0 = −ϕ^0_{1R} sin α + ϕ^0_{2R} cos α, (6) H^0 = ϕ^0_{1R} cos α + ϕ^0_{2R} sin α, (7)

where the mixing angle α is given by

tan 2α =

2 m_{12} m_{11} − m_{22}

, (8)

with the elements of the mass matrix being m_{11} = 2v^2_1λ_1 + tan βμ^2_{12}, m_{22} = 2v^2λ_2 + cot βμ^2_{12}, and m_{12} = v_1v_2(λ_3 + λ_4 + λ_5) − μ^2_{12}.

The masses of the charged and CP-odd scalar bosons satisfy the following expression

m^2_H± = m^2_A0 +

2m^2_W g^2

(λ_5 − λ_4), (9)

where g is the coupling constant associated with the SU_L(2) group. Obviously m_H± = m_A0 when λ_5 = λ_4, which is a reflect of the underlying custodial symmetry.

We now would like to comment on the gauge-fixing procedure which was used to simplify our calculation. To this end we introduce the following gauge-fixing functions [8]:

f^+ = ( D^e_μ + igs^2_W c_W Z_μ ) W^{+μ} − iξm_W G^+_W , (10)

f^Z = ∂_μZ^μ − ξm_Z G_Z, (11) f^A = ∂_μA^μ, (12) with D^e_μ the electromagnetic covariant derivative and ξ the gauge parameter. Note that f^+ is nonlinear and transforms covariantly under the electromagnetic gauge group. This gauge-fixing procedure is suited to remove the unphysical vertices W G_W γ and W G_W Z, which arise in the Higgs kinetic-energy sector, and also modifies the Yang-Mills sector. One important result is that the expression for the W W γ vertex satisfies a QED-like Ward identity, which turns out to be very useful in loop calculations. In particular, in the Feynman-t’Hooft gauge the Feynman rule for the W^+_ρ (q)W^−_ν (p)A_μ(k) coupling can be written as

Γ^{W W γ} ρνμ = −ie (g_{μν}(p − k + q)_ρ + g_{νρ}(q − p)_μ + g_{μρ}(k − p − q)_ν ) , (13) where all the momenta are incoming. It is easy to see that this expression satisfies a QED-like Ward identity.

The remaining Feynman rules necessary for our calculation do not depend on the gauge fixing procedure. For completeness they are presented in Appendix A. As far as the Yukawa couplings are concerned, we will concentrate on the type-II THDM, in which the up-type quarks couple to the first Higgs doublet whereas the remaining fermions couple to the second one.

III. THE H^+ → W^+ γ DECAY WIDTH

In the nonlinear R_ξ-gauge, the decay H^+ → W^+γ receives contributions from the Feynman diagrams shown in Fig. 1. As far as the fermionic sector is concerned, the main contribution comes from the third-generation quarks, which induce three diagrams, whereas in the bosonic sector there are contributions from the (H^±, ϕ^0) and (W^±, ϕ^0) pairs, with ϕ^0 = h^0 or H^0. We would like to emphasize that the nonlinear R_ξ-gauge considerably simplifies the calculation of the H^+ → W^+γ decay. First of all, the removal of the unphysical vertex W^±G^∓_W γ, allows one to get rid of all those diagrams which are displayed in Fig. 2 and do have to be calculated in the linear R_ξ-gauge. Even more, in the nonlinear R_ξ-gauge the tadpole graphs shown in Fig. 3 vanish. Apart from these simplifications, we will be able to group the Feynman diagrams into subsets which separately yield a manifestly gauge-invariant amplitude free of ultraviolet singularities.

FIG. 1: Feynman diagrams contributing to the H^+ → W^+ γ decay in the nonlinear Rξ -gauge. ϕ^0 stands for h^0 and H^0, and X^+ for H^+ and G^+_W . Compare with Fig. 1 of Ref. [3].

Once the amplitude for every Feynman diagram shown in Fig. 1 was written down, the Passarino-Veltman method [12] was applied to express it in terms of scalar integrals, which are suitable for numerical evaluation [13]. The full amplitude for the decay H^+(p) → W^+(q)γ(k) can be written as

M(H^+ → W^+γ) = α^{3/2} 2 √ πm_W s^2_w ( G (q · k g_{μν} − k_νq_μ) − i H ϵ_{μναβ}k^αq^β ) ϵ^μ(k)ϵ^ν(q), (14)

which is manifestly gauge invariant. The H function only receives contributions from the quarks:

H = i λ_{tb} δ_{(H}±_{, W )} ( 3 δB_{(H}±_{,W,b,t)} + δ_{(H}±_{, W )} ( c^2_β C_{(b,t)} + 2 s^2_β C_{(t,b)} )) , (15)

FIG. 2: Feynman diagrams which appear in the linear Rξ -gauge but are absent in the nonlinear one. h0 , H0, A0, H^±, G^±_W and

GZ circulate in both tadpoles, whereas W^±, Z, t and b also circulate in the right-hand tadpole.

FIG. 3: Tadpole diagrams whose amplitude vanishes in the nonlinear Rξ -gauge. X stands for h^0 , H^0, A^0, H^±, G^±_W , GZ , W^±,

Z, t, and b.

λ_{tb} = − m_b m_t s_β c_β , (16)

where we have introduced the shorthand notation δ_{(a, b)} ≡ m^2_a −m^2_b , δB_{(a,b,c,d)} = B_0 ( m^2_a, m^2_c , m^2_d ) −B_0 ( m^2_b , m^2_c , m^2_d ) ,^1

and C_{(a,b)} ≡ C_0 ( m^2_{H±} , m^2_W , 0, m^2_a, m^2_b, m^2_a ) , where B_0 and C_0 stand for Passarino-Veltman scalar integrals. In addi-

tion, c_β = cos β, s_β = sin β, etc. From the δB_{(a,b,c,d)} definition, it is clear that the H function is ultraviolet finite. As

for G, it can be written as

G = 1 2 m^2_{H±} δ^2_{(H± , W )} G_{tb} + ∑ ϕ^0=H^0 , h^0 ( G_H±_ϕ0 + G_G±_{W ϕ}0 + G_W ±_ϕ0 ) , (17)

where G_{AB} stands for the contribution of the (A, B) pair:

G_{tb} = λ_{tb} ( m^2_H± ( 3 ( δ_{(t, b)} + c_{2β} δ_{(H}±_{, W )} ) + m^2_W ) δB_{(H}±_{,W,b,t)} − 3 δ_{(t, b)}δ_{(H}±_{, W )}δB_{(0,H}±_{,b,t)} + m^2_H± δ_{(H}±_{, W )} ( 1 − ( 2 m^2_b − c^2_βδ_{(H}±_{, W )} ) C_{(b,t)} + ( 2 m^2_t − s^2_β δ_{(H}±_{, W )} ) C_{(t,b)} ) ) , (18)

G_H±_h0 = λ_h0_H± ( δ_{(H}±_{, h}0_)δ_{(H}±_{, W )}δB_{(0,W,H}±_{,h}0_) − ( 2 m^2_H± δ_{(H}±_{, h}0_) + m^2_h0 m^2_W ) δB_{(H}±_{,W,H}±_{,h}0_) − m^2_H± δ_{(H}±_{, W )} ( 1 + 2 m^2_H± C_{(H}±_{,h}0_) ) ) , (19)

1 When a = 0, m_a must be substituted by 0.

G_G±_{W h0} = λ_G±_{W h0} ( ( m^2_W δ_{(h}0_{, W )} + m^2_H± (3m^2_W − 2m^2_h0 ) ) δB_{(H}±_{,W,h}0_{,W )} + δ_{(H}±_{, h}0_) δ_{(h}0_{, W )}δB_{(0,W,h}0_{,W )}

+ m^2_H± δ_{(H}±_{, W )} ( 1 + 2 m^2_W C_{(W,h}0_) ) ) , (20) and G_W ±_H0 = λ_W ±_h0 ( ( m^2_W δ_{(h}0_{, W )} + m^2_H± ( 7 m^2_W − 2 m^2_h0 − 4 m^2_H± )) δB_{(H}±_{,W,H}±_{,h}0_) + δ_{(H}±_{, W )}δ_{(h}0_{, W )}δB_{(0,W,H}±_{,h}0_)

+ m^2_H± δ_{(H}±_{, W )} ( 1 − 2 ( 2 δ_{(H}±_{, W )} − m^2_W ) C_{(m}2_{W ,m}2_{h0 )} ) ) , (21)

with

λ_H±_h0 = c_{α−β} ( 2 s_{α−β} m^2_H± + c_{α+β} c^2_βs^2_β μ^2_{12} + ( s_αs_βt_β − c_βc_α t_β ) m^2_h0 ) , (22)

λ_G±_{W h0} = s_{2(α−β)}δ_{(H}±_{, h}0_) 2 , (23) and λ_W ±_h0 = − m^2_W s_{2(α−β)} 2 . (24)

Finally, the contribution of the heaviest CP-even scalar boson H^0 is obtained from that of the lightest one once the substitutions m_h0 → m_H0 and α → α − π/2 are done.

The above expressions are very simple and should be compared to those presented in Refs. [2, 3]. It is also evident that the partial amplitudes induced by the pairs (t, b), (ϕ^0, W^±), (ϕ^0, H^±), and (ϕ^0, G^±_W ) are gauge invariant and ultraviolet finite on their own. Again, this is to be contrasted with the situation arising in the linear R_ξ-gauge, where showing gauge invariance is somewhat cumbersome, and the cancellation of ultraviolet divergences in the bosonic sector is achieved only after adding up all the Feynman diagrams [3].

Once Eq. (14) is squared and the spins of the final particles are summed over, the decay width can be written as

Γ(H^+ → W^+γ) = α^3 δ^3_{(H± , W )}

2^7π^2s^4_W m^2_W m^3_{H±} ( |G|^2 + |H|^2 ) . (25)

We will evaluate this decay width for some values of the parameters of the model.

IV. NUMERICAL RESULTS AND DISCUSSION

In order to evaluate the H^+ → W^+γ decay, there are six free parameters of the THDM which should be addressed. They are the masses of the four scalar bosons m_H± , m_h0 , m_H0 and m_A0 , together with the VEVs ratio tan β and the mixing angle α. Without loosing generality, we will assume that μ_{12} = 0. Although the H^+ → W^+γ decay width does not depend on m_A0 , the respective branching ratio does depend on all of these parameters. Instead of examining the behavior of H^+ → W^+γ for arbitrary values of these parameters and looking for those which enhance its branching ratio, a realistic analysis must take into account the most recent constraints obtained from precision measurements and direct searches at particle colliders. We will thus concentrate on the region of the parameter space which is still consistent with low-energy data.

The parameter space of THDMs as constrained by electroweak precision measurements has been recurrently studied in the literature [9, 14, 15]. Along this line, it is well known that the experimental bound on the inclusive decay b → sγ can be translated into a bounded area on the m_H± -tan β plane. In addition, the muon anomalous magnetic moment a_μ is useful to constrain the CP-odd scalar boson mass m_A0 , which along with the CP-even scalar boson masses m_h0 and m_H0 can be further constrained by the Z → bb̄ decay mode R_b. All these constraints, when combined with those obtained from the ρ parameter and the data from direct searches at the CERN e^−e^+ LEP collider, can yield the allowed region in the parameter space of THDMs. Quite recently, the most up-to-date measurements on b → sγ [16], a_μ [10], R_b [17], and ρ [18], together with the DELPHI [19] and OPAL [20] excluded regions, were considered to constrain the parameter space of the type-II THDM [9, 15]. In particular, the possibility of a very light CP-odd scalar boson was considered in [15], whereas a more general treatment was presented in [9]. From these studies one is lead to conclude that the parameter space of the THDM has become tightly constrained by the most recent measurement of a_μ [10]. Below we will follow closely the analysis presented in Ref. [9].

The model independent bound m_H± ≳ 80 GeV has been derived at LEP for a charged Higgs boson decaying solely into τ ν̄ [21]. On the other hand, within the THDM-II, the latest reported value for the decay b → sγ [16] yields the very stringent lower bound m_H± ≥ 500 GeV for intermediate and large values of tan β, though this bound can loosen in SUSY models with conserved or broken R-parity [22]. As far as a_μ is concerned, the latest experimental data from the BNL collaboration [10] require a positive contribution from new physics to bring the theoretical value closer to the experimental one. It turns out that the CP-odd scalar yields a positive contribution to a_μ, whereas the remaining Higgs bosons give a negative contribution. This means that the deviation between the experimental and theoretical values of a_μ can only be explained by the existence of a light CP-odd scalar along with a high value of tan β and relatively heavy H^±, h^0 and H^0. When the R_b constraint [17] is taken into account, a large region of the parameter space of the THDM gets excluded, and only a tiny region survives when the DELPHI [19] and OPAL [20] excluded regions for the scalar boson masses are considered. From this analysis, it was concluded [9] that the most favorable region is that in which tan β is of the order of 50 or larger, m_A0 ≤ 80 GeV, m_h0 ≤ 140 GeV, and −1/2 π ≤ α ≤ −3/8 π. Even more, the ρ ∼ 1 constraint requires fine-tuned solutions for the masses of the scalar bosons and the mixing angles. In fact, this constraint is satisfied by an almost decoupling CP-even scalar boson H^0, with a mass of the order of 1 TeV, provided that the remaining parameters meet the previous constraints.

Bearing in mind the preceding discussion, we will analyze the H^+ → W^+γ decay for 300 GeV ≤ m_H± ≤ 600 GeV. For the sake of illustration we will assume that the lightest CP-even scalar boson is relatively light and the heaviest one is much heavier indeed, i.e. we will take m_h0 = 115 GeV and m_H0 = 1 TeV. The former value is consistent with the current LEP bound on the mass of a SM-like Higgs boson [18]. Moreover, we will focus on the region where tan β is large and sin α is close to -1. We have verified that these values lie inside the still-allowed region of the parameter space of the THDM-II.

FIG. 4: H^+ → W^+ γ decay width (solid line) as a function of tan β for the indicated values of sin α and m_H± . We have taken m_h0 = 115 GeV and m_H0 = 1 TeV. The partial contributions from the quark (dashed line) and boson (dotted line) sectors are also shown.

It is interesting to examine the effects of both the quark and boson sectors on the decay width Γ(H^+ → W^+γ). The partial contributions, together with the full contribution, are displayed as a function of tan β in Fig. 4, whereas in Fig. 5 we show them as a function of m_H± . We can observe that, in this range of parameters, the H^+ → W^+γ decay is slightly dominated by the bosonic contribution. The fermionic contribution is larger only in the region of the parameter space where sin α is very close to -1. This is illustrated in Fig. 6, where we show the partial contributions to the H^+ → W^+γ decay as a function of sin α for m_H± = 300 GeV and two different values of tan β. We see that the bosonic contribution is maximal when sin α = 0 and minimal when | sin α| = 1, where it is smaller than the fermionic contribution. For this particular set of the parameters, the maximal value of the bosonic contribution is more than one order of magnitude than the respective minimal value. A similar behavior is observed for larger values of m_H± and tan β. Also, from Fig. 4 and Fig. 5 it is interesting to note that the partial contribution from the bosonic sector

FIG. 5: The same as Fig. 4 but now as a function of m_H± .

exceeds the total contribution in some regions of the parameter space. This stems from the fact that the interference between the partial contributions is destructive. While the fermion contribution depends only on tan β for a given m_H± , the bosonic contribution depends on four other unknown parameters. This makes harder the analysis of this decay mode.

FIG. 6: Partial contributions to the H^+ → W^+ γ decay width as a function of sin α for m_H± = 300 GeV and two different values of tan β. The constant lines correspond to the fermion contribution and the remaining to the bosonic one. The values of the CP-even scalar boson masses are the same as in Fig. 4.

The full width of the charged scalar boson is given to a good approximation by the sum of the partial widths of the two-body decay channels induced at the tree-level: H^+ → τ ν̄, cs̄, tb̄, W^+A^0, and W^+h^0. The widths for all these decays can be readily obtained and we refrain from presenting the respective expressions here. In the region of the parameter space that we are considering, the charged scalar boson would decay mainly into tb̄. This decay mode is somewhat troublesome as it would suffer from large QCD backgrounds at a hadronic collider [23]. The H^+ → W^+γ branching ratio is shown in Fig. 7 as a function of tan β for m_A0 = 80 GeV and two different values of sin α. We can observe that Br(H^+ → W^+γ) is at most of the order of 6×10^{−6}, it increases for larger values of tan β, but falls slowly as sin α gets closer to −1. On the other hand, the behavior of Br(H^+ → W^+γ) as a function of m_H± is depicted in Fig. 8. For tan β = 40, the branching fraction decreases very slowly for larger m_H± , whereas for tan β = 60 it has a minimal around m_H± = 350 GeV and increases slowly until about m_H± = 550 GeV, where there is a maxima.

It is worthwhile to mention that the H^+ → W^+γ branching ratio may be dramatically enhanced, mainly by the fermionic contribution, around the threshold m_H± ∼ m_t + m_b. This is shown in Fig. 9 for some illustrative values of tan β and sin α. It can be observed that Br(H^+ → W^+γ) can be larger than 10^{−4} when tan β is small regardless of the value of sin α, and up to 10^{−4} when a large value of tan β combines with sin α ∼ 0. In the latter case the bosonic contribution is also responsible for the enhancement. However, when a large value of tan β combines with sin α ∼ 1, there is large cancellations between the two contributions, which results in a significant suppression of

FIG. 7: Branching ratio for the H^+ → W^+ γ decay as a function of tan β and the indicated values of sin α and m_H± .

FIG. 8: Branching ratio for the H^+ → W^+γ decay as a function of m_H± for the indicated values of sin α and tan β.

FIG. 9: The same as Fig. 8 in other region of the parameter space of the THDM-II.

Br(H^+ → W^+γ). Unfortunately the region of the parameter space in which such an enhancement shows up is not favored by the constraints from electroweak precision measurements. Although a fourth-fermion family may improve the H^+ → W^+γ decay rate [2], the enhancement would depend on the splitting between the masses of the fourthgeneration quarks m^2_u′ − m^2_d′ , which cannot be too large due to the ρ ∼ 1 restriction. In this respect, it seems that the H^± → W^±Z decay is more promising since it is sensitive to nondecoupling effects when there is a large splitting between the CP-odd and the charged scalar boson masses [6]. As discussed above, this scenario is still consistent with the constraints on the parameter space of the THDM-II. Furthermore, the H^± → W^±Z decay can arise at the tree-level in Higgs triplet models [1].

Let us now discuss shortly on the possibility of detecting the H^+ → W^+γ decay at future colliders. Single and pair production of heavy charged Higgs bosons at both hadronic [23, 24, 25, 26, 27, 28, 29] and linear e^−e^+ colliders [30, 31, 32] have long received considerable attention. A charged scalar boson heavier than 180 GeV could be detected at a hadronic collider via several processes, such as gb → H^−t [23, 25], cs̄ → H^+ [27], and cb̄ → H^+ [27]. The one-loop processes gg → W^±H^∓ and qq̄ → W^±H^∓ give no viable signature at the CERN LHC collider [29]. While the gb → H^−t rate is out of the reach of the Fermilab Tevatron, it could be detected at the LHC for m_H± up to 1 TeV [23, 25]. This process is appropriate to look for a charged Higgs boson in the low- and high-tan β regime. Though the gb → H^−t process followed by the decay H^− → tb̄ suffers from irreducible background, the H^− → τ ν̄ mode is background free due to the distinctive τ polarization [28]. The cross section for gb → H^−t increases for large tan β but falls when m_H± increases. At the LHC, the cross section for pp → H^+t̄b can be as large as 10^3 fb for m_H± of the order of a few hundreds of GeV and tan β around 50. With an integrated luminosity of 100 fb, this rate is enough to detect a charged scalar boson decaying as H^+ → τ̄ ν, but it is not viable to detect the H^+ → W^+γ mode unless its decay width is dramatically enhanced. There is some chance to detect the H^+ → W^+γ decay if the constraints on the parameter space can be evaded in some way and the charged scalar boson mass is about 180 GeV. In this case the branching ratio might increase up to 10^{−4}, whereas the cross section for pp → H^+t̄b can reach the 10^4 fb level.

In a linear collider (LC) the situation is less promising. If the mass of the charged scalar boson happen to be smaller than half the center-of-mass energy √ s of the LC, it might be detected through the double pair production process e^−e^+ → H^−H^+ [30], which has the advantage that it does not depend on tan β as it is dictated entirely by the interactions of the charged Higgs boson with the neutral gauge bosons. On the other hand, when √ s < m_H± /2, a charged scalar boson might be detected via the single production modes e^−e^+ → τ ν̄H^+, e^−e^+ → bc̄H^+, or e^−e^+ → W^±H^∓ [30]. The first two are more promising as arise at the tree level, whereas the last one occurs at one loop. In a linear collider running at √ s = 500 GeV, the cross section for e^−e^+ → τ ν̄H^+ would be about 10^{−2} fb for m_H± = 300 and tan β = 60 GeV. Even with an integrated luminosity of 500 fb^{−1}, this rate is too small to allow the detection of the H^+ → W^+γ decay. If √ s = 1000 GeV, σ(e^−e^+ → H^−H^+) ∼ 10 fb for m_H± = 300 GeV, which evidently is also too small for the H^+ → W^+γ mode to be detected.

Since a LC would also work in the mode γγ, it has been recently proposed to look for a heavy charged scalar boson, with mass larger than half the center-of-mass energy of the LC, through the single production processes γγ → τ ν̄H^+ and γγ → bc̄H^+ [31]. The viability of these modes depends strongly on the strength of the Yukawa couplings of the fermions to the charged scalar boson. It turns out that the rates for these processes can be up to two orders of magnitude larger than for the respective e^−e^+ processes [31]. At a √ s = 500 GeV linear collider, the cross section for σ(γγ → τ ν̄H^+) is of the order of 1 fb, which is a typical value for intermediate m_H± and large tan β. The detection of H^+ → W^+γ would thus not be viable. Of course the charged Higgs boson can also be pair produced in the γγ mode provided that the respective center-of-mass energy is enough, but the conclusion remains the same. A linear collider would thus not be appropriate to look for rare decays of the charged Higgs boson.

We have mentioned that while the H^+ → W^+γ branching ratio may reach the level of 10^{−4} provided that the mass of the charged scalar boson is around the threshold m_t + m_b, it is at most of the order of 10^{−6} in the region of the parameter space favored by electroweak precision measurements. Even if the H^+ → W^+γ decay rate was not reduced considerably by the kinematical cuts, it would be necessary the production of about 10^6 charged scalar bosons to observe a few events. This seems to be beyond the reach of the LHC, so the H^+ → W^+γ decay would hardly be detected unless its decay width is dramatically enhanced in other model.

V. SUMMARY

A study of the decay H^+ → W^+γ was presented in the context of the type-II THDM. A nonlinear R_ξ-gauge covariant under the electromagnetic gauge group was used to obtain the one-loop amplitudes. The advantages of using such a gauge were emphasized. In particular, there are 21 Feynman diagrams in the nonlinear R_ξ-gauge, whereas the linear one induces about one hundred. An analysis of the behavior of the H^+ → W^+γ decay width as a function of the parameters of the model was presented, but we focused essentially on the region of the parameter space still allowed by the constraints obtained from the latest reported values of b → sγ, R_b, a_μ and the ρ parameter, which favor a charged scalar boson heavier than the t quark, a large value of tan β, and −π/2 ≤ α ≤ −3π/8. In this still-allowed region, which was not considered in the previous analyses of the H^+ → W^+γ decay, the respective branching ratio receives contribution of the same order of magnitude from both the bosonic and fermionic sectors, and it can be as large as 10^{−6}, which seems to be beyond the reach of the LHC.

Note added: After the submission of this manuscript, the muon g − 2 collaboration announced a new result for the anomalous magnetic moment of the negative muon, which is based on the data collected during the year 2001 [33]. The new result, a^{exp}_{μ−} = 11659214(8)(3) × 10^{−10} (0.7 ppm), is consistent with previous measurements of the anomaly for the negative and positive muon. The new world average for the muon anomaly is thus a^{exp}_μ = 11659208(6) ×

10^{−10} (0.5 ppm), which is to be contrasted with the previous one [10]: a^{exp}_μ = 11659203(8) × 10^{−10} (0.7 ppm). This new results confirms the fact that THDMs are very disfavored by the muon anomaly. However, we would like to point out that the scenario that we are considering is still consistent with the new result. So, the analysis presented in this work is not affected significantly and our conclusions remain unchanged.

Acknowledgments

This work is supported by Conacyt and SNI (México). G.T.V. also acknowledges partial support from SEP- PROMEP and thanks C.-P. Yuan for useful comments.

APPENDIX A: FEYNMAN RULES FOR THE DECAY H^+ → W^+ γ

In this appendix we present the Feynman rules which do not depend on the gauge fixing procedure described in Sec. II. The H^±H^∓h^0 vertex arise from the Higgs potential. In terms of the coupling constants λ_i the Feynman rule for this vertex is given by

g_H±_H∓_h0 = g_A0_A0_h0 − 2im_W g (λ_5 − λ_4)s_{β−α}, (A1)

where

g_A0_A0_h0 = 2im_W g ( 2 λ_1s^2_β c_βs_α − 2λ_2c^2_β s_β c_α − (λ_3 + λ_4 + λ_5) (s^3_β c_α − c^3_β s_α) + 2λ_5s_{β−α} ) . (A2)

The coupling constants λ_i can be expressed in turn in terms of the mixing angles and the Higgs boson masses as follows:

λ_1 = g^2 8m^2_W (( s_α c_β )_2 m^2_h0 + ( c_α c_β )_2 m^2_H0 − s_β c^3_β μ^2_{12} ) , (A3)

λ_2 = g^2 8m^2_W (( c_α s_β )_2 m^2_h0 + ( s_α s_β )_2 m^2_H0 − c_β s^3_β μ^2_{12} ) , (A4)

λ_3 = g^2 4m^2_W ( 2m^2_H± + s_{2α} s_{2β} (m^2_H0 − m^2_h0 ) − μ^2_{12} s_βc_β ) , (A5)

λ_4 = g^2 4m^2_W ( m^2_A0 − 2 m^2_H± + μ^2_{12} s_β c_β ) , (A6)

λ_5 = g^2 4m^2_W ( μ^2_{12} s_β c_β − m^2_A0 ) . (A7)

After some algebra we are left with

g_H±_H∓_h0 = i g 2 m_W ( 2 s_{α−β} m^2_H± + c_{α+β} c^2_βs^2_β μ^2_{12} + ( s_αs_β t_β − c_β c_α t_β ) m^2_h0 ) . (A8)

The Higgs kinetic-energy term induces the H^±G^∓_W h^0 vertex: g_{H± G}∓_{W h0} = ig 2m_W (m^2_H± − m^2_h0 )c_{β−α}. (A9)

The Feynman rules involving the heavy CP-even scalar boson H^0 can be obtained from above after the replacements m_h0 → m_H0 and α → α − π/2. As for the couplings of the fermions to the W gauge boson and the charged scalar boson, they are [1]:

g_H−_t¯_b = i g 2 √ 2 m_W ( v + a γ^5 ) , (A10)

g_W −_{μ t b̄} = i g 2 √ 2 m_W ( v + a γ^5 ) γ_μ, (A11)

with v = m_t cot β + m_b tan β and a = m_b tan β − m_t cot β.

[1] S. Dawson et al., The Higgs Hunter’s Guide (Addison-Wesley, New York, 1990). [2] M. C. Capdequi-Peyranère, H. E. Haber, and P. Irulegui, Phys. Rev. D 44, 191 (1991). [3] S. Raychaudhuri and A. Raychaudhuri, Phys. Rev. D 50, 412 (1994); Phys. Lett. B 297, 159 (1992). [4] J. Gunion, G. Kane, and J. Wudka, Nucl. Phys. B299, 231 (1988).

[5] A. Méndez and A. Pomarol, Nucl. Phys. B349, 369 (1991); J. A. Grifols and A. Méndez, Phys. Rev. D 22, 1725 (1980). [6] S. Kanemura, Phys. Rev. D 61, 095001 (2000).

[7] J. L. Díaz-Cruz, J. Hernández-Sánchez, and J. J. Toscano, Phys. Lett. B 512, 339 (2001); J. L. Díaz-Cruz and M. A.

Pérez, Phys. Rev. D 33 273 (1986).

[8] K. Fujikawa, Phys. Rev. D 7, 393 (1973); M. Bace and N. D. Hari Dass, Ann. Phys. (NY) 94, 349 (1975); M. B. Gavela, G. Girardi, C. Malleville, and P. Sorba, Nucl. Phys. B193, 257 (1981); N. M. Monyonko, J. H. Reid, and A. Sen, Phys. Lett. B 136, 265 (1984); N. M. Monyonko and J. H. Reid, Phys. Rev. D 32, 962 (1985); J. M. Hernández, M. A. Pérez, G. Tavares-Velasco, and J. J. Toscano, Phys. Rev. D 60, 013004 (1999).

[9] K. Cheung and O. C. W. Kong, Phys. Rev. D 68, 053003(2003).

[10] H. N. Brown et al., Phys. Rev. Lett. 86, 2227 (2001); G. W. Bennett et al., ibid. 89, 101804 (2002); 89, 129903(E) (2002). [11] J. F. Gunion and H. E. Haber, Phys. Rev. D 67, 075019 (2003). [12] G. Passarino and M. Veltman, Nucl. Phys. B160, 151 (1979).

[13] G. J. van Oldenborgh, J. A. M. Vermaseren, Z. Phys. C 46, 425 (1990); T. Hahn and M. Pérez-Victoria, Comput. Phys.

Commun. 118, 153 (1999).

[14] P. Chankowski, M. Krawczyk, and J. Zochowski, Eur. Phys. J. C 11, 661 (1999); P. Chankowski et al., Phys. Lett. B 496, 195 (2000); K. Cheung, C. H. Chou, and O. C. W. Kong, Phys. Rev. D 64, 111301 (R) (2001); M. Krawczyk, Acta Phys. Pol. B 33, 2621 (2002).

[15] F. Larios, G. Tavares-Velasco, C.-P. Yuan, Phys. Rev. D 64, 055004 (2001); ibid. 66, 075006 (2002). [16] A. Stocchi, Plenary talk ICHEP2002, Amsterdam, Netherlands, 2002; A.M. Eisner, talk at the XXXVIII Rencontres de Moriond, Electroweak Interaction and Unified Theories, 2003.

[17] LEP Collaboration Electroweak Working Group, D. Abbaneo et al., Report No. LEPEWWG/2002-01, hep-ex/0212036. [18] Particle Data Group, K. Hagiwara et al., Phys. Rev. D 66, 010001 (2002). [19] DELPHI Collaboration, P. Abréu et al., DELPHI Report No. 2002-037- CONF-571. [20] OPAL Collaboration, P. Ferrari et al., Physics Note No. PN475, 2001.

[21] L3 collaboration, Phys. Lett. B 496, 34 (2000; ALEPH collaboration, Phys. Lett. B 487, 253 (2000). [22] T. Goto and Y. Okada, Prog. Theor. Phys. 94, 407 (1995); M. A. Díaz, E. Torrente-Lujan, and J. W. F. Valle, Nucl. Phys.

B551, 78 (1999).

[23] V. Barger, R. J. Phillips, and D. P. Roy, Phys. Lett. B 324, 236 (1994).

[24] A. A. Barrientos-Bendezú and B. A. Kniehl, Nucl. Phys. B568, 305 (2000); O. Brein and W. Hollik, Eur. Phys. J. C 13, 175 (2000); A. Krause, T. Plehn, M. Spira, and P.M. Zerwas, Nucl. Phys. B519, 85 (1998); S. S. D. Willenbrock, Phys. Rev. D 35, 173 (1987).

[25] J. F. Gunion, H. E. Haber, F. E. Paige, W.-K. Tung, and S. S. D. Willenbrock, Nucl. Phys. B294, 621 (1987); R. M.

Barnett, H. E. Haber, D.E. S,oper, ibid. B306, 697 (1988); F. I. Olness, W.-K. Tung, ibid. B308, 813 (1988); T. Plehn, Phys. Rev. D 67, 014018 (2003); C.S. Huang, S.H. Zhu, ibid. 60, 075012 (1999); L. G. Jin, C. S. Li, R. J. Oakes, and S. H. Zhu, Eur. Phys. J. C 14, 91 (2000).

[26] F. Borzumati, J. L. Kneur, and N. Polonsky, Phys. Rev. D 60, 115011 (1999); D. J. Miller, S. Moretti, D. P. Roy, and W.

J. Stirling, ibid. 61, 055011 (2000); A. Belyaev, D. García, J. Guasch, and J. Solà, J. High Energy Phys. 6, 59 (2002); J. F. Gunion, Phys. Lett. B 322, 125 (1994).

[27] H.-J. He and C.-P. Yuan, Phys. Rev. Lett. 83, 28 (1999); C. Balazs, H.-J. He, and C.-P. Yuan, Phys. Rev. D 60, 114001 (1999).

[28] D. P. Roy, Phys. Lett. B 459, 607 (1999); D. P. Roy, ibid. 277, 183 (1992); K. Odagiri, ibid. 452, 327 (1999) [29] A. A. Barrientos-Bendezú and B. A. Kniehl, Phys. Rev. D 59, 015009 (1999); 61, 097701 (2000); 63, 015009 (2001); O.

Brein, W. Hollik, and S. Kanemura, ibid. 63, 095001 (2001); S. Moretti and K. Odagiri, Phys. Rev. D 59, 055008 (1999). [30] A. Djouadi, J. Kalinowski, P. M. Zerwas, Z. Phys. C 54, 255 (1992); S. Kanemura, Eur. Phys. J. C 17, 473 (2000); A.

Arhrib, M. Capdequi-Peyranère, W. Hollik, G. Moultaka, Nucl. Phys. B581, 34 (2000); S. Kanemura, S. Moretti, K. Odagiri, J. High. Energy Phys. 02, 011 (2001); H. E. Logan, S. Su, Phys. Rev. D 66, 035001 (2002); 67, 017703 (2003);

B. A. Kniehl, F. Madricardo, M. Steinhauser, Phys. Rev. D 66, 054016 (2002); S. Moretti, Eur. Phys. J. Direct C4, 15 (2002);

[31] S. Kanemura and S. Moretti, Eur. Phys. J. C 29, 19 (2003); H.-J. He, S. Kanemura, and C.-P. Yuan, Phys. Rev. D 68, 075010 (2003).

[32] S. Moretti, K. Odagiri, Eur. Phys. J. C 1, 633 (1998); U. Cotti, J. L. Díaz-Cruz, and J. J. Toscano, Phys. Rev. D 62, 035009 (2000).

[33] G. W. Bennett et al., arXiv:hep-ex/0401008.