arXiv:hep-ph/0312308 v2 24 Mar 2004

Static quantities of the W boson in the SU_L(3) × U_X (1) model with right-handed neutrinos

J. L. García-Luna,^{1, ∗} G. Tavares-Velasco,^{2, †} and J. J. Toscano^{2, ‡} 1Departamento de Física, Centro Universitario de Ciencias Exactas e Ingenierías, Universidad de Guadalajara, Blvd. Marcelino García Barragán 1508, C.P. 44840, Guadalajara Jal., México 2Facultad de Ciencias Físico Matemáticas, Benemérita Universidad Autónoma de Puebla, Apartado Postal 1152, Puebla, Pue., México (Dated: March 24, 2004)

The static electromagnetic properties of the W boson, Δκ and ΔQ, are calculated in the SUL (3)× UX (1) model with right-handed neutrinos. The new contributions from this model arise from the gauge and scalar sectors. In the gauge sector there is a new contribution from a complex neutral gauge boson Y^0 and a singly-charged gauge boson Y^± . The mass of these gauge bosons, called bileptons, is expected to be in the range of a few hundreds of GeV according to the current bounds from experimental data. If the bilepton masses are of the order of 200 GeV, the size of their contribution is similar to that obtained in other weakly coupled theories. However the contributions to both ΔQ and Δκ are negligible for very heavy or degenerate bileptons. As for the scalar sector, an scenario is examined in which the contribution to the W form factors is identical to that of a two-Higgs-doublet model. It is found that this sector would not give large corrections to Δκ and ΔQ. PACS numbers: 13.40.Gp, 12.60.Cn, 14.70.Pw

I. INTRODUCTION

The experimental scrutiny of the Yang-Mills sector is essential to test the standard model (SM). In particular, the trilinear gauge boson couplings (TGBCs) offer a unique opportunity to find evidences of new physics through the study of their one-loop corrections. Hopefully, the TNGBCs will be tested with unprecedent accuracy beyond the tree level at hadronic and leptonic colliders in the near future [1]. Particular emphasis has been given to the study of the static quantities of the W boson. The CP-even electromagnetic properties of the W boson are characterized by two form factors, Δκ and ΔQ, which are the coefficients of Lorentz tensors of canonical dimension 4 and 6, respectively [2]. Both form factors can only arise at the one-loop level within the SM and other renormalizable theories, thereby being sensitive to sizeable new physics effects. It has been argued that ΔQ is not sensitive to nondecoupling effects and thus it could only be useful to search for effects of new physics near the Fermi scale [3]. On the contrary Δκ might be sensitive to heavy physics effects due to its nondecoupling properties [3]. The one-loop contributions to ΔQ and Δκ were long ago studied in the SM [4, 5] and more recently in the context of several specific theories [6, 7, 8]. Also, a model-independent study of the W W γ vertex via the effective Lagrangian approach was presented in [9].

In a recent work [8] two of us studied the static quantities of the W boson in the context of the minimal SU_L(3) × U_X (1) model, dubbed as 331 model [10]. The main attraction of this model is the unique mechanism of anomaly cancellation, which is achieved provided that all of the fermion families are summed over rather than within each fermion family, as occurs in the SM. As a consequence, the number of fermion families must be a multiple of the quark color number, which offers a possible solution to the flavor problem. The 331 model has been the source of considerable interest recently [11]. In this work we will focus on the contributions to Δκ and ΔQ from both the gauge and scalar sectors of the 331 model with right-handed neutrinos [12]. This version is attractive because, in order to achieve the mechanism of spontaneous symmetry breaking (SSB) and generate the gauge boson and fermion masses, it requires a Higgs sector which is more economic than that of the minimal version [12]. Evidently the features of the 331 model with right-handed neutrinos are rather different than those of the minimal version, and so are the contributions to the static quantities of the W boson. It is thus worth evaluating the behavior of Δκ and ΔQ in the new scenario raised by this model. Special attention will be paid to discuss the contribution arising from the gauge sector because it is the one which has the more interesting features. As will be shown below, the contribution from

∗E-mail:jluna@cucei.udg.mx †E-mail:gtv@fcfm.buap.mx ‡E-mail:jtoscano@fcfm.buap.mx

the scalar sector is similar to that arising in a two-Higgs-doublet model (THDM) [6].

A peculiarity of 331 models is that they predict a pair of massive gauge bosons arranged in a doublet of the electroweak group, which emerge when SU_L(3) × U_X (1) is broken into SU_L(2) × U_Y (1). While the minimal 331 model predicts a pair of singly-charged and a pair of doubly-charged gauge bosons, the model with right-handed neutrinos predicts a pair of neutral no self-conjugate gauge bosons Y^0 instead of the doubly-charged ones. These new gauge bosons are called bileptons since they carry lepton number L = ± 2, and thus are responsible for lepton-number violating interactions [13]. It has been pointed out that the neutral bilepton is a promising candidate in accelerator experiments since it may be the source of neutrino oscillations [14]. Very interestingly, the couplings between the SM gauge bosons and the bileptons do not involve any mixing angle and are similar in strength to the couplings existing between the SM gauge bosons themselves. Current bounds establish that the bilepton masses may be in the range of a few hundred of GeVs [15]. It is then feasible that these bileptons may show up through their virtual effects in low-energy processes. This is an important reason to investigate the effect of these particles on the W W γ vertex function. It is also interesting that, due to the SSB hierarchy, the splitting between the bilepton masses m_{Y ±} and m_Y 0 is bounded by m_W , so the bileptons would be almost degenerate since their masses are expected to be heavier than the W mass. Therefore, the gauge boson contribution to the static quantities of the W boson would depend on only one free parameter. As far as the scalar sector is concerned, this model predicts the existence of ten physical scalar bosons [16]: four neutral CP-even, two neutral CP-odd and four charged ones. From these scalar bosons, only three of them, two neutral CP-even and a charged one, couple with the W boson at the tree level because they are the only ones which get their masses at the Fermi scale. Furthermore, in order to reproduce the SM at low energies, we will concentrate on a scenario in which one of the neutral Higgs bosons coincides with the SM Higgs boson.

The rest of the paper is organized as follows. Sec. II is devoted to a brief description of the 331 model with right-handed neutrinos. In Sec. III we present the calculation of the static properties of the W boson. The numerical results are analyzed in Sec. IV, and the conclusions are presented in Sec. V.

II. BRIEF REVIEW OF THE 331 MODEL WITH RIGHT-HANDED NEUTRINOS

The features of the 331 model with right-handed neutrinos has been discussed to a large extent in Ref. [12]. Here we will only review those aspects which are relevant for the present discussion. The fermion spectrum of the model is shown in Table I. The three lepton families are arranged in triplets of SU_L(3), whereas in the quark sector it is necessary to introduce three exotic quarks D_1, D_2, and T . In order to cancel the SU_L(3) anomaly, two quark families must transform as SU_L (3) antitriplets and the remaining one as a triplet. It is customary to arrange the first two quark families in antitriplets and the third one in a triplet. This choice is meant to distinguish the possible new dynamics effects arising in the third family.

Leptons First two quark families Third quark family

f^i_L = ν^i_L e^i_L (ν^c_L)^i ∼ (1, 3, −1/3) Q^iL = d^i_L −u^i_L D^i_L ∼ (3, ¯3, 0) Q^3L = u^3_L d^3_L TL ∼ (3, 3, 1/3)

e^i_R ∼ (1, 1, −1) u^i_R ∼ (3, 1, 2/3) d^i_R ∼ (3, 1, −1/3) D^i_R ∼ (3, 1, −1/3) u^3_R ∼ (3, 1, 2/3) d^3_R ∼ (3, 1, −1/3) TR ∼ (3, 1, 2/3) TABLE I: Fermion spectrum of the 331 model with right-handed neutrinos, along with the quantum number assignments.

The electric charges of the exotic quarks are Q_{D1 D2} = −1/3 e and Q_T = 2/3 e. This is to be contrasted with the three new quarks, D, S and T , predicted by the minimal 331 model, whose charge is indeed exotic, namely Q_{D, S} = −4/3 e and Q_T = 5/3 e.

As already mentioned, the 331 model with right-handed neutrinos has the advantage that it requires a Higgs sector simpler than that introduced in the minimal version. In fact, only three triplets of SU_L(3) are needed to reproduce the known physics at the Fermi scale:

χ = ( Φ_3 χ^{′0} ) ∼ (1, 3, −1/3), ρ = ( Φ_1 ρ^{′ +} ) ∼ (1, 3, 2/3), η = ( Φ_2 η^{′0} ) ∼ (1, 3, −1/3), (1)

where Φ^†_1 = (ρ^−, ρ^{0∗}), Φ^†_2 = (η^{0∗}, η^+), and Φ^†_3 = (χ^{′0∗}, χ^+) are SU_L(2) × U_Y (1) doublets with hypercharge +1, −1, and −1, respectively. This is to be contrasted again with the minimal 331 model, which requires the presence of three triplets and one sextet [10]. The vacuum expectation value (VEV) < χ >^T = (0, 0, w/ √ 2) breaks down the SU_L(3) × U_N (1) group into SU_L(2) × U_Y (1). In this first stage of SSB, the new gauge bosons and quarks, as well as some physical scalars, get their masses. At the Fermi scale all the known SM particles and some physical scalar bosons are endowed with masses through the VEV < Φ_1 >= (0, v_1/ √ 2) and < Φ_1 >= (0, v_1/ √ 2). In this way, the Φ_1 and Φ_2 doublets break the SU_L(2) × U_Y (1) group into U_e(1).

In addition to the three exotic quarks, the model predicts the existence of five new gauge bosons: two singly charged Y^±, two neutral no self-conjugate Y^0, and a neutral self-conjugate Z^′. The Y^± and Y^0 gauge bosons are called bileptons because they carry two units of lepton number [13]. All the new particles acquire their masses at the w scale. At this stage of SSB, the exotic quarks together with the Z^′ boson emerge as singlets of the electroweak group. Consequently, these particles cannot interact with the W boson at the tree level. It follows that there is no contribution from the exotic quarks to the static electromagnetic properties of the W boson at the lowest order. As for the Z^′ boson, it couples to the W boson via the Z^′ − Z mixing induced at the Fermi scale, which means that the respective contribution to the W W γ vertex is expected to be strongly suppressed since it is proportional to the corresponding mixing angle, which is expected to be negligibly small [12]. On the other hand, the dynamical behavior of the bileptons is different since they arise as a doublet of the electroweak group at the w scale and thus have nontrivial couplings with the SM gauge bosons. Due to the fact that the SU_L(2) group is completely embedded in SU_L(3), the bileptons couple with the SM gauge bosons with a strength similar to that of the couplings existing between the SM gauge bosons. In particular, these new couplings are entirely determined by the coupling constant associated with SU_L(2) and the weak angle θ_W . When SU_L(2) × U_Y (1) is broken down to U_e(1), the masses of the bileptons receive new contributions. In the gauge sector, the mass eigenstates arise from the Higgs kinetic-energy term, which is given by

L = (D_μχ)^†(D^μχ) + (D_μρ)^†(D^μρ) + (D_μη)^†(D^μη), (2)

where D_μ is the covariant derivative associated with the SU_L(3) × U_N (1) group, which in the fundamental representation is given by

D_μ = ∂_μ − g λ^a 2 A^a_μ − ig_N λ^9 2 N_μ, (3)

with λ^a (a = 1, 2, · · · , 8) being the Gell-man matrices and λ^9 = √ 2/3 diag(1, 1, 1). Once this sector is diagonalized, there emerge the following mass-eigenstate fields:

Y^0_μ = 1 √ 2 ( A^4_μ − iA^5_μ ) , (4)

Y^−_μ = 1 √ 2 ( A^6_μ − iA^7_μ ) , (5)

W^+_μ = 1 √ 2 ( A^1_μ − iA^2_μ ) , (6)

with masses m^2_{Y 0} = g^2(w^2 + v^2)/4, m^2_{Y ±} = g^2(w^2 + v^2_1)/4, and m^2_W = g^2(v^2_1 + v^2)/4. From these expressions, it is easy to see that there is an upper bound on the splitting between the bilepton masses: | |m^2_{Y 0} − m^2_{Y ±} | | ≤ m^2_W . (7)

The remaining three gauge fields A^3_μ, A^8_μ,and N_μ define the self-conjugate mass eigenstates A_μ, Z_μ, and Z^′_μ [12]. As far as the Yang-Mills sector of the model is concerned, it is given by

L_{Y M} = − 1 4 F^a_{μν} F^{μν}_a − 1 2 N_{μν} N^{μν} , (8)

where F^a_{μν} = ∂_μA^a_ν − ∂_ν A^a_μ + f^{abc}A^b_μA^c_ν and N_{μν} = ∂_μN_ν − ∂_ν N_μ, being f^{abc} the structure constants associated with SU_L(3). After this Lagrangian is expressed in terms of mass eigenstate fields, it can be split into three SU_L(2)×U_Y (1)- invariant pieces: L_{Y M} = L^{SM}_{Y M} + L^{SM−NP}_{Y M} + L^{NP}_{Y M} , (9) where the first term represents the well known Yang-Mills sector associated with the electroweak group, whereas L^{SM−NP} Y M represents the interactions between the SM gauge fields and the heavy ones: L^{SM−NP} Y M = − 1 2 (D_μY_ν − D_ν Y_μ)^† (D^μY^ν − D^ν Y^μ) − iY^†_μ (gF^{μν} + g^′B^{μν}) Y_ν − ig 2 √ 3 − 4s^2_W c_W Z^′_μ ( Y^†_ν (D^μY^ν − D^ν Y^μ) − (D^μY^ν − D^ν Y^μ)^† Y_ν ) , (10)

where Y^†_μ = (Y^{0∗}_μ , Y^+_μ ) is a doublet of the electroweak group with hypercharge −1, and D_μ = ∂_μ − igA_μ + ig^′B_μ is the

covariant derivative associated with this group. We have introduced the definitions F_{μν} = σ^iF^i_{μν}/2, A_μ = σ^iA^i_μ/2,

and B_μ = Y B_μ/2, with σ^i the Pauli matrices. Finally, the last term in Eq. (9) is also invariant under the electroweak

group and comprises the interactions between the heavy gauge fields. There are no contributions to the W W γ vertex

arising from this Lagrangian and we refrain from presenting the respective expression here.

In the unitary gauge, the contributions to the W W γ vertex arise from the first two terms of the Lagrangian L^{SM−NP} Y M . These contributions are given by the vertices W^±Y^∓Y^0, W^±W^∓γ, Y^±W^∓Y^0γ, W^±W^∓Y^±Y^∓, and

W^±Y^∓Y^0γ. The corresponding Feynman rules are represented in Fig. 1.

FIG. 1: Unitary gauge Feynman rules for the vertices which contribute to the on-shell W W γ vertex in the gauge sector

of the 331 model with right-handed neutrinos. The arrows represent the flow of the 4-momenta. Sαλρ = (p − k2)λgρα + (k2 − k1)αgλρ + (k1 − p)ρgαλ , Tμλρ = (k2 − k1)μgλρ + (q − k2)λ gμρ + (k1 − q)ρgμλ , Uαβλρ = 2gαρgβλ − gαβ gλρ − gβρ gαλ, and Vμαλρ = gαλgρμ − 2gαμ gλρ + gαρ gλμ. As far as the scalar sector is concerned, it was analyzed in detail in Refs. [12, 16]. Although the most general

Higgs potential is very cumbersome, it gets simplified to a large extent if one assumes the discrete symmetry χ → −χ

[12, 16]. Under this assumption, the scalar potential can be written in the following way V (χ, ρ, η) = μ^2_1 ( η^†η ) + μ^2 ( ρ^†ρ ) + μ^2_3 ( χ^†χ ) + λ_1 ( η^†η )_2 + λ_2 ( ρ^†ρ )_2 + λ_3 ( χ^†χ )_2 + ( η^†η ) [ λ_4 ( ρ^†ρ ) + λ_5 ( χ^†χ )] + λ_6 ( ρ^†ρ ) ( χ^†χ ) + λ_7 ( ρ^†η ) ( η^†ρ ) + λ_8 ( χ^†η ) ( η^†χ ) + λ_9 ( ρ^†χ ) ( χ^†ρ ) + λ_{10} ( χ^†η + η^†χ )_2

. (11)

It is worthwhile to analyze the behavior of the scalar potential at the first stage of SSB. To this end we split V (χ, ρ, η)

into the following two terms

V (χ, ρ, η) = V (Φ_1, Φ_2) + V_w, (12) with

V (Φ_1, Φ_2) = μ^2_1(Φ^†_2Φ_2) + μ^2(Φ^†_1Φ_1) + λ_1(Φ^†_2Φ_2)^2 + λ_2(Φ^†_1Φ_1)^2 + λ_4(Φ^†_1Φ_1)(Φ^†_2Φ_2) + λ_7(Φ^†_1Φ_2)(Φ^†_2Φ_1), (13)

and V_w an intricate function which includes all those terms not appearing in V (Φ_1, Φ_2). V_w is not relevant for the present discussion, so we will refrain from presenting its explicit form here. We will content ourselves with mentioning that this term generates the heavy Higgs boson masses, i.e. those which are proportional to the w scale, whereas the the SM gauge bosons and the remaining physical scalar bosons receive their masses from V (Φ_1, Φ_2) at a relatively light scale. Note that V (Φ_1, Φ_2) corresponds to the scalar potential of a THDM and so there are five Higgs bosons, which are relatively light. In fact, the explicit diagonalization of V (χ, ρ, η) leads to five light and five heavy scalar bosons [16]. The light scalar bosons are, in the notation of [16], two neutral CP-even Higgs bosons, H_1 and H_2, a pair of charged ones, H^±_5 , and a massless neutral CP-odd Higgs boson, A_2. The last one would receive its mass through radiative corrections. As for the heavy Higgs spectrum, it is comprised by two neutral CP-even scalar bosons, H_3 and H^′_4, a neutral CP-odd one, A_1, and a pair of charged ones, H^±_6 . As pointed out in Ref. [16], the neutral CP-even scalar boson H_2 coincides with the SM one provided that λ_4 = λ_5. For the purpose of this work, it is enough to consider this scenario. For the sake of clarity, we will only present the expressions which relates the gauge states to the mass eigenstates of the light sector. The real part of the ρ^0 and η^0 neutral components of Φ_1 and Φ_2 define the CP-even states H_1 and H_2 via the following rotation

H_1 = c_βη^0_r − s_β ρ^0_r , (14) H_2 = s_β η^0_r + c_β ρ^0_r , (15)

where β is defined by tan β = (v_2/v_1), c_β = cos β, s_β = sin β, and the subscript r denotes the real part of the field. In the charged sector, the ρ^+ and η^+ components of Φ_1 and Φ_2 define the charged H^+_5 Higgs boson and the pseudo-Goldstone boson associated with the W gauge boson G^+_W :

H^+_5 = c_βη^+ + s_β ρ^+, (16) G^+_W = −s_β η^+ + c_βρ^+. (17)

Finally, the imaginary part of ρ^0 and η^0 define the pseudo-Goldstone boson associated with the Z gauge boson G_Z and the massless CP-odd scalar boson A_2.

Once the light Higgs mass eigenstates are defined, from the Higgs-kinetic term it is straightforward to obtain those couplings involving the W gauge boson. In order to analyze the behavior of the Higgs sector at the Fermi scale in the scenario with λ_4 = λ_5, we will present the full Lagrangian involving the couplings of the W boson to the neutral and charged Higgs bosons. It can be written as L = ( m^2_W + g m_W H_2 + g^2 4 ( H^2_1 + H^2_2 + 2H^−_5 H^+_5 ) ) W^−_μ W^{+μ}. (18)

There is a similar expression involving the Z boson. It is also interesting to note that there is no trilinear self-coupling of the H_1 Higgs boson. From this Lagrangian it is evident that the couplings of H_2 to the SM gauge bosons are SM-like, which means that it should be identified with the SM Higgs boson. So its contribution to the W W γ vertex should be considered as a part of the SM [4] rather than a new physics effect. In fact, the only contribution which can be considered as a new physics effect is that induced by the H^−_5 H^+_5 W W vertex. The model also induces the trilinear W^±H^∓_5 H_1 and quartic γW^±H_1H^∓_5 vertices, which also can contribute to the W W γ coupling. The corresponding Lagrangian for these terms can be written as L = ig 2 ( W^+_μ ( H_1∂^μH^−_5 − H^−_5 ∂^μH_1 ) − W^−_μ ( H_1∂^μH^+_5 − H^+_5 ∂^μH_1 )) + eg 2 H_1A_μ ( W^{+μ}H^−_5 + W^{−μ}H^+_5 ) . (19)

There is no analogous Lagrangian for H_2, which is in agreement with the fact that H_2 plays the role of the SM Higgs boson. It is worth noting that all of the couplings which contribute to the W W γ vertex are determined entirely by the coupling constant g, in contrast with the case of the most general THDM potential, which involves mixing angles. This fact will simplify considerably the analysis of the Δκ and ΔQ form factors as they will depend only on the H_1 and H^+_5 masses, which resembles the situation arising in the gauge sector, where the form factors depend only on the bilepton masses. In particular, since both H_1 and H^+_5 receive their masses at the Fermi scale, it is also reasonable to analyze the scenario in which they are degenerate. From the above Lagrangians it is straightforward to obtain the Feynman rules necessary for our calculation. For the sake of completeness they are shown in Fig. 2.

FIG. 2: Feynman rules for the vertices which contribute to the on-shell W W γ vertex in the scalar sector of the 331 model with right-handed neutrinos. The arrows represent the flow of the 4-momenta. The coupling of H2 to the W gauge boson is SM-like.

III. STATIC QUANTITIES OF THE W BOSON

In the usual notation, the most general CP-even on-shell W W γ vertex can be written as [4]

Γ^{μαβ} = i e { A [ 2 p^μg^{αβ} + 4 ( Q^β g^{μα} − Q^α g^{μβ} )] + Δκ ( Q^β g^{μα} − Q^α g^{μβ} ) + 4 ΔQ m^2_W p^μ Q^α Q^β } , (20)

where the momenta of the particles are denoted as follows. (p − Q)_α and (P + Q)_β are the momenta of the incoming and outgoing W boson, respectively, and 2Q_μ is that of the photon. We have dropped the CP-odd terms since they do not arise in the 331 model with right-handed neutrinos. This class of terms can be generated for instance in models in which the W boson couples to both left- and right-handed fermions simultaneously [17]. Both Δκ and ΔQ vanish at the tree level in the SM, and the one-loop corrections from the fermion, gauge, and scalar sectors are all of the order of α/π [4]. These form factors define the magnetic dipole moment (μ_W ) and the electric quadrupole moment (Q_W ) of the W boson, which are given by

μ_W = e 2 m_W (2 + Δκ) , (21)

Q_W = − e m^2_W

(1 + Δκ + ΔQ) . (22)

It is interesting to note that the gauge invariant form (20) is obtained only after adding up the full contributions of a particular sector of any specific model. Gauge invariance along with the cancellation of ultraviolet divergences are thus a test to check the correctness of the result.

In this work we are interested in the contribution to Δκ and ΔQ from the 331 model with right-handed neutrinos. As already explained, the exotic quarks do not contribute to the W W γ vertex, whereas the extra neutral boson Z^′ contribution arises from Z-Z^′ mixing and it is expected to be negligibly small. The only contributions to Δκ and ΔQ

FIG. 3: Feynman diagrams, in the unitary gauge, for the contribution to the on-shell W W γ vertex from the gauge sector of the 331 model with right-handed neutrinos.

arise from the gauge and scalar sectors. In the former, the static properties of the W boson receive contributions from both the neutral and singly-charged bileptons. As far as the scalar sector is concerned, it contributes via the neutral and singly charged Higgs bosons. Before presenting the results for these contributions, we would like to comment briefly on our calculation scheme, which has been already discussed in Refs. [8, 18].

Rather than solving the loop integrals by the Feynman parameters technique, one alternative is to use the Passarino- Veltman method [19] to reduce the tensor integrals down to scalar functions. However, this scheme cannot be applied together with the kinematic condition Q^2 = 0 since it requires the inversion of a matrix whose Gram determinant is directly proportional to Q^2. Nevertheless, the Passarino-Veltman reduction scheme can be safely applied for Q^2 ≠ 0, and the limit Q^2 → 0 can be taken at the end of the calculation, which usually requires the application of l’ Hôpital rule: lim_Q2_{→0} f(Q^2)/Q^2 = f^′(0). This means that the result is given in terms of scalar functions and its derivatives. It was shown in Ref. [18] that any N -point scalar function and its derivatives with respect to any of its arguments can be expressed in terms of a set of (N − 1)-point scalar functions when the kinematic Gram determinant vanishes. It follows that one can express the three-point scalar function C_0 appearing in the calculation and its derivative with respect to Q^2 in terms of two-point scalar functions B_0. The explicit reduction was presented in Ref. [18]. It is then straightforward to obtain the limit Q^2 → 0. The advantages of this method are twofold: it can be implemented in a computer program [20], which avoids the risk of any error, and the two-point scalar functions can be readily solved analytically or numerically [21]. This calculation scheme is suited to solve loop diagrams carrying vector bosons, which may give rise to some cumbersome tensor integrals.

A. Gauge boson contribution

We turn now to the contributions to ΔQ and Δκ from the Feynman diagrams of Fig. 3. The amplitudes for these diagrams can be written down with the help of the Feynman rules shown in Fig. 1. After applying the calculation scheme described earlier and taking into account Eq. (20) we are left with

ΔQ^Y = a ( 12 ξ η − χ^2 2 ξ η ) ( f_0(ξ, η) + f_1(ξ, η) log ( η ξ ) + f_2(ξ, η) arccot ( ξ + η − 1 χ )) , (23) and Δκ^Y = a 4 ξ^2 η ( g_0(ξ, η) + g_1(ξ, η) log ( η ξ ) + g_2(ξ, η) arccot ( ξ + η − 1 χ )) , (24)

where we have introduced the definitions a = g^2/(96 π^2), ξ = m^2_{Y ±} /m^2_W , η = m^2_{Y 0} /m^2_W , and χ^2 = 4 ξ η − (ξ + η − 1)^2. The f_i and g_i functions read

f_0(ξ, η) = − 2 3 − 2 (ξ − η)^2 + 3 ξ − η, (25)

FIG. 4: Feynman diagrams for the scalar contribution to the on-shell W W γ vertex in the 331 model with right-handed neutrinos. Although the H1 and H^±_5 scalar bosons also induce three two-point diagrams, they do not contribute to Δκ or ΔQ. In the scenario described in the text, H2 coincides with the SM Higgs boson, so the left-hand triangle contribution belongs to the SM and will not be considered a new physics effect.

f_1(ξ, η) = ( (η − ξ)^2 − 2 ξ ) (η − ξ) − ξ, (26)

f_2(ξ, η) = − 2 χ ( (ξ − η)^4 − η^3 − ξ − η (1 + η) ξ + (3 + 5 η) ξ^2 − 3 ξ^3 ) , (27)

g_0(ξ, η) = 9 η^3 + 6 η^4 + (ξ − 1)^2 (1 + ξ (7 + 16 ξ)) − η^2 (35 + ξ (59 + 98 ξ)) + η (19 + ξ (70 + ξ (3 + 4 ξ))) , (28)

g_1(ξ, η) = −3 η^5 + 3 η^4 (ξ − 1) − 2 η (ξ − 1) ξ (3 + ξ) (3 ξ − 1) + 2 (ξ − 1)^3 ξ (1 + 4 ξ) + η^3 (15 + ξ (32 + 49 ξ))

− 3 η^2 (3 + ξ (9 + ξ (3 + 17 ξ))) , (29)

g_2(ξ, η) = 2 ( 3 η^6 − 6 η^5 ξ + 2 (ξ − 1)^4 ξ (1 + 4 ξ) − 2 η (ξ − 1)^2 ξ (2 + ξ) (7 ξ − 1) − 2 η^4 (9 + ξ (19 + 23 ξ))

+ 2 η^3 ( 12 + ξ ( 31 + 45 ξ + 50 ξ^2 )) − 3 η^2 (3 + ξ (8 + ξ (22 + ξ (15 ξ − 16)))) ) . (30)

One interesting scenario is that in which the bileptons are degenerate, i.e. m^±_Y = m^0_Y = m_Y , which is actually a good assumption for m_Y 0 much larger than m_W because of the mass splitting (7). In this scenario we obtain

ΔQ^Y = a ζ (1 + 4 ζ (3 ζ − 1)) ( 1 − 1 3 ζ − 2 ζ − 1 √ 4 ζ − 1 arccot ( 2 ζ − 1 √ 4 ζ − 1 )) , (31) and Δκ^Y = a 2 ζ^2 ( 12 + ζ (19 − 36 ζ (1 + ζ)) + 1 2 ζ + (6 ζ − 1) (ζ (12 ζ (1 + ζ) − 7) − 2) √ 4 ζ − 1 arccot ( 2 ζ − 1 √ 4 ζ − 1 )) , (32)

with ζ = m^2_Y /m^2_W . It can be shown that in the heavy bilepton limit both (31) and (32) behave as m^2_W /m^2_Y at the leading order in m_Y . It is then evident that both form factors are insensitive to nondecoupling effects of heavy bileptons.

B. Scalar contribution

In the scenario discussed earlier, the W electromagnetic form factors are induced by the charged scalar H^±_5 and the neutral scalar bosons H_1 and H_2, which give rise to the Feynman diagrams shown in Fig. 4. The Feynman rules necessary for this calculation are shown in Fig. 2. We would like to mention that the neutral H_1 and the charged scalar H^±_5 bosons induce three additional two-point diagrams, but they are not shown in Fig. 4 as give no contribution to the electromagnetic form factors. Since the neutral Higgs boson H_2 coincides with the SM one, the contribution from the triangle diagram of the left-hand side of Fig. 4 is in fact a SM effect rather than a new physics effect. The result for this contribution was obtained long ago [4, 5]. As for the Feynman diagram of the right-hand side, it yields a contribution similar to that arising in the THDM, as can be inferred from the Feynman rules given in Fig. 2. Although this contribution was already obtained in terms of Feynman-parameter integrals [6], we would like to present an alternative result in terms of elementary functions. The calculation scheme described above yields

ΔQ^H = a ( f̃_0(λ, λ_+) + f̃_1(λ, λ_+) log ( λ_+ λ ) + f̃_2(λ, λ_+) arccot ( λ + λ_+ − 1 ~χ )) , (33) and Δκ^H = a ( g̃_0(λ, λ_+) + g̃_1(λ, λ_+) log ( λ_+ λ ) + g̃_2(λ, λ_+) arccot ( λ + λ_+ − 1 ~χ )) , (34)

with

f̃_0(λ, λ_+) = 2 3 + λ_+ (2 λ_+ − 3) + λ − 4 λ_+ λ + 2 λ^2, (35)

f̃_1(λ, λ_+) = −λ_+ (λ_+ − 1)^2 + λ_+ λ (3 λ_+ − 2) − 3 λ_+ λ^2 + λ^3, (36)

f̃_2(λ, λ_+) = 2 ~χ ( λ_+ (λ_+ − 1)^3 − λ_+ λ (λ_+ − 1) (4 λ_+ − 1) + λ_+ (6 λ_+ − 1) λ^2 − (1 + 4 λ_+) λ^3 + λ^4 ) , (37)

g̃_0(λ, λ_+) = 2 − λ_+ + 4 λ, (38)

g̃_1(λ, λ_+) = 1 2 ( 1 + (λ_+ − 2) λ_+ + λ − 5 λ_+ λ + 4 λ^2 ) , (39)

g̃_2(λ, λ_+) = − 1 ~χ ( (λ_+ − 1)^3 − 6 (λ_+ − 1) λ_+ λ + 3 (1 + 3 λ_+) λ^2 − 4 λ^3 ) . (40)

In these equations, λ, λ_+ and ~χ are given as follows. λ = m^2_{H1} /m^2_W , λ_+ = m^2_{H±5} /m^2_W , and ~χ^2 = 4 λ λ_+ −(λ+λ_+ −1)^2.

When both the neutral and the charged Higgs bosons are mass degenerate (λ_+ = λ = ζ̃) Eqs. (33) and (34) yield

ΔQ^H = 2 a 3 1 − 3 ζ̃ + 3 ζ̃ ( 2 ζ̃ − 1 ) √ 4 λ − 1 arccot ( 2 λ − 1 √ 4 λ − 1 ) , (41)

and

Δκ^H = a

2 + 3 ζ̃ + ( 1 − 3 ζ̃ ( 1 + 2 ζ̃ )) √ 4 λ − 1 arccot ( 2 λ − 1 √ 4 λ − 1 ) . (42)

We have numerically evaluated the above results and found agreement with those obtained in Ref. [6].

IV. NUMERICAL EVALUATION

We will now analyze the behavior of the form factors for some range of values of the bilepton and the Higgs boson masses. These are the only free parameters which enter into ΔQ and Δκ. We will analyze separately each contribution.

A. Gauge boson contribution

To begin with, it is worth analyzing the current bounds on the bilepton masses from both theoretical and experimental grounds. First of all, it is interesting to note that the matching of the gauge couplings constants at the SU_L(3) × U_X (1) breaking leads to 4 sin θ_W ≤ 1 in the minimal 331 model [10], from which an upper bound on the bilepton masses can be derived, namely m_Y ≲ 1 TeV. Therefore, this model would be confirmed or ruled out by collider experiments in a near future. The version with right-handed neutrinos requires however that 4 sin θ_W ≤ 3, which yields no useful constraint on m_Y . As already mentioned, because of the symmetry breaking hierarchy, the splitting | |m2_{Y ±} − m2_{Y 0} | | is bounded by the W boson mass. Therefore m_{Y 0} and m_{Y ±} are not arbitrary at all. One cannot, for instance, make large m_{Y ±} while keeping fixed m_Y 0 or viceversa. In fact, when m_Y 0 ≫ m_W , the charged and neutral bileptons would become degenerate. As far as the lower bounds on the bilepton masses are concerned, in Ref. [12] it was argued that the data from neutrino neutral current elastic scattering give a lower bound on the mass of the new neutral gauge boson m_{Z2} in the range of 300 GeV, which along with the symmetry-breaking hierarchy yield m_Y ± ∼ m_{Y0} ∼ 0.72 m_{Z2} ≥ 220 GeV. A similar bound was obtained in Ref. [14] from the observed limit on the “wrong” muon decay R = Γ(μ^− → e^−ν_eν̄_μ)/Γ(μ^− → e^−ν̄_eν_μ) ≤ 1.2%, which leads to m_Y ± ≥ 230 ± 17 GeV at 90% C.L. These lower bounds on m^±_Y are in agreement with that obtained from the latest BNL measurement on the muon anomaly [12, 15].

According to the above discussion, we deem it interesting to evaluate the form factors in the range 100 GeV ≤ m_Y 0 ≤ 1000 GeV, which will be useful to illustrate their behavior and get an idea about their size. At this point it is important to mention that to cross-check our results, the form factors were obtained independently by the Feynman parameters method. The integrals were evaluated numerically and the result was compared with the one obtained by the Passarino-Veltman method. A perfect agreement was observed. We refrain from presenting the results in terms of parametric integrals since the closed expressions (23) and (24) can be handled more easily.

The Δκ^Y and ΔQ^Y form factors are shown in Fig. 5 and Fig. 6 as a function of the neutral bilepton mass. There are two curves in each plot, which correspond to the extremal values of m_Y ± , namely m^2_{Y ±} = m^2_Y 0 − m^2_W and m^2_{Y ±} = m^2_{Y 0} + m^2_W . The form factors are restricted to lie in the area surrounded by the two extremal lines. In Fig. 5 it is clear that the bileptons can give a negative or positive contribution to Δκ^Y , which depends on which bilepton is the heaviest. Also, we can observe that Δκ^Y is sensitive to the value of the splitting and has a larger size for nondegenerate bileptons than for degenerate bileptons. The Δκ^Y form factor in the latter scenario is displayed in Fig. 7. In this plot we can observe that, when one of the bilepton masses is close to m_W and the splitting is maximal, Δκ^Y can have a size of about one order of magnitude above than the one obtained when there is degeneracy of the bilepton masses. On the contrary, ΔQ^Y is less sensitive to the mass splitting and the extremal values of m_Y ± yield values of the same order of magnitude than the one observed in the degenerate case, which is also shown in Fig. 7. From these plots we can conclude that the size of the contribution to the form factors from the gauge sector of the 331 model with right-handed neutrinos is about of the same order of magnitude than the one obtained in the case of the bilepton contribution in the minimal 331 model and in the case of the contributions of other SM extensions. The larger absolute values are obtained for lighter bileptons and when the charged bilepton mass reaches its maximal allowed value. It is interesting to note that all weakly coupled theories studied up to now give a contribution to the W form factors of similar size [6, 7, 8].

In Fig. 7, we can clearly see that both Δκ^Y and ΔQ^Y are insensitive to heavy physics effects and approach to zero very quickly as the bilepton masses increase. The only scenario which may give rise to nondecoupling effects is that in which one bilepton mass is kept fixed while the other is made very large, which of course is forbidden by the mass splitting constraint (7). In Ref. [8] we already discussed a similar situation arising in the minimal 331 model, with a doubly charged bilepton playing the role of the neutral one. This case also resembles the one discussed in Ref. [22] for a scalar doublet which acquires mass from a bare parameter. The reason why there is no decoupling effects is not surprising since a large bilepton mass implies a large VEV which is heavier than the electroweak scale. On the contrary, the splitting between the bilepton masses arises from VEVs which are of the size of the electroweak scale. This is to be contrasted with the case of a fermion pair accommodated in a SU_L(2) doublet, which are known to give rise to nondecoupling effects. Since the fermions acquire their masses from Yukawa couplings, a large fermion mass implies a large coupling, whereas a heavy bilepton mass implies a large VEV instead of a large coupling. The former scenario is the one which is known to break down the decoupling theorem [23]. Very interestingly, even in those scenarios in which Δκ^Y is sensitive to heavy physics effects, ΔQ^Y is not [3]. The decoupling theorem establishes that only those terms arising from renormalizable operators may be sensitive to nondecoupling effects, whereas those terms induced by nonrenormalizable operators are suppressed by inverse powers of the heavy mass [23]. Thus ΔQ^Y always decouples when one particle circulating in the loop is made large since it is generated by a nonrenormalizable dimension-six operator, but Δκ^Y may be sensitive to nondecoupling effects as it is induced by a dimension-four operator.

FIG. 5: Gauge boson contribution to Δκ in the 331 model with right-handed neutrinos as a function of the mass of the neutral bilepton when the charged bilepton mass is maximal (solid line) and minimal (dashed line). According to the mass splitting, the extremal values are given by m^2_{Y ±} = m^2_Y 0 ∓ m^2_W . The form factor is restricted to lie in the area enclosed by the lines.

FIG. 6: The same as in Fig. 5 for the ΔQ form factor.

B. Scalar contribution

The scalar contribution to the Δκ and ΔQ form factors is shown in Figs. 8 and 9 as a function of the charged Higgs boson mass and for different values of the neutral Higgs boson mass. We would like to emphasize that the values shown in those plots correspond to the contribution from new physics only. From these Figs., we can observe that both Δκ^H and ΔQ^H decreases rapidly for increasing m_H±_5 . In fact, the latter goes to zero quickly as either m_{H1} or m_H±_5 increase. Although Δκ^H seems to increase with increasing m_{H1} for a relatively light m_H±_5 , it approaches the limiting value Δκ^H = a for very large m_{H1} . We can also observe that when the scalar boson masses are of the same size than those of the bilepton gauge bosons, the contribution from the Higgs sector is about one order of magnitude below than that of the gauge sector. In fact, if the scalar boson masses are degenerate, the respective contribution to

FIG. 7: Bilepton contribution to the Δκ (solid line) and ΔQ (dashed line) form factors, in units of a, in the 331 model with right-handed neutrinos when the bileptons are degenerate and have a mass mY .

FIG. 8: Scalar contribution to Δκ in the 331 model with right-handed neutrinos as a function of m_H±_5 for different values of the mass of the neutral Higgs boson mH_1 : 115 GeV (solid line), 250 GeV (dashed line) and 500 GeV (dahed-dotted line) .

FIG. 9: The same as in Fig. 5 for the ΔQ form factor.

Δκ and ΔQ is very small, as shown in Fig. 10. As pointed out in Ref. [6], this is a reflect from the fact that the Higgs boson is not strongly interacting. Thus, for the Higgs sector to give a large correction to the W form factors, it would be necessary to have the contributions from an unrealistic number of Higgs bosons. Although we have restricted to a particular form of the scalar potential, we can conclude that we cannot expect large contributions from this sector even in the most general case.

It is interesting to analyze the behavior of Eqs. (33) and (34) in the decoupling limit. It turns out that ΔQ^H always vanishes no matter which one of m_{H1} or m_H±_5 is made large. On the other hand, Δκ^H do may give rise to nondecoupling effects. If both m_{H1} and m_H±_5 become simultaneously large, Δκ^H vanishes, but when m_{H1} becomes infinite and m_H±_5 remains finite, it approaches the constant value Δκ^H = a; when the situation is reversed, Δκ^H → −a/2. This is in accordance the previous discussion on the decoupling properties of the W form factors.

Finally, we would like to compare the size of the new contributions with those of the SM, which is known to give

FIG. 10: Scalar contribution to the Δκ (solid line) and ΔQ (dashed line) form factors, in units of a, in the 331 model with right-handed neutrinos when H1 and H^±_5 are degenerate and have a mass mS .

the following one-loop corrections to Δκ and ΔQ [4]: Δκ^{SM}_{max} = 30 a and ΔQ^{SM}_{max} = 5 a. The contribution from the 331 model with right-handed neutrinos is thus only a few percent that of the SM. From all the studies presented in the literature [7], it can be inferred that only those models in which there are contributions from a large number of particles would have the chance of giving large corrections to the W form factors.

V. FINAL REMARKS

In this work we have calculated the static quantities of the W boson in the framework of the 331 model with right-handed neutrinos. Apart from the usual SM contributions, there is new contributions from the gauge and the scalar sectors. In the former there is a new contribution induced by a singly charged Y^± and a complex neutral gauge boson Y^0, called bileptons. In the scalar sector there is the contribution from a singly charged Higgs boson H^±_5 and two neutral scalar bosons H_1 and H_2, but H_2 coincides with the SM Higgs boson and its contribution should be identified with a SM effect rather than with new physics. Although the model predicts three exotic quarks and an extra neutral gauge boson Z^′, these particles give no contribution to ΔQ and Δκ. It turns out that the exotic quarks do not couple to the W boson as they are SU_L(2) singlets, whereas Z^′ can only contribute trough Z − Z^′ mixing and its contribution is expected to be negligibly small. Analytical expressions were presented for both nondegenerate and degenerate masses of the bileptons and the Higgs bosons. The loop integrals were worked out by a modified version of the Passarino-Veltman reduction scheme. To cross-check our results, the form factors were obtained independently by the Feynman parameter technique and the resulting integrals were numerically evaluated and compared with the results obtained through the Passarino-Veltman method. It was found that the new contributions can be of the same order of magnitude as those arising in other weakly coupled renormalizable theories. It is interesting to note that the contribution from the scalar sector is similar to that of a THDM. This means that the form factors will not help to discriminate between different theories. Instead the on-shell W W γ vertex would be useful to test the particular theory realized in nature with high precision once all the free parameters of the theory are known. In the scenario in which the non SM particles circulating in the loops (bileptons or Higgs bosons) are degenerate, the form factors are smaller than in the case in which they are nondegenerate. It was also found that in the scenario in which the bilepton and scalar boson masses are of the same order of magnitude, the gauge sector gives dominant contribution to the W form factors. The nondecoupling properties of the Δκ and ΔQ form factors were analyzed. It was found that ΔQ is always of decoupling nature, whereas Δκ is sensitive to heavy Higgs bosons but insensitive to heavy bileptons. In fact, the numerical analysis shows that the contribution from a heavy bilepton with mass of the order of 1 TeV is negligibly small.

Acknowledgments

Support from CONACYT and SNI is acknowledged. G.T.V also thanks partial support from SEP-PROMEP.

[1] For a review on trilinear gauge boson couplings see J. Ellison and J. Wudka, Annu. Rev. Nucl. Part. Sci. 48, 33 (1998);

and references therein.

[2] K. J. Kim and Y. S. Tsai, Phys. Rev. D 7, 3710 (1973); K. J. F. Gaemers and G. J. Gounaris, Z. Phys. C 1, 259 (1979);

K. Hagiwara, R. D. Peccei, D. Zeppenfeld, and K. Hikasa, Nucl. Phys. B282, 253 (1987). [3] T. Inami, C. S. Lim, B. Takeuchi, and M. Tanabashi, Phys. Lett. B 381, 458 (1996). [4] W. A. Bardeen, R. Gastmans, and B. Lautrup, Nucl. Phys. B46, 319 (1972).

[5] E. N. Argyres, G. Katsilieris, A. B. Lahanas, C. G. Papadopoulos and V. C. Spanos, Nucl. Phys. B391, 23 (1993). [6] G. Couture, J. N. Ng, J. L. Hewett, and T. G. Rizzo, Phys. Rev. D 36, 859 (1987).

[7] C. L. Bilachak, R. Gastmans, and A. van Proeyen, Nucl. Phys. B273, 46 (1986); G. Couture, J. N. Ng, J. L. Hewett, and T. G. Rizzo, Phys. Rev. D 38, 860 (1988); A. B. Lahanas and V. C. Spanos, Phys. Lett. B 334, 378 (1994); T. M. Aliyev, ibid. 155, 364 (1985); A. Arhrib, J. L. Kneur, and G. Moultaka, ibid. 376, 127 (1996); N. K. Sharma, P. Saxena, Sardar Singh, A. K. Nagawat, and R. S. Sahu, Phys. Rev. D 56, 4152 (1997); T. G. Rizzo and M. A. Samuel, ibid. 35, 403 (1987); A. J. Davies, G. C. Joshi, and R. R. Volkas, ibid. 42, 3226 (1990); F. Larios, J. A. Leyva, and R. Martínez, ibid. 53, 6686 (1996); G. Tavares-Velasco and J. J. Toscano, ibid. 69, 017701 (2004); E. N. Argyres, A. B. Lahanas, C. G. Papadopoulos and V. C. Spanos, Phys. Lett. B 383, 63 (1996) [8] G. Tavares-Velasco and J. J. Toscano, Phys. Rev. D 65, 013005 (2001). [9] J. Papavassiliou and K. Philippides, Phys. Rev. D 48, 4255 (1993).

[10] F. Pisano and V. Pleitez, Phys. Rev. D 46, 410 (1992); P. H. Frampton, Phys. Rev. Lett. 69, 2889 (1992).

[11] For some of the most recent works on 331 models see for instance: G. Tavares-Velasco and J. J. Toscano, Phys. Rev. D 65, 013005 (2001); Phys. Lett. B 472, 105 (2000); Europhys.Lett. 53, 465 (2001); A. G. Dias, C. A. de S. Pires and P. S. R. da Silva, arXiv: hep-ph/0309058; H. N. Long and N. Q. Lan, Europhys. Lett. 64, 571 (2003); A. G. Dias and V. Pleitez, arXiv: hep-ph/0308037; C. A. de S. Pires and P. S. Rodriques da Silva, arXiv: hep-ph/0307253; A. Gusso, C. A. de S. Pires and P. S. Rodrigues da Silva, Mod. Phys. Lett. A 18, 1849 (2003); J. E. Cieza Montalvo and M. D. Tonasse, Phys. Rev. D 67, 075022 (2003); M. B. Tully and G. C. Joshi, Phys. Rev. D 64, 011301 (2001); J. C. Montero, C. A. de S. Pires and V. Pleitez, Phys. Rev. D 66, 113003 (2002); D. Fregolente and M. D. Tonasse, Phys. Lett. B 555, 7 (2003); I. Gogoladze, Y. Mimura and S. Nandi, Phys. Lett. B 554, 81 (2003).

[12] R. Foot, H. N. Long, and Tuan A. Tran, Phys. Rev. D 50, R34 (1994), H. N. Long, Phys. Rev. D 54, 4693 (1996); N. Anh Ky, H. N. Long, and D. V. Soa, Phys. Lett. B 486, 140 (2000); H. N. Long and D. V. Soa, Nucl. Phys. B601, 361 (2001).

[13] For a review on bilepton physics see: F. Cuypers and S. Davidson, Eur. Phys. J. C 2, 503 (1998). [14] H. N. Long and T. Inami, Phys. Rev. D 61, 075002 (2000).

[15] N. A. Ky and H. N. Long, arXiv: hep-ph/0103247; H. N. Long and L. P. Trung, Phys. Lett. B 502, 63 (2001); N. A. Ky, H. N. Long, D. V. Soa, L. P. Trung and V. T. Van, arXiv: hep-ph/0009187.

[16] H. N. Long, Mod. Phys. Lett. A13, 1865 (1998).

[17] D. Atwood, C. P. Burgess, C. Hamzaoui, B. Irwin, J. A. Robinson, Phys. Rev. D 42, 3770 (1990); C.P. Burgess, M. Frank, and C. Hamzaoui, Z. Phys. C 70, 145 (1996); G. Tavares-Velasco, and J. J. Toscano, unpublished.

[18] R. G. Stuart, Comput. Phys. Commun. 48, 367 (1988); G. Devaraj and R. G. Stuart, Nucl. Phys. B519, 483 (2000). [19] G. Passarino and M. Veltman, Nucl. Phys. B160, 151 (1979); see also A. Denner, Fortschr. Phys. 41, 307 (1993). [20] R. Mertig, M. Bohm, and A. Denner, Comput. Phys. Commun. 64, 345 (1991).

[21] G. J. van Oldenborgh, Comput. Phys. Commun. 66 1 (1991); T. Hahn and M. Pérez-Victoria, arXiv: hep-ph/9807565. [22] L. F. Li, Z. Phys. C 58, 519 (1993).

[23] T. Appelquist and J. Carazzone, Phys. Rev. D 11, 2856 (1975); J. Collins, F. Wilczek, and A. Zee, Phys. Rev. D 18, 242 (1978); D. Toussaint, Phys. Rev. D 18, 1626 (1978); L. H. Chan, T. Hagiwara, and B. Ovrut, Phys. Rev. D 20, 1982 (1979).