arXiv:hep-ph/0604102 v2 12 Jul 2006

FERMILAB-PUB-06-065-T,BNL-06/2

Higgs Triplets and Limits from Precision Measurements

Mu-Chun Chen,^1 Sally Dawson,^2 and Tadas Krupovnickas^2 1Theoretical Physics Department, Fermilab, Batavia, IL 60510, USA 2Department of Physics, Brookhaven National Laboratory, Upton, NY 11973-5000, USA (Dated: July 12, 2006)

In this letter, we present our results on a global fit to precision electroweak data in a Higgs triplet model. In models with a triplet Higgs boson, a consistent renormalization scheme differs from that of the Standard Model and the global fit shows that a light Higgs boson with mass of 100 − 200 GeV is preferred. Triplet Higgs bosons arise in many extensions of the Standard Model, including the left-right model and the Little Higgs models. Our result demonstrates the importance of the scalar loops when there is a large mass splitting between the heavy scalars. It also indicates the significance of the global fit.

PACS numbers: 14.80.Cp, 12.15.Lk

1. Introduction: One of the major goals of the LHC is uncovering the mechanisms of electroweak symmetry breaking and the generation of fermion masses. In the Standard Model (SM) of particle physics, the masses of gauge bosons and fermions are generated by the interactions with a single scalar field. After spontaneous symmetry breaking, a neutral CP-even Higgs boson, h, remains as a physical particle and the fermion and gauge boson masses arise through couplings to the Higgs boson. Discovering the Higgs particle and measuring its properties is central to an understanding of electroweak symmetry breaking.

Measurements at LEP, SLD, and the Tevatron have been extensively used to restrict the parameters of the Standard Model. In the SM, the mass of the Higgs boson is strongly constrained by precision electroweak measurements. If there are new particles or new interactions beyond those of the SM, a global fit to the experimental data can yield information about the allowed parameters of the model.

In models which contain more Higgs bosons than the SU (2)_L doublet of the SM, there are more parameters in the gauge/Higgs sector than in the Standard Model. If these additional Higgs bosons are in SU (2)_L representations other than singlets and doublets, the SM relation, ρ = M^2_W /(M^2_Z cos^2 θ_W ) = 1 does not hold at tree level. This has the implication that when the theory is renormalized at one-loop, extra input parameters beyond those of the SM are required [1, 2, 3, 4, 5, 6].

In this letter we consider a simple model with ρ ≠ 1 at tree level, the Standard Model with a Higgs doublet and an additional Higgs triplet. Higgs triplets are an essential ingredient of the Little Higgs (LH) class of models and so have received significant attention recently [7].

LH models [7] are a new approach to understanding the hierarchy between the TeV scale of possible new physics and the electroweak scale, v = 246 GeV = ( √ 2G_F )^{−1/2}. These models have an expanded gauge structure at the TeV scale which contains the Standard Model SU (2) × U (1) electroweak gauge groups. The LH models are constructed such that an approximate global symmetry prohibits the Higgs boson from obtaining a quadratically divergent mass until at least two loop order. The Higgs boson is a pseudo-Goldstone boson resulting from the spontaneous breaking of the approximate global symmetry and so is naturally light. The Standard Model then emerges as an effective theory which is valid below the scale f associated with the spontaneous breaking of the global symmetry. LH models contain weakly coupled TeV scale gauge bosons from the expanded gauge structure, which couple to the Standard Model fermions. In addition, these new gauge bosons typically mix with the Standard Model W and Z gauge bosons. Modifications of the electroweak sector of the theory, however, are severely restricted by precision electroweak data and require the scale of the little Higgs physics, f, to be in the range f > 1−6 T eV [8], depending on the specifics of the model. The LH models also contain expanded Higgs sectors with additional Higgs doublets and triplets, as well as a new charge 2/3 quark, which have important implications for precision electroweak measurements [5]. In Ref. [5] we found that by including the one-loop contributions from the heavy scalars, the scale f can be lowered. We have also observed the non-decoupling behaviour of the triplet. The non-decoupling of the scalar fields in models with additional scalar fields that acquire electroweak breaking VEV was first pointed out in Ref. [9].

The effects of the prediction for the W −boson mass in a Higgs triplet model were considered in Ref. [6] and here we present a global fit to the electroweak observables in this model.

2. The Triplet Model: We consider the Standard Model with an additional Higgs boson which transforms as a real triplet under the SU (2)_L gauge symmetry. The SU (2)_L Higgs doublet is identical to that of the SM, H = ( ϕ^+ 1√ 2 (v + η^0 + iϕ^0) ) , (1)

while the real triplet is

Φ = η^+ v^′ + η^0 η^− . (2)

The W boson mass is given by,

M^2_W = g^2 4 (v^2 + v^{′2}) , (3)

leading to the relationship v^2_{SM} = (246 GeV)^2 = v^2 +v^{′2}.

There are four physical Higgs bosons in the spectrum: two neutral Higgs bosons, H^0 and K^0, and a charged Higgs boson, H^±. The mixing between the two neutral Higgs bosons is described by an angle γ, ( H^0 K^0 ) = ( c_γ s_γ −s_γ c_γ ) ( ϕ^0 η^0 ) . (4)

The charged Higgs bosons H^± are linear combinations of the charged components in the doublet and the triplet, with a mixing angle δ, ( G^± H^± ) = ( c_δ s_δ −s_δ c_δ ) ( ϕ^± η^± ) , (5)

where G^± are the Goldstone bosons corresponding to the longitudinal components of W^±.

In terms of the custodial symmetry violating parameter, ρ, the relation between the W and Z boson masses is modified from the SM relationship, ρ = 1, to be, ρ = M^2_W M^2_Z cos^2 θ_W = 1 cos^2 δ

. (6)

where v^′ =^1_2 v tan δ .

The symmetry breaking in this model is described by the following scalar potential,

V (H, Φ) = μ^2_1 | H |_2 + 1 2 μ^2Φ^2 + λ_1 | H |_4 + 1 4 λ_2Φ^4 + 1 2 λ_3 | |H | |^2Φ^2 + λ_4H^†σ^αHΦ_α , (7)

where σ^α denotes the Pauli matrices. This model has six parameters in the scalar sector, ( μ^2_1, μ^2, λ_1, λ_2, λ_3, λ_4 ) . Equivalently, we can choose ( M_H0 , M_K0 , M_H± , v, tan δ, tan γ ) as the independent parameters. Two of these six parameters, v and tan δ, contribute to the gauge boson masses. The six independent parameters in the scalar sector, along with the gauge couplings, g and g^′ completely describe the theory. We can equivalently choose the muon decay constant, G_μ, the Z-boson mass, M_Z , the effective leptonic mixing angle, s_θ ≡ sin^2 θ_{eff} , and the fine structure constant evaluated at M_Z , α(M_Z ), as our input parameters, along with M_H0 , M_K0 , and M_H± and tan γ and the fermion masses, m_f .

From the minimization conditions, we obtain,

4μ^2t_δ + λ_2v^2t^3_δ + 2λ_3v^2t_δ − 4λ_4v = 0 (8)

μ^2_1 + λ_1v^2 + 1 8 λ_3v^2t^2_δ − 1 2 λ_4vt_δ = 0 , (9) where t_δ ≡ tan δ. Consider the case when there is no mixing in the neutral sector,

∂^2V ∂ϕ^0∂η^0 = 1 2 λ_3v^2t_δ − λ_4v = 0 , (10)

the condition tan δ = (2λ_4/λ_3v) then follows. In the absence of the neutral mixing, γ = 0, in order to take the charged mixing angle δ to zero while holding λ_4 fixed, one thus has to take λ_3 to infinity. In other words, for the triplet to decouple requires a dimensionless coupling constant λ_3 to become strong, leading to the breakdown of the perturbation theory. Alternatively, the neutral mixing angle γ can approach zero by taking μ^2 → ∞ while keeping λ_3 and λ_4 fixed. In this case, the minimization condition implies that the charged mixing angle δ has to approach zero. This corresponds to the case where the custodial symmetry is restored, as the triplet VEV vanishes, v^′ = 0. However, severe fine-tuning is needed to satisfy the minimization condition. Another way to get δ → 0 is to have λ_4 → 0. This corresponds to a case in which the model exhibits tree level custodial symmetry. So unless one imposes by hand a symmetry to forbid λ_4, four input parameters are always needed in the renormalization. As the neutral mixing angle, γ, does not contributes to the gauge boson masses, it is assumed to be zero hereafter and thus the scalar sector consists only five parameters. Having a non-zero value for γ does not change our conclusions. The effects on the heavy scalar masses in the presence of a non-zero γ can be found in Ref. [10].

The effective leptonic mixing angle is defined through the vector and axial vector parts of the effective 1-loop Zee coupling, g^e_V and g^e_A, as,

1 − 4 sin^2 θ_{eff} = Re(g^e_V ) Re(g^e_A) , (11)

while the counter term for sin^2 θ_{eff} is given by [16], δs^2_θ s^2_θ

= Re { c_θ s_θ [ g^{e 2}_{V 0} − g^{e 2}_{A0} 2s_θc_θg^e_{A0} Σ^e_A(m_e) +

Σ^{γZ} (M_Z ) M^2_Z − g^e_{V 0} 2s_θc_θ ( Λ^{Zee}_V (M_Z ) g^e_{V 0} − Λ^{Zee}_A (M_Z ) g^e_{A0} )]} . (12)

Here g^e_{V 0} and g^e_{A0} are the tree level vector and axial vector parts of the Zee coupling, Σ^e_A is the axial part of the electron self-energy, Λ^{Zee}_{V,A} are the un-renormalized Zee vertex corrections, and Σ^{γZ} is the γ − Z two point mixing function. Experimentally, the measured values for these input parameters are [12], G_μ = 1.16637(1) × 10^{−5} GeV^{−2}, M_Z = 91.1876(21) GeV, M_W = 80.410(32) GeV, sin^2 θ_{eff} = 0.2315(3) and α(M_Z ) = 1/128.91(2).

We emphasize that the case considered here is different from the model considered by Chankowski et al. in [13]. In the present example, a triplet Higgs which has a VEV that breaks the electroweak symmetry is present, while in the model of Ref. [13], additional scalar fields except the

Observable Experimental Value MW 80.410 ± 0.032 GeV ΓZ 2.4952 ± 0.0023 GeV RZ 20.767 ± 0.025 Rb 0.21629 ± 0.00066 Rc 0.1721 ± 0.0030 ALR 0.1465 ± 0.0032 Ab 0.923 ± 0.020 Ac 0.670 ± 0.027 A^{0,l}_{F B} 0.01714 ± 0.00095 A^{0,b}_{F B} 0.0992 ± 0.0016 A^{0,c}_{F B} 0.0707 ± 0.0035

TABLE I: Precision data included in the global fit [11].

SM Higgs boson acquire VEVs that break the electroweak symmetry. In their case the effects of the additional Higgs multiplets can be decoupled from the SM predictions.

3. Global fit: Here we present a global fit to the suite of electroweak precision measurements shown in Table 1. The observables in the triplet Higgs model are calculated at 1-loop order using the results of Refs. [2] and [6]. Due to the presence of the extra Higgs bosons, the theoretical predictions are different from those of the Standard Model.

The effective vector and axial vector couplings of the fermion f to the Z boson, g^f_V and g^f_A, are determined at one loop in the triplet model,

g^f_V = ( ρ 1 − Δr̃ 1 + Π̂^Z (M^2_Z ) )_{1/2} (13) · [ g^f_{V 0} + 2s_θc_θQ_f Π̂^{γZ} (M^2_Z ) + F^{Zf}_V (M^2_Z ) ]

g^f_A = ( ρ 1 − Δr̃ 1 + Π̂^Z (M^2_Z ) )_{1/2} · [ g^f_{A0} + F^{Zf}_A (M^2_Z ) ] .(14)

They completely determine the observables of Table 1.

Using the one-loop corrected effective couplings g^f_V and g^f_A, we can then calculate various Z-pole observables. The on-resonance asymmetries A_f are determined by the effective coupling constants via the following relation,

A_f = 2g^f_V g^f_A (g^f_V )^2 + (g^f_A)^2

. (15)

Specifically, the left-right asymmetry is defined as A_{LR} = A_e, and the forward-backward asymmetry of the fermion as A^f_{F B} =^3_4 A_eA_f . The dependence of the asymmetries on the scalar masses and m_t appears only at O((^1_{16π2} )^2) in the Higgs triplet model. As a result, predictions for various asymmetries, A_{LR}, A_b, A_c, A^{0ℓ}_{F B} , A^{0,b}_{F B} and A^{0,c}_{F B} , are relatively insensitive to m_t and to the scalar masses, M_H0 , M_K0 , and M_H+ . The prediction for the left-right asymmetry, A_{LR}, is shown in Fig. 1.

The partial width of Z decay to the fermion pair ff is

FIG. 1: Prediction for the left-right asymmetry, ALR = Ae, as a function of mt.The scalar masses, m_H0 , m_K0 and m_H+ are taken to be equal and are allowed to vary between 60 GeV to 1 TeV. The error bars on the data point represent the 1σ experimentally allowed region.

given by [2],

Γ_f = Γ_0 ( (g^f_V )^2 + (g^f_A)^2 ( 1 − 6m^2_f M^2_Z )) (16) · ( 1 + Q^2_f 3α 4π ) + ΔΓ^f_{QCD} ,

where Γ_0 = √ 2N^f_C G_μM^3_Z

12π , N^f_C = 1 (3) for leptons (quarks), and ΔΓ^f_{QCD} summarizes the QCD corrections [2]. Note that g^f_V and g^f_A are the one-loop effective coupling constants, determined by Eq. 13 and 14. The factor (1 + 3αQ^2_f /4π) includes the corrections to the prefactor in the partial decay width. The total Z width is the sum of the fermion partial widths, Γ_Z = ∑ f Γ_f . Various ratios at the Z-pole are included in the fit and are defined as, R_Z = Γ_{had}/Γ_e, R_c = Γ_c/Γ_{had}, and R_b = Γ_b/Γ_{had}.

A numerical fit to just the W mass showed that there were large cancellations between the various contributions in the Higgs triplet model and the lightest neutral Higgs boson could be heavy, as shown in Fig. 2. (All of our fits take γ = 0). This has been observed previously in generic models where ρ ≠ 1 at tree level [2, 6]. Furthermore, the prediction for M^2_W exhibits a logarithmic dependence, rather than a quadratic one, on m_t. In other words, the m^2_t dependence in the case with a triplet Higgs has been absorbed into the definition of sin^2 θ_{eff} (or equivalently, the definition of ρ.)

It is interesting to note the pivotal role of Γ_Z in the fit. In the global fit without including the constraint from the experimental value of Γ_Z, the allowed parameter space for M_H0 is rather broad, ranging from 100 GeV to 1 TeV. This is consistent with the fit obtained

FIG. 2: Prediction for MW as a function of mt for M_H0 = 120, 500 and 1000 GeV[6]. The masses for M_H+ and M_K0 are taken to be 300 GeV. The error bars on the data point represent the 1σ experimentally allowed region.

to the W mass alone. However, if we include the constraint from the Γ_Z measurement, the best fit to the data then occurs for a light Standard Model like Higgs boson with 100 GeV < M_H0 < 200 GeV and degenerate M_H± = M_K0 , as illustrated in Fig. 3. Note that the fit is not sensitive to the mass of the degenerate Higgs bosons. This is consistent with the reults of Ref. [4]. We

FIG. 3: The allowed parameter space in the M_H0 and M_H+ plane for various χ^2 values with and without the constraint from ΓZ . The mass M_K0 is taken to be equal to M_H0 . The top quark mass is taken to be mt = 172.7 GeV.

have also investigated the case where a mass splitting between M_H+ and M_K0 is present, as shown in Fig. 4. In this case, there are large contributions proportional to differences in the scalar masses. When the mass splitting is large, the contributions from the heavy scalars can be significant. It is found that the case in which the charged Higgs is heavier than the additional neutral Higgs, i.e. M_H+ ≫ M_K0 , is disfavored, while the cases of M_H+ ∼ M_K0 and M_H+ ≪ M_K0 are allowed.

FIG. 4: The allowed parameter space in the M_H0 and M_H+ plane for various χ^2 values. Here we consider mass splitting between M_K0 and M_H+ . Three possible cases are considered: (i) M_H+ − M_K0 > 300 GeV; (ii) | M_H+ − M_K0 | < 300 GeV;

(iii) M_K0 − M_H+ > 300 GeV. The top quark mass is taken to be mt = 172.7 GeV.

The reason why Γ_Z plays such an important role in the global fit in the triplet model can be understood in the following way. The asymmetries in the triplet case do not receive corrections up to O((^1_{16π2} )^2). Thus the only observables in the triplet model that are sensitive to m_t and M_H0 are M_W and Γ_Z. As a result, Γ_Z plays an important role in the χ^2 fit and can significantly constrain the allowed parameter space for M_H0 . On the other hand, all the observables considered in the global fit in the SM are sensitive to m_t and M_H0 . The constraint on Γ_Z alone therefore does not have such a large effect. This also has the implication that the χ^2/dof value for the global fit in the SM is not as good as that in the triplet model.

We comment that even though in the triplet model many observables exhibit only very mild logarithmic or no dependence on m_t up to O(^1_{16π2} ), the Z-width Γ_Z still depends on m_t quadratically, as can be seen in Fig. 5. Furthermore, in the triplet model, Γ_Z decreases as m_t increases, while in the SM case, Γ_Z increases as m_t. Due to this strong dependence on m_t through Γ_Z, it is still

FIG. 5: Prediction for ΓZ as a function of mt for M_H0 = 120, 500 and 1000 GeV. The masses for M_H+ and M_K0 are taken to be 300 GeV. The error bars on the data point represent the 1σ allowed region.

possible to place limits on m_t using the precision data in the Higgs triplet model.

It is interesting to note that in the littlest Higgs model with T-parity, a SM-like Higgs boson as heavy as 800 GeV is allowed by the global fit [14] (in this case, as tree level custodial symmetry is preserved, a three-parameter global fit is appropriate). This is because the new heavy top quark which exists in this model gives a positive contribution to the ρ parameter which cancels the large negative contribution from the heavy Higgs boson.

4. Understanding the Triplet VEV: It is interesting to interpret our results as a limit on the triplet VEV, v^′. We calculate v^′ from the relationship,

ρ = 1 +

4v^{′ 2} v^2 = M^2_W M^2_Z c^2_θ = 1 cos^2 δ

(17)

where v^2_{SM} = v^2 + v^{′ 2} = (246 GeV)^2. We note that v^′ depends only on M_W and not on the other observables of the global fit. In Fig. 6 we show the prediction for v^′ as a function of m_t at one-loop. By comparison with Fig. 2, we see that for M_K0 = M_H± , the value of v^′ which correctly reproduces the experimental value of M_W ranges from v^′ = 12.85 GeV for M_H0 = 120 GeV to v^′ = 13.6 GeV for M_H0 = 1 TeV. Figures 7 and 8 show the predictions for M_W and v^′ for non-degenerate M_K0 and M_H± , the experimental value of M_W can be obtained for v^′ ∼ 12 GeV. The mixing angle in the neutral Higgs sector, δ, can be extracted using Eq. 17. It is found to be δ ∼ 6^o.

It is interesting to compare our results with the tree level results of Erler and Langacker to the parameters of the triplet model contained in Ref. [12]. In this reference they found that the best fit was obtained with ρ ≃ ρ_0(1 + ρ_t) ≃ 1.0096, where ρ_0 includes the new physics contributions and ρ_t = 0.00935 (m_t/172.7 GeV)^2. This corresponds to v^′ = 12.03 GeV for m_t = 172.7 GeV. This tree level bound on the triplet VEV, v^′, is smaller than the bound we found at one-loop. The difference between this result and our results can be attributed to the important effects of the scalar loops.

FIG. 6: Prediction for the triplet VEV, v^′, as a function of mt for M_H0 = 120, 500 and 1000 GeV. The masses M_H+ and M_K0 are taken to be 300 GeV. The band represents the 1σ experimentally allowed region for mt.

FIG. 7: Prediction for MW as a function of mt in the presence of non-degenerate scalar masses for M_H+ = 200, 500 and 1000 GeV. The mass M_H0 is taken to be 120 GeV and M_K0 is taken to be 1 TeV. The error bar represents the 1σ experimentally allowed region for MW and mt.

5. Conclusion: In models with a triplet Higgs boson, an extra input parameter is required for a consistent

FIG. 8: Prediction for the triplet VEV, v^′, as a function of mt in the presence of non-degenerate scalar masses for M_H+ = 200, 500 and 1000 GeV. The mass for M_H0 is taken to be 120 GeV and M_K0 is taken to be 1 TeV. The band represents the 1σ experimentally allowed region for mt.

renormalization scheme, which significantly changes the predictions from those of the SM. Using the constraints on M_W alone, Ref. [6] found that a heavy Higgs boson with a mass as large as ∼ 1 TeV is allowed in a model with a triplet Higgs. This letter contains our results from a global fit to 11 electroweak measurements in the Higgs triplet model.

A large range for M_H0 is allowed in the triplet Higgs model by all precision data except for Γ_Z , which rules out many of the otherwise allowed values for M_H0 . As a result, a mass range of 100 − 200 GeV is favored for the lightest neutral Higgs boson mass. This is in contrast with the SM where the Higgs mass allowed by the Γ_Z measurement alone is heavier than the Higgs mass favored by the global fit [11]. A global fit for models with a triplet Higgs has been performed before [4], in which the allowed range for the Higgs mass is very close to the range we found. A major difference between the previous analysis presented in [4] and our work is that the one-loop contributions from the heavy scalar fields were not included in the former case. The one-loop contributions from the heavy scalar particles could be substential in some parameter space, because many observables depend on scalar masses quadratically and the triplet Higgs does not decouple. (This non-decoupling behavior has also been observed in [15]. See Note Added).

An important conclusion that should be drawn from our study is the importance of the one-loop contributions as well as the crucial role of a global fit in deriving conclusions about the allowed masses. Figures 3 and 4 demonstrate that the preferred value for the lightest neutral Higgs boson in this model is between 100 and 200 GeV, as in the Standard Model. However, in general, the Standard Model is not the low energy limit of the model we consider because the triplet model analyzed here contains additional scalars (K^0 and H^±) which are allowed by the electroweak measurements to be as light as 200 GeV.

Note added: After we submitted our paper, a paper [15] came out in which the electroweak radiative corrections are analyzed with a different renormalization scheme. The non-decoupling behavior of the triplet Higgs is also observed in this paper.

Acknowledgments. We thank Paul Langacker for valuable correspondance. Fermilab is operated by Universities Research Association Inc. under Contract No. DE-AC02-76CH03000 with the U.S. Department of Energy. This manuscript has also been authored by Brookhaven Science Associates, LLC under Contract No. DE-AC02-76CH1-886 with the U.S. Department of Energy. The United States Government retains, and the publisher, by accepting the article for publication, acknowledges, a world-wide license to publish or reproduce the published form of this manuscript, or allow others to do so, for the United States Government purpose.

[1] B. W. Lynn and E. Nardi, Nucl. Phys. B381, 467 (1992);

G. Passarino, Nucl. Phys. B361, 351 (1991). [2] T. Blank and W. Hollik, Nucl. Phys. B514, 113 (1998). [3] M. Czakon, M. Zralek and J. Gluza, Nucl. Phys. B573, 57 (2000); M. Czakon, J. Gluza, F. Jegerlehner and M. Zralek, Eur. Phys. J. C13, 275 (2000).

[4] J. Erler and P. Langacker, in Ref. [12], hep-ph/0407097. [5] M.-C. Chen and S. Dawson, Phys. Rev. D70, 015003 (2004).

[6] M.-C. Chen, S. Dawson and T. Krupovnickas, to appear in Int. J. Mod. Phys. A, hep-ph/0504286.

[7] N. Arkani-Hamed, A. G. Cohen, and H. Georgi, Phys.

Lett. B513 (2001) 232; N. Arkani-Hamed, A. G. Cohen, E. Katz and A. E. Nelson, JHEP 0207, 034 (2002); N. Arkani-Hamed, A. G. Cohen, T. Gregoire and J. G. Wacker, JHEP 0208, 020 (2002); N. Arkani- Hamed, A. G. Cohen, E. Katz, A. E. Nelson, T. Gregoire and J. G. Wacker, JHEP 0208, 021 (2002); I. Low, W. Skiba and D. Smith, Phys. Rev. D66, 072001 (2002); D. E. Kaplan and M. Schmaltz, JHEP 0310, 039 (2003); S. Chang and J. G. Wacker, Phys. Rev. D69, 035002 (2004); W. Skiba and J. Terning, Phys. Rev. D68, 075001 (2003); S. Chang, JHEP 0312, 057 (2003); M. Schmaltz and D. Tucker-Smith, Ann. Rev. Nucl. Part. Sci. 55, 229 (2005); M. Perelstein, arXiv:hep-ph/0512128. M.-C. Chen, Mod. Phys. Lett. A21, 621 (2006); T. Han, H. E. Logan, B. McElrath and L. T. Wang, Phys. Rev. D67, 095004 (2003).

[8] C. Csaki, J. Hubisz, G. D. Kribs, P. Meade and J. Terning, Phys. Rev. D67, 115002 (2003); J. L. Hewett,

F. J. Petriello and T. G. Rizzo, JHEP 0310, 062 (2003); C. Csaki, J. Hubisz, G. D. Kribs, P. Meade and J. Terning, Phys. Rev. D68, 035009 (2003); T. Gregoire, D. R. Smith and J. G. Wacker, Phys. Rev. D69, 115008 (2004); M. Perelstein, M. E. Peskin and A. Pierce, Phys. Rev. D69, 075002 (2004); R. Casalbuoni, A. Deandrea and M. Oertel, JHEP 0402, 032 (2004); W. Kilian and J. Reuter, Phys. Rev. D70, 015004 (2004).

[9] D. Toussaint, Phys. Rev. D18, 1626 (1978); G. Senjanovic and A. Sokorac, Phys. Rev. D18, 2708 (1978).

[10] J. R. Forshaw, A. Sabio Vera and B. E. White, JHEP 0306, 059 (2003); J. R. Forshaw, D. A. Ross and B. E. White, JHEP 0110, 007 (2001).

[11] LEP Electroweak Working Group Home Page, http://lepewwg.web.cern.ch/LEPEWWG/.

[12] S. Eidelman et al. [Particle Data Group], Phys. Lett.

B592, 1 (2004).

[13] P. H. Chankowski, S. Pokorski and J. Wagner, hep-ph/0601097.

[14] J. Hubisz, P. Meade, A. Noble and M. Perelstein, JHEP 0601, 135 (2006).

[15] P. H. Chankowski, S. Pokorski and J. Wagner, hep-ph/0605302.

[16] Note that a factor of 2sθ cθ is missing in the first term of Eq. (3.10) in Ref. [2].