arXiv:hep-ph/0311032 v3 28 Apr 2004

BNL-HET-03/24 Oct. 2003; Jan. 2004, v2

One-loop Radiative Corrections to the ρ Parameter in the Littlest Higgs Model

Mu-Chun Chen^∗ and Sally Dawson^† High Energy Theory Group, Department of Physics Brookhaven National Laboratory, Upton, NY 11973-5000, U.S.A. Abstract

We perform a one-loop analysis of the ρ parameter in the Littlest Higgs model, including the logarithmically enhanced contributions from both fermion and scalar loops. We find the one-loop contributions are comparable to the tree level corrections in some regions of parameter space. The fermion loop contribution dominates in the low cutoff scale f region. On the other hand, the scalar loop contribution dominates in the high cutoff scale f region and it grows with the cutoff scale f. This in turn implies an upper bound on the cutoff scale. A low cutoff scale is allowed for a non-zero triplet VEV. Constraints on various other parameters in the model are also discussed. The role of triplet scalars in constructing a consistent renormalization scheme is emphasized.

PACS numbers: 14.80.Cp, 12.60.Cn, 12.15.Lk

∗ chen@quark.phy.bnl.gov † dawson@bnl.gov

I. INTRODUCTION

The Standard Model(SM) requires a Higgs boson to explain the generation of fermion and gauge boson masses. Precision electroweak measurements suggest that the Higgs boson must be relatively light, m_H < 219 GeV [1]. Currently, experimental data overwhelmingly support the SM with a light Higgs boson. The simplest version of the Standard Model with a single Higgs boson, however, has the theoretical problem that the Higgs boson mass is quadratically sensitive to any new physics which may arise at high energy scales. Fine tuning and naturalness arguments suggest that the scale at which this new physics enters should be on the order of a TeV.

Supersymmetry addresses the quadratic sensitivity of the SM to high mass scales by introducing superpartners to the ordinary fields. The contributions of the superpartners to the Higgs mass explicitly cancel the quadratic dependence of the Higgs mass on the high mass scales. Little Higgs (LH) models [2, 3, 4, 5, 6, 7, 8, 9, 10] are a new approach to understanding the hierarchy between the T eV 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 [11, 12, 13, 14, 15, 16, 17] 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.

Little Higgs 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 [18, 19, 20, 21, 22, 23, 24, 25], 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 importance implications for precision electroweak measurements.

In this paper, we analyze the contributions of the heavy fermions and scalars to the isospin violating ρ parameter. We include the logarithmically enhanced loop corrections due to the scalar triplet which is present in such models. In Section II, we review the LH models. Section III contains a description of our calculation, while numerical results are presented in Section IV. Details of the calculation are relegated to the appendices.

II. BASICS OF LITTLE HIGGS MODELS

The Little Higgs model has been described in detail elsewhere, but we include a brief description of the model here in order to clarify our notation. [Our discussion follows Ref. [26].] The minimal version, the ”littlest Higgs model” (LLH) [2] is a non-linear sigma model based on an SU(5) global symmetry, which contains a gauged [SU(2) ⊗ U(1)]_1 ⊗ [SU(2) ⊗ U(1)]_2 symmetry as its subgroup. We concentrate on this model here, although many alternatives have been proposed [6, 7, 8, 9, 10].

The global SU(5) symmetry of the LLH model is broken down to SO(5) by the vacuum expectation value (VEV) of a sigma field [2],

Σ_0 = I 1 I , (1)

where Iis a 2 × 2 identity matrix and ⟨Σ_0⟩ ∼ f. In addition, the VEV of the sigma field breaks the gauged symmetry [SU(2)⊗U(1)]_1 ⊗[SU(2)⊗U(1)]_2 to its diagonal subgroup, SU(2)×U(1), which is then identified as the SM gauge group. The breaking of the global symmetry, SU(5) → SO(5), leaves 14 Goldstone bosons, Π ≡ π^aX^a, which can be written as

Σ = e^{iΠ/f} Σ_0e^{iΠT /f} = Σ_0 + 2i f ΠΣ_0 + O(1/f^2), (2)

where X^a correspond to the broken SU(5) generators. Four of these Goldstone bosons become the longitudinal components of the broken gauge symmetry, while the remaining ten pseudo-Goldstone bosons can be parameterized as [2],

Π = h^†/ √ 2 Φ^† h/ √ 2 h^∗/ √ 2 Φ h^T / √ 2 , (3)

where h is identified as the SM Higgs doublet, h = (h^+, h^0), and Φ is a complex SU(2) triplet with hypercharge Y = 2,

Φ = Φ^{++} Φ^+/ √ 2 Φ^+/ √ 2 Φ^0 . (4)

The existence of an SU(2) triplet is a general feature of models of this type.

The Lagrangian is given by

L = L_k + L_{Y uk} , (5)

where L_k contains the kinetic terms of all fields and L_{Y uk} describes the Yukawa interactions. The gauge bosons acquire their masses through the kinetic terms of the Σ field

L_k = f^2 8 Tr{(D_μΣ) (D^μΣ)^†} , (6)

where the covariant derivative of the Σ field is defined as

D_μΣ = ∂_μΣ − i ∑ j [ g_jW^a_j (Q^a_j Σ + ΣQ^a_j^T ) + g^′_j B_j (Y_j Σ + ΣY^T_j ) ] . (7)

The SU(2) gauge fields are given by W_j =

∑_3

a=1 W^{μ a}_j Q^a_j , and the U(1) gauge fields are B_j = B^μ_j Y_j , with gauge couplings g_1, g_2 and g^′_1, g^′_2. (The SU(2) and hypercharge, Y_j assignments can be found in Ref. [2]).

The Σ_0 VEV generates masses and mixing between the gauge bosons. The heavy gauge boson mass eigenstates are given by,

W^a_H = −cW^a_1 + sW^a_2 , B^a_H = −c^′B_1 + s^′B_2 , (8)

with masses [18, 19, 26]

M^2_{WH} = f^2 4 (g^2_1 + g^2), M^2_{BH} = f^2 20 (g^{′2}_1 + g^{′2}_2 ) . (9)

The orthogonal combinations of gauge bosons are identified as the SM W and B, with couplings [18, 19, 26],

g = g_1s = g_2c, g^′ = g^′_1s^′ = g^′_2c^′ . (10)

The mixing between the two SU(2)’s (U(1)’s) is described by the parameters s and s^′ [18, 19, 26], s = g_2 √ g^2_1 + g^2

, s^′ = g^′_2 √ g^{′2}_1 + g^{′2}_2

. (11)

(and c = √ 1 − s^2, c^′ = √ 1 − s^{′2}.) The coupling of fermions to the photon is then given by [18, 19, 26],

e = gs_W (12) s_W = g^′ √ g^2 + g^{′2}

(13)

c_W = g √ g^2 + g^{′2}

. (14)

In the Yukawa sector, a new vector-like charge 2/3 fermion is introduced to cancel the quadratic sensitivity of the Higgs mass to the top quark loops. This cancellation fixes the Yukawa interactions [2, 26], L_{Y uk} = 1 2 λ_1fϵ_{ijk} ϵ_{xy} χ_iΣ_{jx}Σ_{ky} u^′_3^c + λ_2ft̃t̃^c + h.c. , (15)

where t_3 is the SM top quark, u^′_3 is the SM right-handed top quark, (t̃, t̃^{′c}) is a new charge 2/3 vector-like quark and χ = (b_3, t_3, t̃). Expanding the Σ field in terms of its component fields, the mass terms of the fermions are [2, 19, 26], L_{Y uk} = f [√ λ^2_1 + λ^2 − λ^2_1 2 √ λ^2_1 + λ^2 v^2 f^2 ] t̃t̃^c − iλ^{21}v √ λ^2_1 + λ^2 t_3t̃^c (16) − iλ_1λ_2v √ λ^2_1 + λ^2 t_3u^c_3 − λ_1λ_2 2 √ λ^2_1 + λ^2 v^2 f^2 t̃u^c_3 .

The following mass eigenstates are obtained after diagonalizing the above mass terms [19, 26],

t_L = t_3 + ix_L v f t̃ (17) T_L = t̃ − ix_L v f t_3 (18)

t^c_R = u^c_3 = 1 √ λ^2_1 + λ^2

(−λ_1t̃^{′ c} + λ_2u^{′c}_3 ) (19)

T^c_R = t̃^c = 1 √ λ^2_1 + λ^2

(λ_2t̃^{′ c} + λ_1u^{′c}_3 ) . (20)

We express our results in terms of x_L, which parameterizes the mixing between t_3 and t̃; it is given by [19, 26]

x_L = λ^2_1 λ^2_1 + λ^2

. (21)

The tree level tth Yukawa coupling is now [19, 26],

y_t = m_t v = iλ_1λ_2 √ λ^2_1 + λ^2 [ 1 + v^2 2f^2 λ^2_1 λ^2_1 + λ^2

(1 + λ^2_1 λ^2_1 + λ^2 ) ] . (22)

In the limit that the cut-off scale f goes to infinity, the coupling [19, 26]

y_t = iλ_1λ_2 √ λ^2_1 + λ^2

(23)

is identified as the top quark Yukawa coupling of the SM.

The one-loop quadratically divergent contributions to the Coleman-Weinberg potential due to the scalars and fermions are given by [2, 26]

L_s = a 2 f^4{g^2_j ∑ a T r[(Q^a_j Σ) + (Q^a_j Σ)^∗] + g^{′2}_j T r [(Y_j Σ) + (Y_j Σ)^∗]} (24)

L_f = − a^′ 4 λ^2_1f^4ϵ^{wx}ϵ_{yz} ϵ^{ijk} ϵ_{kmn}Σ_{iw}Σ_{jx}Σ^{∗my} Σ^{∗nz} . (25) where a and a^′ are unknown coefficients parameterizing physics from the Ultra-Violet (UV) completion. These lead to the following Coleman-Weinberg potential [2, 26]

V_{CW} = λ_Φ2 f^2 T r(Φ^†Φ) + iλ_{hΦh}f(hΦ^†h^T − h^∗Φh^†) − μ^2hh^† + λ_h4 (hh^†)^2 , (26)

where [2, 26]

μ^2 ∼ f^2 16π^2

(27)

4λ_h4 = λ_Φ2 = a 2 [ g^2 s^2c^2 + g^{′2} s^{′2}c^{′2} ] + 8a^′ λ^2_1 (28) λ_{hΦh} = − a 4 [ g^2(c^2 − s^2) s^2c^2 + g^{′2}(c^{′2} − s^{′2}) s^{′2}c^{′2} ] + 4a^′ λ^2_1 . (29)

and μ^2 is generated by one-loop logarithmically divergent and two-loop quadratic divergent contributions. The VEV’s of the SM Higgs doublet and the SU(2) triplet are ⟨ h^0 ⟩ = v/ √ 2 and ⟨ Φ^0 ⟩ = −iv^′, where [2, 26]

v^2 = μ^2 λ_h4 −^{λ2hΦh}_{λΦ2}

(30)

v^′ = λ_{hΦh} 2λ_Φ2 v^2 f (31)

To obtain the correct electroweak symmetry breaking vacuum with m^2_H > 0 and M^2_Φ > 0, the following conditions must be satisfied [2, 26], λ_h4 − λ^2_{hΦh} λ_Φ2

> 0 (32) v^′ v < 1 4 v f . (33)

We summarize in Table I the mass spectrum of the model [26] and in Tables II, III, and IV [26] the relevant couplings.

III. THE RENORMALIZATION PROCEDURE

Precision electroweak measurements give stringent bounds on the scale of little Higgs type models [18, 19, 20, 21, 22, 23, 24, 25]. One of the strongest bounds comes from fits to the ρ parameter, since in the LLH model the relation ρ = 1 is modified at the tree level. While the Standard Model requires three input parameters in the weak sector (corresponding to the SU(2) × U(1) gauge coupling constants and the Higgs doublet VEV, v), a model with ρ ≠ 1 at tree level, such as the LLH model or any model with a Higgs triplet, requires an additional input

TABLE I: Mass spectrum of the gauge bosons, scalar fields and the fermions. The parameters m_W and m_Z are given by the SM expressions, m_W = gv/2 and m_Z = gv/2c_W , respectively, where c_W is defined in Eq.(12)- (14). The parameter x_H is a mixing parameter in the neutral gauge boson sector, x_H = [5gg^′ scs^′ c^′ (c^2s^{′ 2} + s^2c^{′2})]/[2(5g^2s^{′ 2}c^{′2} − g^{′ 2}s^2c^2)] [26]. gauge boson x M^2_x W^±_L m^2_W [1 −^{v2}_{f 2} (^1_6 +^1_4 (c^2 − s^2)^2) + 4^{v′2}_{v2} ] W^±_H m^2_W [^{f 2}_{c2s2v2} − 1] A_L 0 Z_L m^2_Z [1 −^{v2}_{f 2} (^1_6 +^1_4 (c^2 − s^2)^2 +^5_4 (c^{′ 2} − s^{′ 2})^2) +^{8v′2}_{v2} ] A_H m^2_Z s^2_W [^{f 2}_{5s}′_{2 c}′_{2v2} − 1 +^{xH c2W}_{4s2c2s2W} ] Z_H m^2_W [^{f 2}_{s2c2v2} − 1 −^{xH s2W}_s′_{2c}′_{2c2W} ] scalar field s M^2_s h 2μ^2 = 2(λ_h4 − λ^2_{hΦh}/λ_Φ2 )v^2 ≡ m^2_H Φ λ_Φ2 f^2 = 2m^2_H^{f 2}_{v2}^1_{1−( 4v}′_f

v2 )^2

fermion f m_f t^{λ1λ2}√_{λ21+λ2} v[1 +^{v2}_{2f 2}^{λ21}_{λ21+λ2} (1 +^{λ21}_{λ21+λ2} )] T √ λ^2_1 + λ^2f[1 −^{v2}_{2f 2}^{λ21}_{λ21+λ2} (1 +^{λ21}_{λ21+λ2} )]

parameter in the gauge-fermion sector, which can be taken to be the VEV of the Higgs triplet, v^′. The need for this additional input parameter when ρ ≠ 1 at the tree level was first noted in Refs. [27, 28]. This extra input parameter, beyond the three of the Standard Model, has important implications when models with Higgs triplets are studied beyond tree level[27, 28, 29, 30, 31]. Many of the familiar predictions of the Standard Model are drastically changed by the need for an extra input parameter. For example, the dependence of the ρ parameter on the top quark mass becomes logarithmic (instead of quadratic as it is in the Standard Model) in theories with a Higgs triplet, as emphasized in Refs. [29, 30, 31]

We choose as our input parameters the muon decay constant G_μ, the physical Z-boson mass M^2_Z , the effective lepton mixing angle s^2_θ and the fine-structure constant α(M^2_Z ) as the four independent input parameters in the renormalization procedure. The ρ parameter, defined as, ρ ≡ M^2_{WL} M^2_Z c^2_θ

, (34)

and the W -boson mass are then derived quantities (in contrast to the Standard Model). The effective leptonic mixing angle s^2_θ at the Z-resonance is defined as the ratio of the electron vector to axial vector coupling constants to the Z-boson, Re(g^e_V ) Re(g^e_A) = 4s^2_θ − 1. (35)

where we have defined the coupling of a fermion ψ_i, with mass m_i, to gauge boson X as,

L = iψ_iγ_μ(g_V + g_Aγ_5)ψ_jX^μ . (36)

The effective Lagrangian of the charged current interaction in the LLH model is given by [18,

19, 26],

L_{cc} = gW^a_{Lμ} J^{aμ}(1 + c^2(s^2 − c^2)v^2 f^2

) + g^′B_{Lμ} J^μ_Y (1 − 5 c^{′2}(s^{′4} − c^{′4})v^2

f^2

) (37)

+gW^3_{Lμ} J^μ_Y

5(s^{′4} − c^{′4})v^2

f^2 − g^′B_{Lμ} J^{3μ} c^2(s^2 − c^2)v^2 f^2 −J^a_μ J^{aμ} 2c^4 f^2 − J^Y_μ J^{Y μ} 10c^{′4} f^2 . After integrating out the W-boson, W_L, we obtain the muon decay constant, G_μ, given by [19, 20, 21] G_μ = 1 √ 2 { g^2 4M^2_{WL}

[1 + c^2(s^2 − c^2)v^2

f^2 ] + c^4 f^2

} . (38)

Replacing the W-boson mass M^2_{WL} by

M^2_{WL} = m^2_W [ 1 − v^2 f^2 ( 1 6 + 1 4 (c^2 − s^2)^2 ) + 4 v^{′2} v^2 ] , (39)

where m^2_W is given by the SM expression, m_W = gv/2, the muon decay constant G_μ can be written as 1 √ 2G_μ = v^2 ( 1 + v^2 4f^2 + 4 v^{′2} f^2 ) , (40)

which is then inverted to give v^2 in terms of G_μ, f and v^′,

v^2 = 1 √ 2G_μ [ 1 − 1 4 √ 2G_μf^2 − 4 v^{′2} f^2 ] . (41)

In the LLH model, the vector and the axial vector parts of the neutral current Zeē coupling

constant are given by [26]

g^e_V = g 2c_W {(−1/2 + 2s^2_W ) (42) + v^2 f^2 [−c_W x^{W ′}_Z c 2s + s_W x^{B′}_Z s^′c^′ (2y_e − 9 5 + 3 2 c^{′2})]}

g^e_A = g 2c_W { 1 2 + v^2 f^2 [c_W x^{W ′}_Z c 2s + s_W x^{B′}_Z s^′c^′ (− 1 5 + 1 2 c^{′2})]}. (43) where x^{B′}_Z and x^{W ′}_Z are given by, x^{B′}_Z = − 5 2s_W s^′c^′(c^{′2} − s^{′2}) , (44) x^{W ′}_Z = − 1 2c_W sc(c^2 − s^2) . (45)

The ratio Re(g^e_V )/Re(g^e_A) is thus given by Re(g^e_V ) Re(g^e_A) ≡ 4s^2_θ − 1 (46)

= (4s^2_W − 1) +

2v^2 f^2

[s^2_W c^2(c^2 − s^2) − c^2_W (c^{′2} − s^{′2})(−2 + 5c^{′2})].

The effective leptonic mixing angle s^2_θ and the mixing angle s^2_W in the LLH model are then related via the following relation,

s^2_θ = s^2_W + v^2 2f^2

[s^2_W c^2(c^2 − s^2) − c^2_W (c^{′2} − s^{′2})(−2 + 5c^{′2})]. (47)

This equation can then be inverted and gives

s^2_W = s^2_θ + Δs^2_θ (48)

where

Δs^2_θ = − 1 2 √ 2G_μf^2

[s^2_θc^2(c^2 − s^2) − c^2_θ(c^{′2} − s^{′2})(−2 + 5c^{′2})] . (49)

The SU(2)_L gauge coupling constant, g, can be re-written in terms of the effective leptonic mixing angle, s^2_θ , and the fine-structure constant, α, as

g^2 = e^2 s^2_W = 4πα s^2_θ

(1 −

Δs^2_θ s^2_θ

) . (50)

We then arrive at √ 2G_μ = πα M^2_Z s^2_θ c^2_θρ [ 1 − Δs^2_θ s^2_θ + c^2(s^2 − c^2) √ 2G_μf^2 ] + c^4 f^2

, (51)

where M^2_Z is the physical Z-boson mass,

M^2_Z = πα √ 2G_μs^2_θ c^2_θ [ 1 − 4 v^{′2} f^2 − ( c^4_θ − s^4_θ s^2_θ c^2_θ ) Δs^2_θ − 1 √ 2G_μf^2 ( 5 12 + 1 4 (c^2 − s^2)^2 + 5 4 (c^{′2} − s^{′2})^2 ) + 8 √ 2G_μv^{′2} ] . (52)

The left-hand side of Eq. 52 is the physical Z boson mass, 91.1876 GeV , while the leading contribution to the right-hand side is^{πα}√_{2Gμ s2θ c2θ} = 91.475 GeV . In order to obtain the correct Z mass, the sub-leading terms on the right-hand side must be non-zero. As f becomes larger, the tree- level corrections become smaller and insufficient to satisfy Eq. 52.

Using Eq. (34), (51) and (52), the parameters M^2_{WL} , ρ and s can be derived, in terms of G_μ, M^2_Z , α(M_Z ) and s^2_θ , and the free parameters, f, v^′ and s^′. The ρ parameter at tree level is

ρ^{tree} = πα √ 2M^2_Z s^2_θ c^2_θG_μ [ 1 − Δs^2_θ s^2_θ + c^2s^2 √ 2G_μf^2 ] , (53)

where the parameter s^2 and c^2 = 1 − s^2 are determined by Eq.(52). Note that ρ^{tree} depends on v^′ implicitly through s. Given the value of ρ^{tree} in Eq.(53), the W-boson mass M_{WL} at tree level is determined by Eq.(34).

Since the loop factor occurring in radiative corrections, 1/16π^2, is similar in magnitude to the expansion parameter, v^2/f^2, of chiral perturbation theory, the one-loop radiative corrections can be comparable in size to the next-to-leading order contributions at tree level of Eq. 53. In this paper, we compute the loop corrections to the ρ parameter which are enhanced by large logarithms; we focus on terms of O ( 1 16π^2 ln ( M^2 Q^2 )) , where Q ∼ M_Z and M ∼ f ∼ O(T eV ). At the one-loop level, we have to take into account the radiative correction to the muon decay constant G_μ, the counterterm for the electric charge e, the mass counterterm of the Z-boson, and the counterterm for the leptonic mixing angle s^2_θ . These corrections are collected in the quantity Δr_Z, and Eq.(51) can then be rewritten in the following way,

s^2_θ c^2_θ = πα(M^2_Z) √ 2G_μM^2_Z ρ [ 1 − Δs^2_θ s^2_θ + c^2s^2 √ 2G_μf^2

+ Δr_Z ] , (54)

where

Δr_Z = − δG_μ G_μ − δM^2_Z M^2_Z + δα α − ( c^2_θ − s^2_θ c^2_θ ) δs^2_θ s^2_θ

. (55)

We note that Δr_Z defined in Eq.(55) differs from the usual Δr̂_Z defined in the SM by an extra contribution due to the renormalization of s^2_θ .

The counterterms for the Z-boson mass, δM^2_Z , and for the leptonic mixing angle, δs^2_θ , are given by, respectively [29],

δM^2_Z = Re ( Π^{ZZ} (M^2_Z ) ) (56) δs^2_θ s^2_θ = Re [ ( c_θ s_θ ) [ Π^{γZ} (M^2_Z )

M^2_Z + v^2_e − a^2_e a_e Σ^e_A(m^2_e ) (57) − v_e 2s_θ c_θ ( Λ^{Zee}_V (M^2_Z ) v_e − Λ^{Zee}_A (M^2_Z ) a_e ) ] ] . where Σ^e_A is the axial part of the electron self-energy, Λ^{Zee}_V and Λ^{Zee}_A are the vector and axialvector form factors of the vertex corrections to the Zee coupling, v_e is given by v_e = 1/2 − 2s^2_θ and a_e = 1/2. As the electron self-energy Σ^e_A(m^2_e) is suppressed by the small electron mass, it is negligible compared to other contributions. The vertex corrections Λ^{Zee}_V (M^2_Z ) and Λ^{Zee}_A (M^2_Z ) are both negligible as well, because both are proportional to the electron mass and thus are suppressed. In our analyses, we will therefore keep only contributions from Π^{γZ} (M^2_Z ) to δs^2_θ /s^2_θ .

The electroweak radiative correction to the muon decay constant, δG_μ, is due to the W-boson vacuum polarization, Π^{W W} (0), and the vertex and box corrections, δ_{V −B} . It is given by δG_μ G_μ = − Π^{W W} (0) M^2_{WL} + δ_{V −B} . (58)

The vertex and box corrections, δ_{V −B} , are small compared to the other correction [29], and is thus neglected in our analyses. The contribution due to the vacuum polarization of the photon, δα, is given by δα α = Π^{γγ′}(0) + 2( g^e_V − g^e_A Q_e ) Π^{γZ} (0) M^2_Z

. (59)

Defining a short-hand notation Δr̂,

Δr̂ = −

Δs^2_θ s^2_θ + c^2s^2 √ 2G_μf^2

(60) − Re(Π^{ZZ} (M^2_Z )) M^2_Z

+ Π^{γγ′}(0) + 2( g_V − g_A Q_e ) Π^{γZ} (0)

M^2_Z − c^2_θ − s^2_θ c_θs_θ Re(Π^{γZ} (M^2_Z )) M^2_Z , we can then write

s^2_θ c^2_θ = πα(M_Z ) √ 2G_μM^2_Z ρ [ 1 + Π^{W W} (0) M^2_{WL} + Δr̂ ] , (61)

Solving for M^2_{WL} and ρ in Eq.(34) and (61), we obtain a prediction for the physical W-boson mass

M^2_{WL} = 1 2 [ a(1 + Δr̂) + √ a^2(1 + Δr̂)^2 + 4aΠ^{W W} (0) ] (62)

where a ≡ πα(M^2_Z )/ √ 2G_μs^2_θ . The ρ parameter is then predicted using Eq.(34) with the M^2_{WL} value predicted in Eq.(62). Explicit expressions for the two point functions are given in the appendices.

We find that the one-loop contribution to Δr_Z due to the SU(2) triplet scalar field, Φ, scales as Δr^s_Z ∼ 1 16π^2 1 v^2 ( v^′ v )^2M^2_Φ . (63)

In the limit v^′ = 0 while keeping f fixed, which is equivalent to turning off the coupling λ_{hΦh} in the Coleman-Weinberg potential, the one loop contribution due to the SU(2) triplet, Δr^s_Z , vanishes. The large f limit of the scalar one-loop contribution, Δr^s_Z, vanishes depending upon how the limit f → ∞ is taken. As f approaches infinity, the parameter μ^2 (thus v^2) can be kept to be of the weak scale by fine-tuning the unknown coefficient in Eq. 27 while all dimensionless parameters remain of order one. The scalar one-loop contribution in this limit does not de-couple because M^2_Φ increases as f^2 which compensates the 1/f^2 suppression from v^{′2}/v^2. In this case, the SM Higgs mass m_H is of the weak scale v. On the other hand, without the fine-tuning mentioned above, v can be held constant while varying f, if the quartic coupling λ_h4 (thus λ_Φ2 ) approaches infinity as f^2/v^2. This can be done by taking a ∼ f^2/v^2 while keeping a^′ finite and s and s^′ having specific values. The scalar one-loop contribution then scales as Δr^s_Z ∼ 1 v^2 ( v^′ v )^2M^2_Φ (64) ∼ ( 1 v^2 )( λ_{hΦh} λ_Φ2

)^2 v^2 f^2 λ_Φ2 f^2 → λ^2_{hΦh} λ_Φ2 . Since the coupling constant λ_Φ2 must approach infinity in order to keep v constant as we argue above, the scalar one-loop contribution Δr^s_Z thus vanishes in the limit f → ∞ with v held fixed and no fine tuning. In this case, m_H ∼ μ scales with f. Of course, from the naturalness argument [2] and unitarity constraint [34], f has an upper bound of a few TeV. The non-decoupling of heavy scalar fields has been noted before [35, 36]. A specific case of the de-coupling in the presence of the SU(2) triplet Higgs in the LLH model is currently under investigation [37].

Blank and Hollik [29] considered the complete one-loop radiative corrections to the electroweak observables in the Standard Model with an additional SU(2) triplet with Y = 0. They found large corrections to the ρ parameter from one-loop corrections due to the triplet Higgs. Numerically, our results are consistent with theirs in appropriate limits.

IV. NUMERICAL RESULTS

We use the following experimentally measured values for the four input parameters [1, 32],

G_μ = 1.16639(1) × 10^{−5}GeV^{−2} (65) M_Z = 91.1876(21) GeV (66) α(M_Z )^{−1} = 127.934 ± 0.027 (67) s^2_θ = 0.23150 ± 0.00016. (68)

In addition, fermion masses and the Higgs boson mass are also unknown parameters. We use the following experimental values as inputs [1, 32]

m_t = 175 GeV (69)

and m_b in MS scheme,

m_b = 3 GeV . (70)

And we choose

m_H = 120 GeV. (71)

In the Yukawa sector, there are two unknown parameters, the mixing angle x_L between t_3 and t̃, and λ, which is defined as, λ ≡ ( λ_2 λ_1 )√ λ^2_1 + λ^2 . (72)

We trade the top quark mass m_t for λ, through the relation

m_t = λx_L 2^{1/4}G^{1/2}_μ [ 1 + x_L 2 √ 2G_μf^2 ( 1 + x_L )] . (73)

and choose m_t and x_L as the two independent parameters in the Yukawa sector. In terms of the mass m_t and the mixing angle x_L, the heavy top mass M_T can be written as

M_T =

2^{1/4}G^{1/2}_μ m_t √ x_L(1 − x_L) f [ 1 − x_L √ 2G_μf^2 ( 1 + x_L )] . (74)

We analyze the dependence of the W-boson mass, M_{WL} , on the mixing between SU(2)_1 and SU(2)_2, described by s^′, the mixing between U(1)_1 and U(1)_2, described by s, the mixing parameter in t − T sector, x_L, and the VEV of the SU(2), v^′. The predictions for M_{WL} with and without the one-loop contributions for f = 2, 3 and 4 TeV are given in Figs. 1, 2 and 3, respectively. These figures demonstrate that a low value of f (f ∼ 2 T eV ) is allowed by the experimental restrictions from the W and Z boson masses. This is because of the large effects of the one-loop corrections, in particular the non-decoupling contributions of the scalar loops. Figs. 1, 2 and 3, clearly demonstrate, however, that in order to have experimentally acceptable gauge boson masses, the parameters of the model must be quite finely tuned, regardless of the value of the scale f.

The importance of having a non-vanishing VEV, v^′, of the SU(2) triplet is shown in Fig. 4. The allowed parameter space on the (x_L, s)-plane for various values of the cutoff scale is given in

Fig. 5. The allowed region on the (v^′, s)-plane is given in Fig. 6. In Fig. 7 the allowed region on the (v^′, s^′)-plane is shown. The non-decoupling of the SU(2) triplet scalar field is shown in Fig. 8.

Our analyses have shown that the model with low cutoff scale f can still be in agreement with the experimental data, provided the VEV of the SU(2) triplet scalar field is non-zero. This shows the importance of the SU(2) triplet in placing the electroweak precision constraints. Constraint on the mixing parameter, x_L, is rather loose, as shown in Fig. 5. The mixing parameter s is bounded between 0.1 and 0.3; these bounds are insensitive to the cutoff scale, as shown in Fig. 5.

On the other hand, the prediction for M_{WL} is very sensitive to the values of s^′ as well as v^′. The non-decoupling of the SU(2) triplet scalar field shown in Fig. 8 implies the importance of the inclusion of the scalar one-loop contributions in the analyses. In the region below f = 4 T eV , where the tree level corrections are large, the vector boson self-energy is about half of the size of the tree level contributions, but with an opposite sign. (Other one-loop contributions roughly cancel among themselves in this region). Due to this cancellation between the tree level correction and the one-loop correction, there is an allowed region of parameter space with low cutoff scale f. Fig. 8 also shows that the tree level contribution of the LH model get smaller as f increases, as is expected. In order to be consistent with experimental data, the triplet VEV v^′ must approach zero as f goes to infinity, as shown in Fig. 6 and 7. The dependence on m_t and M_T is logarithmic as shown in Fig. 8. This is consistent with the observation of Ref. [30, 31].

V. CONCLUSION

In this paper we considered the logarithmically enhanced one-loop radiative corrections to the ρ parameter, due to the additional heavy fermions and SU(2) triplet Higgs, including the contributions from both fermion and scalar loops. We find the one-loop contributions, from both fermion and scalar sectors, can be comparable to the tree level correction to the ρ parameter. In some cases, the one-loop contribution even dominates over the tree level correction due to the large logarithmic enhancement of the loop corrections arising from terms of O(ln(^{f 2}_{M 2Z} )).

The fermion loop contribution dominates in the low cutoff scale region. On the other hand, the scalar loop contribution dominates in the high cutoff scale f region; it grows with the cutoff scale f. This in turn implies an upper bound on the cutoff scale. The non-decoupling of the SU(2) triplet is due to the fact that M^2_Φ scales as f^2 when the parameters in the theory are fine-tuned to fix v at the weak scale and the other parameters to be of order one. Without this fine-tuning, the triplet contributions do decouple for large f. This non-decoupling behavior of the scalar triplet will be further investigated in a future publication [37]. Our results emphasize the need for a full one loop calculation.

Acknowledgments

We thank Sven Heinemeyer, K.T. Mahanthappa and Bill Marciano for useful correspondence and discussion, and Graham Kribs and Heather Logan for discussion and their very useful comments. This work was supported by the U.S. Department of Energy under grant No. DE-AC02-76CH00016.

APPENDIX A: COUPLING CONSTANTS IN LLH MODEL

We summarize in this section the relevant coupling constants for our calculation [26]. The gauge interaction of the fermions is given by

L = iψ_1γ_μ(g_V + g_Aγ_5)ψ_2X^μ (A1) = iψ_1γ_μ(c_LP_L + c_RP_R)ψ_2X^μ ,

where P_L =^1_2 (1 − γ_5) and P_R =^1_2 (1 + γ_5) are the usual projection operators. The gauge coupling constants of the fermions are given in Table II. Xf f W_Ltb: c_L =^{g√}_2 c_R = 0 W_LT b: c_L = −^{g√}_2^v_f x_L c_R = 0 Z_Ltt: g_V =^g_{2cW} (^1_2 −^4_3 s^2_W ) g_A = −^g_{4cW} Z_Lbb: g_V =^g_{2cW} (−1/2 +^2_3 s^2_W ) g_A =^g_{4cW} Z_LT T : g_V = −^{2gs2W}_{3cW} g_A = O(v^2/f^2) Z_LT t: g_V =^{gxL}_{4cW}^v_f g_A = −^{gxL}_{4cW}^v_f A_Lff: g_V = eQ_f g_A = 0

TABLE II: Relevant coupling constants Xf f. As M_T is of order f, gauge coupling constants for T and T must be expanded to order v/f. For the coupling constants of the light fermions, we retain only the order (v/f)^0 terms. Q_f is the electric charge of fermion f: Q_t = Q_T = +2/3, Q_b = −1/3. We make the approximation that V^{SM}_{tb} = 1 [26].

The gauge coupling constants of the scalar fields are given in Table III, IV and V. The parameters s_0, s_p and s_+ describe the mixing in the neutral CP-even scalar, pseudoscalar and singly

XXSS C_{XXSS} XXSS C_{XXSS} W^+_L W^−_L HH^{g2}_2 Z_LZ_LHH^{g2}_{2c2W} W^+_L W^−_L Φ^0Φ^0 g^2 Z_LZ_LΦ^0Φ^0 2^{g2}_{c2W} W^+_L W^−_L Φ^P Φ^P g^2 Z_LZ_LΦ^P Φ^P 2^{g2}_{c2W} W^+_L W^−_L Φ^+Φ^− 2g^2 Z_LZ_LΦ^+Φ^− 2^{g2}_{c2W} s^4_W W^+_L W^−_L Φ^{++}Φ^{−−} g^2 Z_LZ_LΦ^{++} Φ^{−−} 2^{g2}_{c2W} (1 − 2s^2_W )^2 A_LA_LΦ^+Φ^− 2e^2 A_LA_LΦ^{++}Φ^{−−} 8e^2 A_LZ_LΦ^+Φ^− −2e^g_{cW} s^2_W A_LZ_LΦ^{++}Φ^{−−} 4e^g_{cW} (1 − 2s^2_W )

TABLE III: Relevant gauge coupling constants of the scalar fields, C_{XXSS} [26].

XSS C_{XSS} XSS C_{XSS} XSS C_{XSS} W^+_L HΦ^− −^g_2 ( √ 2s_0 − s_+) Z_LHΦ^{P g}_{2cW} (s_p − 2s_0) A_LΦ^+Φ^− −e W^+_L Φ^0Φ^− −^{g√}_2 Z_LΦ^0Φ^P −^g_{cW} A_LΦ^{++}Φ^{−−} −2e W^+_L Φ^P Φ^{− g√}_2 Z_LΦ^+Φ^{− g}_{cW} s^2_W W^+_L Φ^+Φ^{−−} −g Z_LΦ^{++}Φ^{−−} −^g_{cW} (1 − 2s^2_W )

TABLE IV: Relevant gauge coupling constants of the scalar fields, C_{XSS} [26].

charged sectors, respectively. To leading order in^{v′}_v they are given by [26],

s_0 ≃ 2 √ 2 v^′ v (A2)

s_p = 2 √ 2v^′ √ v^2 + 8v^{′2} ≃ 2 √ 2 v^′ v (A3)

s_+ = 2v^′ √ v^2 + 4v^{′2} ≃ 2 v^′ v . (A4)

X_1X_2S C_{X1} C_{X2} S X_1X_2S C_{X1} C_{X2} S W^+_L W^−_L H^1_2 g^2v Z_LZ_LH^1_2^{g2}_{c2W} v W^+_L W^−_H H −^1_2 g^{2 c2−s2}_{2sc} v Z_LA_H H −^1_2^{gg′}_{cW}^{c′2−s′2}_{2s}′_c′ v W^+_L W^−_L Φ^0 −^1_2 g^2(s_0v − 2 √ 2v^′ ) Z_LZ_LΦ^0 −^1_2^{g2}_{c2W} (s_0v − 4 √ 2v^′ ) W^+_L W^−_H Φ^{0 g2}_4^{c2−s2}_{sc} (s_0v − 2 √ 2v^′) Z_LZ_H Φ^{0 1}_2^{g2}_{cW}^{c2−s2}_{2sc} (s_0v − 4 √ 2v^′ ) W^+_L A_LΦ^− 0 Z_LZ_H H −^1_2^{g2}_{cW}^{c2−s2}_{2sc} v W^+_L A_H Φ^− −^1_2 gg^{′ c′2−s′2}_{2s}′_c′ (s_+v − 4v^′ ) Z_LA_H Φ^{0 1}_2^{gg′}_{cW}^{c′2−s′2}_{2s}′_c′ (s_0v − 4 √ 2v^′ ) W^+_L W^+_L Φ^{−−} 2g^2v^′ W^+_L Z_LΦ^− −^{g2}_{cW} v^′ W^+_L W^+_H Φ^{−−} −2g^{2 c2−s2}_{2sc} v^′ W^+_L Z_H Φ^− g^{2 c2−s2}_{2sc} v^′ W^+_H Z^+_L Φ^{− g2}_{cw}^{c2−s2}_{2sc} v^′

TABLE V: Relevant gauge coupling constants of the scalar fields, C_{XXS} [26].

APPENDIX B: ONE-LOOP INTEGRALS

The one-loop integrals are decomposed in terms of Passarino-Veltman [38] functions which are defined in n = 4 − 2ϵ dimensions, Q^{4−n} ∫ d^nk (2π)^n 1 k^2 − m^2 + iϵ ≡ i 16π^2

A_0(m^2) (B1) Q^{4−n} ∫ d^nk (2π)^n 1 (k^2 − m^2_1 + iϵ)((k − p)^2 − m^2 + iϵ) ≡ i 16π^2

B_0(p^2, m^2_1, m^2) (B2) Q^{4−n} ∫ d^nk (2π)^n k_μ (k^2 − m^2_1 + iϵ)((k − p)^2 − m^2 + iϵ) ≡ i 16π^2 p_μB_1(p^2, m^2_1, m^2) (B3) Q^{4−n} ∫ d^nk (2π)^n k_μk_ν (k^2 − m^2_1 + iϵ)((k − p)^2 − m^2 + iϵ)

≡ (B4) i 16π^2

[g_{μν} B_{22}(p^2, m^2_1, m^2) + p_μp_ν B_{11}(p^2, m^2_1, m^2)],

where^1_{ϵ̂} ≡^1_ϵ (4π)^ϵΓ(1 + ϵ). We also define the following integrals,

I_1(a) =

∫_1 0 dx ln[1 − ax(1 − x)] (B5)

I_3(a) =

∫_1 0 dx x(1 − x) ln[1 − ax(1 − x)] (B6)

I_4(a, b) =

∫_1 0 dx ln[1 − x + ax − bx(1 − x)] (B7)

APPENDIX C: ONE-LOOP CONTRIBUTIONS TO GAUGE BOSON SELF-ENERGIES

The self-energies of the gauge bosons have the following structure

Π_{ij} (p^2) = g_{μν} Π^T_{ij} (p^2) + p_μp_ν Π^L_{ij} (p^2) . (C1)

Only the coefficient of the g_{μν} term, the transverse part of the self-energy, contributes to the mass renormalization of the gauge boson. We calculate the one-loop contributions to the gauge boson self-energies in unitary gauge, in which the contributions from the non-physical particles vanish. The fermion contribution to the gauge boson self-energy is gauge invariant and finite. Our calculation manifests these properties; this serves as a cross-check of our result. In the bosonic sector, the total contribution is gauge dependent and is Ultra-Violet-divergent [39]. Nevertheless, one can show that the contribution which is logarithmically enhanced by ln(M_Φ/m_Z ) is gauge independent, using Eq.(7)-(9) of [39].

1. Contributions of a fermion loop

The contribution due to the fermion loops to Π^{XY} , where (XY ) = (W W ), (ZZ), (γγ), (γZ), is given by

Π^{XY} (p^2) = − 1 16π^2 [ (c^2_L + c^2_R) ( 2A_0(m^2) + 2m^2_1B_0(p^2, m^2_1, m^2) (C2)

−2p^2B_1(p^2, m^2_1, m^2) − 4B_{22}(p^2, m^2_1, m^2) )

−4c_Lc_Rm_1m_2B_0(p^2, m^2_1, m^2) ] . where m_1 and m_2 are the masses of the loop fermion doublets. At zero momentum transfer, this becomes,

Π^{XY} (0) = − 1 16π^2 [ 2(g^2_V + g^2_A) ( 1 2 (m^2_1 + m^2) + m^4_1 m^2_1 − m^2 ln( Q^2 m^2_1 ) − m^4_2 m^2_1 − m^2 ln( Q^2 m^2 ) ) (C3)

−4(g^2_V − g^2_A)m_1m_2 ( 1 + ln(

Q^2 m^2 ) + m^2_1 m^2_1 − m^2 ln( m^2 m^2_1 ) )] . Note that in the above expression the contribution proportional to 1/ϵ̂ has been subtracted. We define the following shorthand notations

f_1(m^2_1, m^2) = 1 2 (m^2_1 + m^2) + m^4_1 m^2_1 − m^2 ln( Q^2 m^2_1 ) − m^4_2 m^2_1 − m^2 ln( Q^2 m^2

) (C4)

f_2(m^2_1, m^2) = 1 + ln(

Q^2 m^2 ) + m^2_1 m^2_1 − m^2 ln( m^2 m^2_1

) . (C5)

2. Contributions of a pure scalar loop

The contribution of scalar loops with two vectors and two scalars (V V SS) has no momentum dependence, and is given by

Π^{XY} (p^2) = Π^{XY} (0) = 1 16π^2

C_{XY S1S2} A_0(m^2) (C6) = 1 16π^2 C_{XY S1S2} m^2 [ 1 + ln(

Q^2 m^2 ) + 1 ϵ̂ ] . where (XY ) = (W W ), (ZZ), (γγ), (γZ), and m is the mass of the loop scalar fields. Note there is an extra symmetry factor 1/2 if the particle in the loop is neutral. The contribution of the scalar loops with one vector and two scalars (V SS) is given by

Π^{XY} (p^2) = − 4 16π^2

C_{XS1S2} C_{Y S1 S2} B_{22}(p^2, m^2_1, m^2) (C7)

where (XY ) = (W W ), (ZZ), (γγ), (γZ), and m_1 and m_2 are the masses of the loop scalar fields. For p^2 = 0,

Π^{XY} (0) = − 4 16π^2 C_{XS1S2} C_{Y S1 S2} [ 3 8 (m^2_1 + m^2) + 1 4(m^2_1 − m^2) ( m^4_1 ln(

Q^2 m^2_1

) − m^4_2 ln(

Q^2 m^2 ) ) (C8) + ( m^2_1 + m^2 4 ) 1 ϵ̂ ] . We define the shorthand notation

g_1(m^2_1, m^2) = 3 8 (m^2_1 + m^2) + 1 4(m^2_1 − m^2) [ m^4_1 ln(

Q^2 m^2_1

) − m^4_2 ln(

Q^2 m^2 ) ] . (C9)

In the limit m^2_1 = m^2 = m^2, this becomes

Π^{XY} (0) = − 2 16π^2 C_{XS1S2} C_{Y S1S2} m^2 [ 1 + ln(

Q^2 m^2 ) + 1 ϵ̂ ] . (C10)

3. Contributions of a gauge boson-scalar loop

The contribution of the gauge boson-scalar loops is given by

Π^{XX} (p^2) = 1 16π^2 C^2_{XX} ′_S [ B_0(p^2, M^2_X ′ , m^2_s) − 1 M^2_X ′

B_{22}(p^2, M^2_X ′ , m^2_s) ] (C11)

where (XY ) = (W W ), (ZZ), M_X ′ is the mass of the loop gauge boson X^′, and m_s is the mass of the loop scalar field. For p^2 = 0,

Π^{XY} (0) = 1 16π^2 C^2_{XX} ′_S [ 5 8 − 3 8 m^2_s M^2_X ′ + 3 4 ( M^2_X ′ M^2_X ′ − m^2_s

) ln(

Q^2 M^2_X ′

) (C12) +( m^2_s M^2_{X ′} − m^2_s

)(−1 + m^2_s 4M^2_{X ′}

) ln(

Q^2 m^2_s

) + (1 −

M^2_X ′ + m^2_s 4M^2_{X ′} ) 1 ϵ̂ ]

The contribution proportional to^1_{16π2} ln(m^2_s) is gauge invariant,

g_2(m^2_s , M^2_X ′ ) ≡ ( m^2_s M^2_{X ′} − m^2_s )[ (−1 + m^2_s 4M^2_{X ′}

) ln(

Q^2 m^2_s ) ] . (C13)

APPENDIX D: GAUGE BOSON SELF-ENERGIES IN THE LLH MODEL

In our renormalization procedure, we need to calculate the following gauge boson self-energies, Π^{γγ′}(0), Π^{γZ} (0), Π^{γZ} (M^2_Z ), Π^{W W} (0) and Π^{ZZ} (M^2_Z ). Below we summarize the full results for diagrams due to fermion and scalar loops. In our numerical results, we keep only the contributions which are enhanced by large logarithms, ln(M^2/Q^2), where M is a heavy mass scale and Q is typically the weak scale. The gauge independence in the bosonic sector can be retained by using the pinch technique or by using the background field formalism. This will be discussed in [37].

1. Contributions to Π^{γγ′}(0)

There are five diagrams that contribute to Π^{γγ} (0) in the LLH model. These are loops having (tt), (bb), (TT ), (Φ^+Φ^−), and (Φ^{++}Φ^{−−}). The total contribution to Π^{γγ′}(0) in the LLH model is

Π^{γγ′}(0) = α 4π [ 5 3 ln Q^2 M^2_Φ + 16 9 ln Q^2 m^2_t + 4 9 ln Q^2 m^2_b + 16 9 ln Q^2 m^2_T + 17 3ϵ̂ ] (D1)

2. Contributions to Π^{γZ} (p^2)

In the LLH model, there are six diagrams that contribute to Π^{γZ} (M^2_Z ). These are fermionic loops having (tt), (TT ), the scalar loops due to SSV couplings, (Φ^+, Φ^−), (Φ^{++}, Φ^{−−}), and the Φ^+ and Φ^{++} scalar loops due to SSV V quartic couplings. The contributions to Π^{γZ} (M^2_Z ) due to the fermions are

Π^{γZ}_{(tt)}(M^2_Z ) = 2α πs_W c_W ( 1 2 − 4 3 s^2_W )M^2_Z [ 1 3 ( ln Q^2 m^2_t + 1 ϵ̂ ) − 2I_3(

M^2_Z m^2_t )] (D2)

Π^{γZ}_{(T T )}(M^2_Z ) = − 2α πs_W c_W ( 4s^2_W 3 )( 1 2 − 4 3 s^2_W )M^2_Z (D3) · [ 1 3 ( ln Q^2 m^2_T + 1 ϵ̂ ) − 2I_3(

M^2_Z m^2_T ) ]

The sum of the contributions due to SSV couplings is

Π^{γZ} (M^2_Z ) = α 2π ( s_W c_W )(5 − 2 s^2_W ) [( M^2_Φ − 1 6 M^2_Z )( ln Q^2 M^2_Φ + 1 ϵ̂ ) (D4) + ( 1 6 M^2_Z − 2 3 M^2_Φ ) I_1 ( M^2_Z M^2_Φ ) + M^2_Φ − 1 9 M^2_Z ] .

The sum of the contributions due to SSV V couplings is

Π^{γZ} (M^2_Z ) = − α 2π ( s_W c_W )( 5 − 2 s^2_W )[ 1 + ln

Q^2 M^2_Φ + 1 ϵ̂ ] M^2_Φ (D5)

The terms proportional to M^2_Φ and M^2_Φ ln(Q^2/M^2_Φ) in Eq.(D4) and (D5) cancel among them-selves. The total contribution to Π^{γZ} (M^2_Z ) is thus given by, to order O(1/16π^2),

Π^{γZ} (M^2_Z ) = 2α πs_θ c_θ ( 1 2 − 4 3 s^2_θ ) M^2_Z (D6) · [ 1 3 ln( Q^2 m^2_t

) − 2I_3(

M^2_Z m^2_t ) − 4s^2_θ 3 ( 1 3 ln( Q^2 M^2_T

) − 2I_3(

M^2_Z M^2_T )]

+ αs_θ 2πc_θ (5 − 2 s^2_θ ) [ − 2 3 M^2_ΦI_1(

M^2_Z M^2_Φ ) − 1 6 M^2_Z ( ln( Q^2 M^2_Φ

) − I_1(

M^2_Z M^2_Φ ) + 2 3 )] . For p^2 = 0, it can be easily checked that the total fermionic contribution and the total scalar contribution to Π^{γZ} (0) vanish individually. Thus

Π^{γZ} (0) = 0, (D7)

as expected in the unitary gauge.

3. Contributions to Π^{W W} (0)

The full list of contributions of fermion loops to Π^{W W} (0) is given as follows,

Π^{W W}_{(tb)} (0) = − 1 16π^2 g^2 2 f_1(m^2_t , m^2_b )

Π^{W W}_{(T b)} (0) = − 1 16π^2 g^2 2 ( v f )^2x^2_L f_1(m^2_T , m^2_b ) . (D8)

The sum of the fermionic contributions to Π^{W W} (0) is thus given by, to order O(1/16π^2),

Π^{W W}_f (0) = − α 8πs^2_θ [ f_1(m^2_t , m^2_b ) + x^2_L( 1 √ 2G_μf^2

)M^2_T ( 1 2 + M^2_T M^2_T − m^2_b ln( Q^2 M^2_T ) ) ] . (D9)

where M_T in the above equation is replaced by its leading order term, M^2_T → √ 2G_μm^2_t x_L(1−x_L) f 2. The full list of contributions of scalar loops to Π^{W W} (0) is given as follows,

Π^{W W}_{(s)} (0) = 1 16π^2 g^2 [ 1 4 m^2_H ( 1 + ln(

Q^2 m^2_H ) ) + 4M^2_Φ ( 1 + ln(

Q^2 M^2_Φ ) )] (D10) [ s = sum of h, Φ^0, Φ^P , Φ^+ , Φ^{++} ]

Π^{W W}_{(s1 s2)}(0) = − 4 16π^2 g^2 [ ( √ 2s_0 − s_+)^2 4 g_1(m^2_H , M^2_Φ) + 2g_1(M^2_Φ, M^2_Φ) ] (D11) = 4 16π^2 g^2 [ ( √ 2s_0 − s_+)^2 4 g_1(m^2_H , M^2_Φ) + M^2_Φ ( 1 + ln(

Q^2 M^2_Φ ) )] [ (s_1 ,s_2)= sum of(H,Φ^−), (Φ^0 ,Φ^−), (Φ^P ,Φ^− ), (Φ^+ ,Φ^{−−}) ] .

Note that the contribution of the triplet components (Φ^0, Φ^P , Φ^+, Φ^{++}) to Π^{W W}_{(s)} (0) cancels exactly the contribution of (Φ^0, Φ^−), (Φ^P , Φ^−), (Φ^+, Φ^{−−}) to Π^{W W}_{(s1 s2)}(0). This prevents the appearance of contributions proportional to M^2_Φ and M^2_Φln(^{Q2}_{M 2Φ} ). To order O(1/16π^2), the sum of the contributions due to pure scalar loops is

Π^{W W}_s (0) = α 4πs^2_θ [ 1 4 m^2_H ( 1 + ln(

Q^2 m^2_H ) ) (D12) −4 √ 2G_μv^{′2}M^2_Φ ( 3 8 + M^2_Φ 4(M^2_Φ − m^2_H ) ln( Q^2 M^2_Φ ) ) ] . (D13)

The complete list of contributions proportional to ln(m^2_s ) to Π^{W W} (0) from scalar-gauge boson loops is,

Π^{W W} (0) = 1 16π^2

{C^2_{WLWLh}g_2(m^2_H , M^2_{WL} ) + C^2_{WLWH h}g_2(m^2_H , M^2_{WH} )

+C^2_{WLWLΦ}0 g_2(M^2_Φ, M^2_{WL} ) + C^2_{WLWH Φ}0 g_2(M^2_Φ, M^2_{WH} )

+C^2_{WLZLΦ}− g_2(M^2_Φ, M^2_Z) + C^2_{WLZH Φ}− g_2(M^2_Φ, M^2_{ZH} )

+C^2_{WLAH Φ}− g_2(M^2_Φ, M^2_{AH} ) + C^2_{WLWLΦ}−− g_2(M^2_Φ, M^2_{WL} )

+C^2_{WLWH Φ}−− g_2(M^2_Φ, M^2_{WH} )} (D14)

where the gauge coupling constants of the scalar fields are summarized in Table V. To order O(1/16π^2), the sum of the contributions due to scalar-gauge-boson loops is,

Π^{W W}_{sv} (0) = α^2 √ 2G_μs^4_θ [ 1 4 ( m^2_H M^2_{WL} − m^2_H )( −1 + m^2_H M^2_{WL} ) ln( Q^2 m^2_H ) + √ 2G_μ c^2_θ v^{′2} ( M^2_Φ M^2_Z − M^2_Φ )( M^2_Φ M^2_Z ) ln( Q^2 M^2_Φ ) +4 √ 2G_μv^{′2} ( M^2_Φ M^2_{WL} − M^2_Φ )( M^2_Φ M^2_{WL} ) ln( Q^2 M^2_Φ ) ] . (D15)

4. Contributions to Π^{ZZ}(M^2_Z )

The complete list of fermionic contributions to the self-energy function Π^{ZZ} (p^2) are summarized

below.

Π^{ZZ}_{(T t)}(M^2_Z ) = − 1 16π^2 ( gx_L 2c_W )^2 v^2 f^2 [ − 1 3M^2_Z

(M^2_T − m^2_t )^2 + 2 9 M^2_Z (D16) + 1 6M^2_Z [ −M^4_T + m^4_t − 2M^4_Z + M^2_Z ( 5M^2_T + m^2_t )] ln Q^2 M^2_T + 1 6M^2_Z [ −m^4_t + M^4_T − 2M^4_Z + M^2_Z ( 5m^2_t + M^2_T )] ln Q^2 m^2_t − 1 6 [ m^2_t + M^2_T − 2M^2_Z +

(m^2_t − M^2_T )^2 M^2_Z ]( I_4(

M^2_T m^2_t , M^2_Z m^2_t

) + I_4(

M^2_t M^2_T , M^2_Z M^2_T ) )

+ 1 ϵ̂ [ M^2_T + m^2_t − 2 3 M^2_Z ] ]

Π^{ZZ}_{(tT )} (M^2_Z ) = Π^{ZZ}_{(T t)}(M^2_Z ) (D17)

Π^{ZZ}_{(tt)} (M^2_Z ) = − 1 16π^2 ( g 2c_W )^2 [ 2 ( ( 1 2 − 4 3 s^2_W )^2 + 1 4 ) h_1(m^2_t ) (D18) − 16 3 s^2_W (1 − 4 3 s^2_W )h_2(m^2_t ) + 1 ϵ̂ [ 2 ( 1 2 − 4 3 s^2_W )^2 + 1 4 ) (2m^2_t − 2 3 M^2_Z ) + 16 3 s^2_W (1 − 4 3 s^2_W )m^2_t ] ]

Π^{ZZ}_{(bb)} (M^2_Z ) = − 1 16π^2 ( g 2c_W )^2 [ 2 ( ( 1 2 − 2 3 s^2_W )^2 + 1 4 ) h_1(m^2_b ) (D19) − 8 3 s^2_W (1 − 2 3 s^2_W )h_2(m^2_b ) + 1 ϵ̂ [ 2 ( ( 1 2 − 2 3 s^2_W )^2 + 1 4 ) (2m^2_b − 2 3 M^2_Z ) + 8 3 s^2_W (1 − 2 3 s^2_W )m^2_b ] ]

Π^{ZZ}_{(T T )} (M^2_Z ) = − 1 16π^2 ( 2s^2_W g 3c_W )^2 [ − 4 3 M^2_Z ( ln Q^2 M^2_T + 1 ϵ̂ ) + 4 9 M^2_Z (D20) + ( 4 3 M^2_Z + 8 3 M^2_T ) I_1(

M^2_Z M^2_T ) ] , where h_1(m^2) and h_2(m^2) are defined as

h_1(m^2) = (2m^2 − 2 3 M^2_Z ) ln

Q^2 m^2 + 2 9 M^2_Z + 2 3 (M^2_Z − m^2)I_1(

M^2_Z m^2

) (D21)

h_2(m^2) = m^2I_1(

M^2_Z m^2

) − m^2 ln

Q^2 m^2

. (D22)

To order O(1/16π^2), the sum of the fermionic contributions to Π^{ZZ} (M^2_Z ) is,

Π^{ZZ}_f (M^2_Z ) = − α 8πs^2_θ c^2_θ · [ ( x^2_L √ 2G_μf^2

)M^2_T [ 2m^2_t 3M^2_Z + 5 6 ln( Q^2 M^2_T ) + 1 6 ln( Q^2 m^2_t ) − 1 6 ( 1 − 2m^2_t M^2_Z )( I_4(

M^2_T m^2_t , M^2_Z m^2_t

) + I_4( m^2_t M^2_T , M^2_Z M^2_T ) ) ]

−( x^2_L 3 √ 2G_μf^2 ) ( 1 + Δs^2_θ c^2_θ − Δs^2_θ s^2_θ − 1 4 √ 2G_μf^2 − 4 v^{′2} f^2 ) M^4_T M^2_Z [ 1 + 1 2 ( ln( m^2_t M^2_T

) + I_4(

M^2_T m^2_t , M^2_Z m^2_t

) + I_4( m^2_t M^2_T , M^2_Z M^2_T ) )]

+ ( ( 1 2 − 4 3 s^2_θ )^2 + 1 4 ) h_1(m^2_t ) − 8 3 s^2_θ (1 − 4 3 s^2_θ )h_2(m^2_t ) + ( ( 1 2 − 2 3 s^2_θ )^2 + 1 4 ) h_1(m^2_b ) − 4 3 s^2_θ (1 − 2 3 s^2_θ )h_2(m^2_b ) + 8 9 s^4_θ M^2_Z [ − 4 3 ln( Q^2 M^2_T ) + 4 9 + 4 3 I_1(

M^2_Z M^2_T ) ] ] (D23)

The sum of the scalar contributions due to VVSS quartic couplings is

Π^{ZZ}_{(s)} (M^2_Z ) = 1 16π^2 g^2 c^2_W [ 1 4 m^2_H ( 1 + ln(

Q^2 m^2_H ) )

+2 ( 1 + s^4_W + (1 − 2s^2_W )^2 ) M^2_Φ ( 1 + ln(

Q^2 M^2_Φ ) ) ] (D24) [ s = sum of h, Φ^0 , Φ^P , Φ^+ , Φ^{++} ] . The sum of scalar contributions due to (Φ^0Φ^P ), (Φ^+Φ^−) and (Φ^{++}Φ^{−−}) loops, is given by,

Π^{ZZ}_{(s1 s2)}(M^2_Z ) = − 1 16π^2 ( 2g^2 3c^2_W ) ( 1 + s^4_W + (1 − 2s^2_W )^2 )[ 3M^2_Φ − 1 3 M^2_Z (D25) + ( 3M^2_Φ − 1 2 M^2_Z )( ln Q^2 M^2_Φ + 1 ϵ̂ ) + ( 1 2 M^2_Z − 2M^2_Φ ) I_1(

M^2_Z M^2_Φ ) ] . The contributions proportional to M^2_Φ and M^2_Φ ln^{Q2}_{M 2Φ} due to VVSS quartic couplings cancel exactly those due to VSS couplings. Thus there is no contribution proportional to M^2_Φ and M^2_Φ ln(^{Q2}_{M 2Φ} ) due to pure scalar loops. For the contribution due to (HΦ^P ) loop, we have

Π^{ZZ}_{(HΦ}P_)(M^2_Z ) = − 1 16π^2 ( g c_W )^2(s_p − 2s_0)^2 1 12 · [ 1 2 ( 3M^2_Φ + 3m^2_H − M^2_Z )( 1 ϵ̂ + ln(

Q^4 M^2_Φm^2_H ) )

+ 1 2M^2_Z ( M^4_Φ − m^4_H + M^2_Z (M^2_Φ − m^2_H ) ) ln( M^2_Φ m^2_H ) + 1 2M^2_Z ( M^4_Φ + (m^2_H − M^2_Z )^2 − 2M^2_Φ(m^2_H + M^2_Z ) )

· ( I_4( m^2_H M^2_Φ , M^2_Z M^2_Φ

) + I_4(

M^2_Φ m^2_H , M^2_Φ m^2_H ) )

+ 1 3M^2_Z ( 3M^4_Φ + M^2_Φ(9M^2_Z − 6m^2_H ) + 3m^4_H

−2M^4_Z + 9m^2_H M^2_Z ) ] . (D26)

In terms of the input parameters, the sum of the contributions to Π^{ZZ} (M^2_Z ) due to pure scalar loop to O(1/16π^2) is,

Π^{ZZ}_s (M^2_Z ) = α 4πs^2_θc^2_θ [ 1 4 m^2_H ( 1 + ln(

Q^2 m^2_H ) )

+ ( 1 + s^4_θ + (1 − 2s^2_θ )^2 )[ 2 3 M^2_Z ( 1 3 + 1 2 ln( Q^2 M^2_Φ ) − 1 2 I_1 ( M^2_Z M^2_Φ ) ) + 4 3 M^2_ΦI_1(

M^2_Z M^2_Φ ) ]

− √ 2G_μv^{′2} 12 M^2_Φ [ 3 2 ln( Q^4 m^2_H M^2_Φ ) + 1 2 ln( M^2_Φ m^2_H ) + ( 3 − 2m^2_H M^2_Z )

− m^2_H M^2_Z ( I_4( m^2_H M^2_Φ , M^2_Z M^2_Φ

) + I_4(

M^2_Φ m^2_H , M^2_Z m^2_H ) )]

− √ 2G_μv^{′2} 24 ( 1 − Δs^2_θ s^2_θ + Δs^2_θ c^2_θ − 1 4 √ 2G_μf^2 − 4v^{′2} f^2 ) M^4_Φ M^2_Z · [ 2 + ln(

M^2_Φ m^2_H

) + I_4( m^2_H M^2_Φ , M^2_Z M^2_Φ

) + I_4(

M^2_Φ m^2_H , M^2_Z m^2_H ) ] ] . (D27)

The contributions to Π^{ZZ} (M^2_Z ) due to scalar-gauge-boson loops have the following form

Π^{ZZ}_{(V S)}(M^2_Z ) = 1 16π^2 C^2_{XX} ′_S · [ ( 1 − 1 12M^2_{X ′} ( 3M^2_X ′ + 3m^2_S − M^2_Z ) )( 1 2 ln ( Q^4 M^2_{X ′} m^2_S ) + 1 ϵ̂ )

− ( 1 2 + 1 24M^2_Z M^2_X ′ ( M^4_X ′ + (m^2_S − M^2_Z )^2 − 2M^2_X ′ ( m^2_S + M^2_Z ) ) )

· ( I_4 ( m^2_S M^2_{X ′} , M^2_Z M^2_{X ′} ) + I_4 ( M^2_X ′ m^2_S , M^2_Z m^2_s ) )

− 1 24M^2_Z M^2_{X ′} ( M^4_X ′ − m^4_S + M^2_Z (M^2_X ′ − m^2_S ) ) ln ( M^2_X ′ m^2_S )

− 1 36M^2_Z M^2_X ′ ( 3M^4_X ′ + M^2_X ′ (9M^2_Z − 6m^2_S ) + 3m^4_S − 2M^4_Z + 9m^2_S M^2_Z ) ] . (D28)

where M_X ′ is the mass of the loop gauge boson and m_S is the mass of the loop scalar field. The contribution proportional to ln(m^2_s)/16π^2 is

g_3(m^2_s , M^2_X ′ ) ≡ 1 2 [ 1 − 1 12M^2_{X ′} ( 3m^4_s + 3M^2_X ′ − M^2_Z ) ] ln( Q^2 m^2_s

) . (D29)

Using this notation, the total contribution to Π^{ZZ} (M^2_Z ) proportional to ln(m^2_s) from scalar-gauge boson loops, is

Π^{ZZ}_{(V S)}(M^2_Z ) = 1 16π^2 [ C^2_{ZLZLh}g_3(m^2_H , M^2_Z ) + C^2_{ZLAH h}g_3(m^2_H , M^2_{AH} ) (D30)

+C^2_{ZLZLΦ}0 g_3(M^2_Φ, M^2_Z ) + C^2_{ZLZH Φ}0 g_3(M^2_Φ, M^2_{ZH} )

+C^2_{ZLZH H} g_3(m^2_H , M^2_{ZH} ) + C^2_{ZLAH Φ}0 g_3(M^2_Φ, M^2_{AH} )

+C^2_{ZLWLΦ}− g_3(M^2_Φ, M^2_{WL} ) + C^2_{ZLWH Φ}− g_3(M^2_Φ, M^2_{WH} ) ]

where the gauge coupling constants of the scalar fields are summarized in Table V. Expanding the coupling constants and masses in terms of the input parameters, to O(1/16π^2), Π^{ZZ}_{(V S)}(M^2_Z ) is given by Π^{ZZ}_{(V S)}(M^2_Z ) = α^2 8 √ 2G_μs^4_θ c^4_θ · [ ( 5 6 − m^2_H 4M^2_Z + 3(c^{′2} − s^{′2})^2 16s^{′2}c^{′2} + 3(c^2 − s^2)^2 16s^2c^2 ) ln ( Q^2 m^2_H )

+ [ 8 √ 2G_μv^{′2} ( 5 6 − M^2_Φ 4M^2_Z )

+ (c^2 − s^2)^2 4s^2c^2 ( 3 4 − M^2_Φ 4M^2_{ZH} )

+ √ 2G_μ(c^{′2} − s^{′2})^2v^{′2} 4s^{′2}c^{′2} ( 3 4 − M^2_Φ 4M^2_{AH} ) ] ln ( Q^2 M^2_Φ ) ]

(D31)

[1] LEP Electroweak Working Group, http://lepewwg.web.cern.ch/LEPEWWG. [2] N. Arkani-Hamed, A. G. Cohen, E. Katz, and A. E. Nelson, JHEP 07, 034 (2002), hep-ph/0206021. [3] N. Arkani-Hamed, A. G. Cohen, and H. Georgi, Phys. Lett. B513, 232 (2001), hep-ph/0105239. [4] N. Arkani-Hamed, A. G. Cohen, T. Gregoire, and J. G. Wacker, JHEP 08, 020 (2002), hep-ph/0202089. [5] N. Arkani-Hamed et al., JHEP 08, 021 (2002), hep-ph/0206020. [6] I. Low, W. Skiba, and D. Smith, Phys. Rev. D66, 072001 (2002), hep-ph/0207243. [7] D. E. Kaplan and M. Schmaltz, hep-ph/0302049. [8] S. Chang and J. G. Wacker, hep-ph/0303001. [9] W. Skiba and J. Terning, hep-ph/0305302. [10] S. Chang, hep-ph/0306034.

[11] S. Dimopoulos and J. Preskill, Nucl. Phys. B199, 206 (1982). [12] D. B. Kaplan and H. Georgi, Phys. Lett. B136, 183 (1984). [13] D. B. Kaplan, H. Georgi, and S. Dimopoulos, Phys. Lett. B136, 187 (1984). [14] H. Georgi and D. B. Kaplan, Phys. Lett. B145, 216 (1984). [15] H. Georgi, D. B. Kaplan, and P. Galison, Phys. Lett. B143, 152 (1984). [16] M. J. Dugan, H. Georgi, and D. B. Kaplan, Nucl. Phys. B254, 299 (1985). [17] T. Banks, Nucl. Phys. B243, 125 (1984).

[18] C. Csaki, J. Hubisz, G. D. Kribs, P. Meade, and J. Terning, Phys. Rev. D67, 115002 (2003), hepph/0211124.

[19] J. L. Hewett, F. J. Petriello, and T. G. Rizzo, JHEP 10, 062 (2003), hep-ph/0211218. [20] C. Csaki, J. Hubisz, G. D. Kribs, P. Meade, and J. Terning, Phys. Rev. D68, 035009 (2003), hepph/0303236.

[21] G. Kribs, hep-ph/0305157.

[22] T. Gregoire, D. R. Smith, and J. G. Wacker, hep-ph/0305275. [23] M. Perelstein, M. E. Peskin, and A. Pierce, hep-ph/0310039. [24] R. Casalbuoni, A. Deandrea and M. Oertel, hep-ph/0311038. [25] W. Kilian and J. Reuter, hep-ph/0311095.

[26] T. Han, H. E. Logan, B. McElrath, and L.-T. Wang, Phys. Rev. D67, 095004 (2003), hep-ph/0301040. [27] G. Passarino, Nucl. Phys. B361, 351 (1991). [28] B. W. Lynn, Nucl. Phys. B381, 467 (1992).

[29] T. Blank and W. Hollik, Nucl. Phys. B514, 113 (1998), hep-ph/9703392. [30] M. Czakon, M. Zralek and J. Gluza, Nucl. Phys. B573, 57 (2000). [31] M. Czakon, J. Gluza, F. Jegerlehner and M. Zralek, Eur. Phys. J. C13, 275 (2000). [32] Particle Data Book, K. Hagiwara et al, Phys. Rev. D66, 010001 (2002), URL http://pdg.lbl.gov. [33] M. S. Chanowitz, M. A. Furman, and I. Hinchliffe, Phys. Lett. B78, 285 (1978).

[34] N. Mahajan, hep-ph/0310098.

[35] D. Toussain, Phys. Rev. D18, 1626 (1978).

[36] G. Senjanovic and A. Sokorac, Phys. Rev. D18, 2708 (1978). [37] M.-C. Chen and S. Dawson, under preparation.

[38] G. Passarino and M. J. G. Veltman, Nucl. Phys. B160, 151 (1979). [39] G. Degrassi and A. Sirlin, Nucl. Phys. B383, 73 (1992).

PSfrag replacements PSfrag replacements

FIG. 1: Prediction for M_{WL} as a function of the mixing angle s^′ at the tree level and the one-loop level. Also plotted is the correlation between M_Z and s^′ for fixed s, v^′ and f. The cutoff scale f in this plot is 2 T eV , the SU (2) triplet VEV v^′ = 3.4 GeV , the mixing angle s = 0.22, and x_L = 0.4.

FIG. 2: Prediction for M_{WL} as a function of the mixing angle s^′ at the tree level and the one-loop level. Also plotted is the correlation between M_Z and s^′ for fixed s, v^′ and f. The cutoff scale f in this plot is 3 T eV , the SU (2) triplet VEV v^′ = 1.54 GeV , the mixing angle s = 0.2, and x_L = 0.4.

FIG. 3: Prediction for M_{WL} as a function of the mixing angle s^′ at the tree level and the one-loop level. Also plotted is the correlation between M_Z and s^′ for fixed s, v^′ and f. The cutoff scale f in the plot is 4 T eV , the SU (2) triplet VEV v^′ = 0.88 GeV , the mixing angle s = 0.2, and x_L = 0.4.

FIG. 4: Parametric plot of M_{WL} − M_Z in terms of s^′ for different values of the SU (2) triplet VEV, v^′ = 0, 1.0, 1.56, 2.0 and 2.5. The cutoff scale f is 3 T eV , the mixing angle s = 0.2, and x_L = 0.4. The data point with error bars on M_{WL} and M_Z is also shown.

PSfrag replacements

PSfrag replacements

PSfrag replacements

PSfrag replacements

PSfrag replacements

FIG. 5: Allowed parameter space on the (x_L, s)-plane, for f = 2, 3, 4, 5, 6 TeV. The triplet VEV v^′ is allowed to vary between 0 and the upper bound given by Eq. 33. For f = (2, 3, 4, 5, 6) TeV, this bound is v^′_{max} = (3.78, 2.52, 1.89, 1.51, 1.26) GeV.

PSfrag replacements

PSfrag replacements

PSfrag replacements

PSfrag replacements

PSfrag replacements

FIG. 6: Allowed parameter space on the (v^′, s)-plane for f = 2, 3, 4, 5, 6 TeV. The mixing parameters s^′ and x_L are allowed to vary between 0.01 and 0.99. For f = (2, 3, 4, 5, 6) TeV, the upper bound given by Eq. 33 is v^′_{max} = (3.78, 2.52, 1.89, 1.51, 1.26) GeV, respectively.

PSfrag replacements

FIG. 7: Allowed parameter space on the (v^′, s^′)-plane for f = 2, 3, 4, 5, 6 TeV. The mixing parameters s and x_L are allowed to vary between 0.01 and 0.99.

PSfrag replacements

FIG. 8: The tree level correction, Δ_{tree}, the fermionic and scalar contributions to the one loop correction, Δr^f_Z and Δr^S_Z, the total one loop correction, Δr̂ − Δ_{tree}, and Π^{W W} (0)/M^2_Z as functions of the cutoff scale f at fixed s, s^′, x_L and v^′.

FIG. 9: Complete list of diagrams due to fermions and scalar fields to the self-energy of the photon, A_L.

FIG. 10: Complete list of diagrams due to fermions and scalar fields to the self-energy Π^{γZ} .

FIG. 11: Complete list of diagrams due to fermions and scalar fields to the self-energy of the Standard Model W gauge boson.

FIG. 12: Complete list of diagrams due to fermions and scalar fields to the self-energy of the Standard Model Z gauge boson.