arXiv:hep-ph/0607191 v5 25 Aug 2006

Preprint typeset in JHEP style - HYPER VERSION DPNU-06-04

MSUHEP-060717

One-Loop Corrections to the S and T Parameters in a Three Site Higgsless Model

Shinya Matsuzaki

Department of Physics, Nagoya University Nagoya 464-8602, Japan E-mail: synya@eken.phys.nagoya-u.ac.jp

R. Sekhar Chivukula and Elizabeth H. Simmons

Department of Physics and Astronomy, Michigan State University East Lansing, MI 48824, USA E-mail: sekhar@msu.edu, esimmons@msu.edu

Abstract: In this paper we compute the one-loop chiral logarithmic corrections to the S and T parameters in a highly deconstructed Higgsless model with only three sites. In addition to the electroweak gauge bosons, this model contains a single extra triplet of vector states (which we denote ρ^± and ρ^0), rather than an infinite tower of “KK” modes. We compute the corrections to S and T in ’t Hooft-Feynman gauge, including the ghost, unphysical Goldstone-boson, and standard model “pinch” contributions required to obtain gauge-invariant results for the one-loop self-energy functions. We demonstrate that the chiral-logarithmic corrections naturally separate into two parts, a universal part arising from scaling below the ρ mass, which has the same form as the large Higgs-mass dependence of the S or T parameter in the standard model, and a second non-universal contribution arising from scaling between the ρ mass and the cutoff of the model. The form of the universal part of the one-loop result allows us to correctly interpret the phenomenologically derived limits on the S and T parameters (which depend on a “reference” Higgs-boson mass) in this three-site Higgsless model. Higgsless models may be viewed as dual to models of dynamical symmetry breaking akin to “walking technicolor”, and in these terms our calculation is the first to compute the subleading 1/N corrections to the S and T parameters. We also discuss the reduction of the model to the “two-site” model, which is the usual electroweak chiral lagrangian, noting the “non-decoupling” contributions present in the limit M_ρ → ∞.

August 24, 2006

Keywords: Dimensional Deconstruction, Electroweak Symmetry Breaking, Higgsless Theories, Fermion Delocalization, Precision Electroweak Tests, Chiral Lagrangian.

1. Introduction

Higgsless models [1] accommodate electroweak symmetry breaking without the introduction of a fundamental scalar Higgs boson [2]. In these models, the unitarity of longitudinally polarized electroweak gauge bosons is achieved through the exchange of extra vector bosons [3, 4, 5, 6], rather than scalars. Based on TeV-scale [7] compactified five-dimensional gauge theories with appropriate boundary conditions [8, 9, 10, 11], these models provide effectively unitary descriptions of the electroweak sector beyond the TeV energy scale. They are not, however, renormalizable, and can only be viewed as effective theories valid below a cutoff energy scale inversely proportional to the five-dimensional gauge-coupling squared. Above this energy scale, some new “high-energy” completion must obtain which is valid to higher energies.

Deconstruction [12, 13] is a technique to build four-dimensional gauge theories (with appropriate gauge symmetry breaking patterns) which approximate – at least over some energy range – the properties of a five-dimensional theory. Deconstructed Higgsless models [14, 15, 16, 17, 18, 19, 20] have been used as tools to compute the general properties of Higgsless theories, and to illustrate the phenomological properties of this class of models.

In the simplest realization of Higgsless models, the ordinary fermions are localized (on “branes”) in the extra dimension. Such models necessarily [20] give rise to large tree-level corrections to the electroweak S parameter, and are not phenomenologically viable. It has been shown, however, that by relaxing the fermion locality constraint [21, 22, 23, 24, 25] – more correctly, by allowing fermions to propagate in the compactified fifth dimension and identifying the ordinary fermions with the lowest KK fermion states – it is always [26] possible to choose the fermion wavefunction in the fifth dimension so that all four-fermion electroweak quantities at tree-level have their standard model forms.

Recently, a detailed investigation of a highly deconstructed three site Higgsless model [27] – in which the only vector states are the ordinary electroweak gauge bosons and a single triplet of ρ^± and ρ^0 vector states – has been completed.^1 Although relatively simple in form, the model was shown to be sufficiently complex to incorporate the interesting physics issues related to fermion masses and electroweak observables. Calculations were presented addressing the size of corrections^2 to αT , b → sγ, and Z → bb̄.

In this paper we compute the one-loop chiral logarithmic corrections to the S and T parameters [28, 29, 30] in the three site Higgsless model, in the limit M_W ≪ M_ρ ≪ Λ, where Λ is the cutoff of the effective theory. We compute these corrections in ’t Hooft-Feynman gauge, including the ghost, unphysical Goldstone-boson, and standard model “pinch” contributions [31, 32] required to obtain gauge-invariant results for the one-loop self-energy functions.

1Note that the ρ^± and ρ^0 here correspond to the W^{′ ±} and Z^′ in that paper.

2In the original version of [27], we used the notation Δρ rather than αT . To the order we are working, they are identical: Y ∝ (Δρ − αT ) vanishes in an ideally delocalized model [26].

– 1 –

For the S-paramter, we find the result αS_{3−site} = 4s^2M^2_W M^2_ρ ( 1 − x_1M^2_ρ 2M^2_W ) + α 12π log M^2_ρ M^2_{Href} − 17α 24π log Λ^2 M^2_ρ

− 8πα(c_1(Λ) + c_2(Λ)) , (1.1)

where the parameter x_1 measures the amount of fermion delocalization, M_{Href} is the reference Higgs boson mass used in the definition of the S-parameter, and c_{1,2} are higher order counterterms [18]. Note that the chiral-logarithmic corrections naturally separate into two parts, a universal part arising from scaling below the ρ mass, which has the same form as the large Higgs-mass dependence of the S-parameter in the standard model, and a second non-universal contribution arising from scaling between the ρ mass and the cutoff of the model. The form of the universal part of the one-loop result allows us to correctly interpret the phenomenologically derived limits on the S parameter (which depend on a “reference” Higgs-boson mass [28]) in this three-site Higgsless model.

Similarly, we obtain for T αT_{3−site} = − 3α 16πc^2 log M^2_ρ M^2_{Href} − 15α 64πc^2 log Λ^2 M^2_ρ + 4πα c_0(Λ) c^2

, (1.2)

where M_{Href} is the reference Higgs-boson mass, c is approximately cosine of the standard weak mixing angle (see Eqn. (2.6)) , and c_0(Λ) is the relevant O(p^4) custodial isospinviolating counterterm renormalized at scale Λ. Again, note the separation into universal and non-universal pieces and the standard-model-like dependence on the “reference” Higgs-boson mass.

The next few sections of the paper introduce the model and the form of the Lagrangian in terms of the gauge eigenstates and mass eigenstates. We then present the results of our computations of the one-loop corrections to the self-energy functions of the W and Z bosons. Subsequently, we compute the one-loop corrections to the S and T parameters arising from the gauge sector and arrive at the results summarized above. We then turn to the relationship between the M_ρ → ∞ limit of the three-site model and the usual electroweak chiral lagrangian [33, 34], discussing the importance of the “non-decoupling” contributions [35] which arise in this limit.

We conclude the paper by discussing the relationship of our results to the general expectations for the form of these corrections in models with a strongly-interacting symmetry breaking sector. Higgsless models may be viewed as dual [36, 37, 38, 39] to models of dynamical symmetry breaking [40, 41] akin to “walking technicolor” [42, 43, 44, 45, 46, 47], and in these terms our calculation is the first to compute the subleading 1/N corrections to the S and T parameters. The model we discuss is in the same class as models of extended electroweak gauge symmetries [48, 49] motivated by hidden local symmetry models [50, 51, 52, 53, 54] of chiral dynamics in QCD. We specifically compare our findings to the corresponding results in the “vector limit” [55] of hidden local symmetry models.

– 2 –

L V B Σ_{(1)} Σ_{(2)}

f f g_0 g1 g2

Figure 1: The three-site Higgsless model analyzed in this paper is illustrated using “moose notation” [56]. The model incorporates an SU (2)_L × SU (2)_V × U (1)_B gauge group with couplings g_0, g_1, and g_2 respectively, and two nonlinear (SU (2) × SU (2))/SU (2) sigma models in which the global symmetry groups in adjacent sigma models are identified with the corresponding factors of the gauge group.

2. The Three-Site Model

The three-site Higgsless model analyzed in this paper is illustrated in figure 1 using “moose notation” [56]. The model incorporates an SU(2)_L × SU(2)_V × U(1)_B gauge group with couplings g_0, g_1, and g_2 respectively, and 2 nonlinear (SU(2) × SU(2))/SU(2) sigma models in which the global symmetry groups in adjacent sigma models are identified with the corresponding factors of the gauge group. The symmetry breaking between the middle SU(2) and the U(1) follows an SU(2)_L ×SU(2)_R/SU(2)_V symmetry breaking pattern with the U(1) embedded as the T_3-generator of SU(2)_R. The leading order lagrangian in the model is given by L_{(2)} = f^2 4 2∑ i=1 tr[D_μΣ^†_{(i)}D^μΣ_{(i)}] − 1 2g^2_0 tr[L_{μν} ]^2 − 1 2g^2_1 tr[V_{μν} ]^2 − 1 2g^2 tr[R_{μν} ]^2 , (2.1)

where L_{μν} , V_{μν} , and R_{μν} are the matrix field-strengths of the three gauge groups, R_μ = B_μ^{σ3}_2 , and the covariant derivatives acting on Σ_{(i)} are defined as

D_μΣ_{(1)} = ∂_μΣ_{(1)} − iL_μΣ_{(1)} + iΣ_{(1)}V_μ , (2.2) D_μΣ_{(2)} = ∂_μΣ_{(2)} − iV_μΣ_{(2)} + iΣ_{(2)}R_μ . (2.3)

The 2 × 2 unitary matrix fields Σ_{(1)} and Σ_{(2)} may be parametrized by the Nambu-Goldstone (GB) boson fields π_{(1)} and π_{(2)}:

Σ_{(i)} = e^{2iπ(i)/f} , for i = 1, 2 , (2.4)

with the decay constant^3 f.

3For simplicity, here we take the same decay constant f for both links.

– 3 –

This model (see [27] for details) approximates the standard model in the limit

x = g_0/g_1 ≪ 1 , y = g_2/g_1 ≪ 1 , (2.5)

in which case we expect a massless photon, light W and Z bosons, and a heavy set of bosons ρ^± and ρ^0 with M_W ≪ M_ρ . Numerically, then, g_{0,2} are approximately equal to the standard model SU(2)_W and U(1)_Y couplings, and we therefore define an angle θ such that s = sin θ, c = cos θ, and

g^2_0 ≈ 4πα s^2

, g^2 ≈ 4πα c^2

, (2.6)

where α is the usual fine-structure constant. In this limit, M^2_{ρ±} − M^2_{ρ0} = O(M^4_W /M^2_ρ ), and we neglect the difference between these masses.

2.1 Fermion Couplings and αS at Tree-Level

The standard model fermions are delocalized in the sense that their weak couplings arise from both sites 0 and 1 [57, 25]

L_f = ⃗J^μ_L · ((1 − x_1)L_μ + x_1V_μ) + J^μ_Y B_μ , (2.7)

where ⃗J^μ_L and J^μ_Y are the fermionic weak and hypercharge currents, respectively, and 0 ≤ x_1 ≪ 1 is a measure of the amount of fermion delocalization. This expression is not separately gauge invariant under SU(2)_0 and SU(2)_1. Rather, the fermions should be viewed as being charged under SU(2)_0, and the terms proportional to x_1 should be interpreted as arising from the operator of the form L^′_f = x_1 · ψ̄_L(iD/ Σ_{(1)}Σ^†_{(1)})ψ_L , (2.8)

in unitary gauge. We will be interested only in the light fermions (i.e. all standard model fermions except for the top-quark), and will therefore ignore the couplings giving rise to fermon masses (these are discussed in detail in [27]).

Diagonalizing the gauge-boson mass matrix and computing the relevant tree-level fourfermion processes, one may compute the value of the S-parameter at tree-level, with the result [57, 25] αS^{tree} = 4s^2M^2_W M^2_ρ ( 1 − x_1M^2_ρ 2M^2_W ) . (2.9)

Current phenomenological bounds on αS are O(10^{−3}) [58]. Since exchange of the ρ meson is necessary to maintain the unitarity of longitudinally polarized W -boson scattering, we must require that M_ρ ≤ O(1 TeV) – leading, for localized fermions with x_1 = 0, to a value of αS^{tree} which is too large. For the three-site model to be viable, therefore, the value of the fermion delocalization parameter must be chosen to reduce the value of αS^{tree} [21, 22, 23, 24, 25, 26].

– 4 –

2.2 Duality and The Size of Radiative Electroweak Corrections By duality [36], tree-level computations in the 5-dimensional theory represent the leading terms in a large-N expansion [59] of the strongly-coupled dual gauge theory akin to “walking technicolor” [42, 43, 44, 45, 46, 47]. The mass of the W boson, M_W , is proportional to a weak gauge-coupling, g_{ew} , (which is fixed in the large-N approximation) times the f-constant for the electroweak chiral symmetry breaking of the strongly-coupled theory. Therefore, we expect M^2_W /M^2_ρ to scale like [59, 60]

M^2_W M^2_ρ = O ( g^2_{ew} N (4π)^2 ) , (2.10)

which is the expected behavior of the S-parameter in the large-N limit [28, 10].

We now specify the limit in which we will perform our analysis. As shown below (see eqns. (4.1, 4.2)), in the small x limit M^2_W M^2_ρ ≈ x^2 4 , (2.11)

so that the tree-level value of αS vanishes if x_1 = x^2/2. In what follows, therefore, we will assume that x_1 = O(x^2). Overall, then, we work in the limit 1 ≫ |αS^{tree}| = O ( g^2_{ew} N (4π)^2 ) ≫ |αS^{one−loop}| = O ( g^2_{ew} (4π)^2 ) > 0 , (2.12)

which is manifestly consistent with the large-N approximation. Since phenomenological bounds on αS are of O(10^{−3}), one-loop electroweak corrections αS^{one−loop} are potentially relevant.

Note also that αT^{tree} ≈ 0 in these models, independent of the degree of fermion delocalization [20, 25]. The one-loop corrections to αT are therefore of interest. Those arising from the extended fermion sector have been shown^2 to place strong lower bounds on the masses of the KK fermions [27]. Those arising from the gauge sector are considered below.

3. Gauge Sector Lagrangian

In order to obtain the relevant interaction terms to compute the one-loop electroweak corrections, we expand the link variables Σ_1 and Σ_2 as follows

Σ_{(i)} = 1 + 2i π_{(i)} f − 2π^2_{(i)} f^2

+ O(π^3) , for i = 1, 2 . (3.1)

Furthermore, it is convenient to change the normalization of the gauge-boson fields so that the gauge-boson kinetic energy terms in Eqn. (2.1) are canonically normalized, and to introduce the following vectors in “link” and “site” space, respectively ⃗πa = ( π^a_{(1)} π^a_{(2)} ) , ⃗A^a_μ = L^a_μ V^a_μ R^a_μ , (3.2)

– 5 – with R^a_μ = (0, 0, B_μ)^T . By using these quantities, the lagrangian (2.1) is decomposed into the following pieces: L_{(2)} = L^{AA}_{ππ} + L_{πAA} + L_{ππA} + L_{ππAA} +L_{AAA} + L_{AAAA} + · · · , (3.3) where we have ignored the interaction terms including more than three GB fields since these terms do not generate the vertices relevant to the one-loop processes of interest.

3.1 L^{AA}_{ππ} : Kinetic Energy and Gauge-Fixing Terms

The lagrangian L^{AA}_{ππ} is constructed from two GB fields ⃗π^a or two gauge fields ⃗A^a_μ

L^{AA}_{ππ} = L^{kin}_{gauge} + 1 2 ( ∂_μ⃗π^a − f ( D · G · ⃗A^a_μ ))_T · ( ∂^μ⃗π^a − f ( D · G · ⃗A^{μa} )) , (3.4)

where the kinetic terms of the gauge fields ⃗A^a_μ are included in L^{kin}_{gauge}, D is a 2 × 3 difference matrix in the link/site space defined as D = ( 1 −1 0 0 1 −1 ) , (3.5)

and G is the gauge coupling-constant matrix with the diagonal elements (g_0, g_1, g_2).

It is convenient to introduce the charge eigenstate fields

⃗A^±_μ = (L^±_μ , V^±_μ )^T , ⃗A^0_μ = (L^3_μ, V^3_μ , B_μ)^T , (3.6)

⃗π^± = (π^±_{(1)}, π^±_{(2)})^T , ⃗π^0 = (π^3_{(1)}, π^3_{(2)})^T , (3.7)

where

L^±_μ =

L^1_μ ∓ iL^2_μ √ 2 , V^±_μ =

V^1_μ ∓ iV^2_μ √ 2 , (3.8)

and with π^±_{(i)} and π^0_{(i)} (i = 1, 2) defined analogously. Using the charge eigenstate fields, the mass terms of the gauge fields are expressed as

⃗A^{+T}_μ M^2_{CC} ⃗A^{μ−} + 1 2 ⃗A^{0T}_μ M^2_{NC} ⃗A^{μ0} , (3.9)

where M^2_{CC} and M^2_{N C} are the mass matrices for the charged and neutral gauge bosons

M^2_{CC} = f^2 4 ( g^2_0 −g_0g_1 −g_0g_1 2g^2_1 ) , (3.10)

M^2_{NC} = f^2 4 g^2_0 −g_0g_1 0 −g_0g_1 2g^2_1 −g_1g_2 0 −g_1g_2 g^2

. (3.11)

– 6 –

The lagrangian L^{AA}_{ππ} includes quadratic mixing terms between the GB fields ⃗π^a and the gauge fields ⃗A^a_μ. These terms are eliminated by adding the following R_ξ gauge fixing term^4 [20]:

L_{GF} = − 1 2ξ ( ⃗G^T )_a · ( ⃗G )_a , (3.12)

where ⃗G^a = [( ∂_μ ⃗A^{μa} ) + ξf 2 ( G · D^T · ⃗π^a ) ] . (3.13)

After fixing the gauge, the unphysical Goldstone boson fields acquire the gauge-dependent masses M_π± and M_π0

M^2_π± = ξf^2 4 ( g^2_0 + g^2_1 −g^2_1 −g^2_1 g^2_1 ) , (3.14)

M^2_π0 = ξf^2 4 ( g^2_0 + g^2_1 −g^2_1 −g^2_1 g^2_1 + g^2 ) . (3.15)

The lagrangian L^{AA}_{ππ} combined with the gauge-fixing term in L_{GF} then become

L^{AA}_{ππ} + L_{GF} = − ⃗A^{+T}_μ [D^{μν}_{A±} ] ⃗A^−_ν − 1 2 ⃗A^{0T}_μ [D^{μν}_{A0} ] ⃗A^0_ν −⃗π^{+T} [D_π± ]⃗π^− − 1 2 ⃗π^{0T} [D_π0 ]⃗π^0 , (3.16)

where [ D^{μν}_{A±,A0} ] = ( −1 ∂^2 − M^2_{CC,N C} ) g^{μν} + ( 1 − 1 ξ ) 1 ∂^μ∂^ν , (3.17)

[D_π±,0 ] = ( −1 ∂^2 − M^2_π±,0 ) . (3.18)

3.2 The Fadeev-Popov Ghost Lagrangian L_{FP}

Next we introduce the ghost terms corresponding to the gauge fixing terms in Eqn.(3.12)

L_{FP} = −C̄^a_I · (Γ^{ab})_{IJ} · C^b_J , (3.19)

where C^a_I and C̄^a_J (I, J = 0, 1, 2) are respectively the Fadeev-Popov (FP) ghost and the anti-ghost fields corresponding to the gauge groups on the Ith-and Jth-site, and

(Γ^{ab})_{IJ} = g_J · δG^a_I δΘ^b_J , (3.20)

4We take the same gauge parameter for all the gauge groups.

– 7 – with Θ^a_I being the infinitesmal generator of the gauge transformations. The infinitesimal transformation laws for the gauge fixing functions G^a_I are immediately derived from those for the gauge fields ⃗A^a_μ and the GB fields ⃗π^{a 5}

δL^a_μ = D_μΘ^a_0 = ( ∂_μδ^{ac} + g_0ϵ^{abc}L^b_μ ) Θ^c_0 , (3.21)

δV^a_μ = D_μΘ^a_1 = ( ∂_μδ^{ac} + g_1ϵ^{abc}V^b_μ ) Θ^c_1 , (3.22) δB_μ = ∂_μΘ_2 , (3.23)

δπ^a_{(1)} = f 2 (g_0Θ^a_0 − g_1Θ^a_1) + O(π^2) , (3.24)

δπ^a_{(2)} = f 2 (g_1Θ^a_1 − g_2Θ^a_2) + O(π^2) . (3.25)

Defining the charge eigenstates for the FP ghost fields, we find

L_{FP} = L^{kin.}_{FP} + L^{int.}_{FP} , (3.26)

where

L^{kin.}_{FP} = −C̄^+_i ( ∂^2δ_{ij} − ξ[M^2_{CC} ]_{ij} ) C^−_j + h.c. −C̄^0_I ( ∂^2δ_{IJ} − ξ[M^2_{N C}]_{IJ} ) C^0_J , (3.27)

L^{int.}_{FP} = ig_i ( A^+_{μi} { ∂^μC̄^−_i C^3_i − ∂^μC̄^3_i C^−_i } + A^3_{μi}∂^μC̄^+_i C^−_i ) + h.c. , (3.28)

with A^+_{μi} = (L^+_μ , V^+_μ )^T and A^3_{μi} = (L^3_μ, V^3_μ )^T , and where we sum over the repeated indices (i, j = 0, 1 and I, J = 0, 1, 2).

3.3 The Non-Abelian Interactions L_{AAA} and L_{AAAA} The Non-Abelian interaction terms among the gauge fields L^a_μ and V^a_μ are L_{AAA} = ig_0 [ ( ∂_μL^+_ν − ∂_ν L^+_μ ) L^{μ−}L^{ν3} + ∂_μL^3_ν L^{μ+}L^{ν−} ]

+ig_1 [ ( ∂_μV^+_ν − ∂_ν V^+_μ ) V^{μ−}V^{ν3} + ∂_μV^3_ν V^{μ+}V^{ν−} ] + h.c. , (3.29)

L_{AAAA} = g^2_0 2 [ L^+_μ L^−_ν ( L^{μ+}L^{ν−} + L^{μ−}L^{ν+} ) − 2L^+_μ L^+_ν L^{μ−}L^{ν−} ]

+g^2_0 [ L^+_μ L^−_ν L^{μ3}L^{ν3} − L^+_μ L^{μ−}L^3_ν L^{ν3} ]

+ g^2_1 2 [ V^+_μ V^−_ν ( V^{μ+}V^{ν−} + V^{μ−}V^{ν+} ) − 2V^+_μ V^+_ν V^{μ−}V^{ν−} ]

+g^2_1 [ V^+_μ V^−_ν V^{μ3}V^{ν3} − V^+_μ V^{μ−}V^3_ν V^{ν3} ] . (3.30)

5Here we omit terms including more than two GB fields, since these interactions are irrelevant to the processes we are concerned with.

– 8 –

3.4 The Goldstone Boson Interactions L_{πAA}, L_{ππA} and L_{ππAA} The remaining Goldstone Boson interactions necessary for our computations are expressed as follows: L_{πAA} = − g_1f 2 ϵ^{abc} ( g_0L^a_μV^{μb}π^c_{(1)} + g_2V^a_μ R^{μb}π^c_{(2)} ) , (3.31) L_{ππA} = − 1 2 ϵ^{abc}∂_μπ^a_{(1)}π^b_{(1)} (g_0L^{μc} + g_1V^{μc}) − 1 2 ϵ^{abc}∂_μπ^a_{(2)}π^b_{(2)} (g_1V^{μc} + g_2R^{μc}) , (3.32) L_{ππAA} = 1 2 ϵ^{eab}ϵ^{ecd} ( g_0g_1L^a_μπ^b_{(1)}V^{μc}π^d_{(1)} + g_1g_2V^a_μ π^b_{(2)}R^{μc}π^d_{(2)} ) . (3.33)

These interaction terms are rewritten in terms of the charge eigenstate fields as^6 L_{πAA} = i f 2 [ g_0g_1 ( L^3_μV^{μ+} − V^3_μ L^{μ+} ) π^−_{(1)} − g_1g_2B_μV^{μ+}π^−_{(2)} + g_0g_1L^+_μ V^{μ−}π^3_{(1)} ] + h.c. ,(3.34)

L_{ππA} = + i 2 [ g_0∂_μπ^+_{(1)}π^−_{(1)}L^{μ3} + g_1 ( ∂_μπ^+_{(1)}π^−_{(1)} + ∂_μπ^+_{(2)}π^−_{(2)} ) V^{μ3} + g_2∂_μπ^+_{(2)}π^−_{(2)}B^μ

− ( π^3_{(1)}^↔∂_μ π^−_{(1)} ) ( g_0L^{μ+} + g_1V^{μ+} ) − g_1 ( π^3_{(2)}^↔∂_μ π^−_{(2)} ) V^{μ+} ] + h.c. , (3.35)

L_{ππAA} = g_1 2 [ g_0π^+_{(1)}π^−_{(1)} ( L^+_μ V^{μ−} + L^3_μV^{μ3} ) − g_0π^+_{(1)}π^3_{(1)} ( L^−_μ V^{μ3} + L^3_μV^{μ−} )

+g_0π^3_{(1)}π^3_{(1)}L^+_μ V^{μ−} − g_0π^+_{(1)}π^+_{(1)}L^−_μ V^{μ−} − g_2π^−_{(2)}π^3_{(2)}B_μV^{μ+} + g_2π^+_{(2)}π^−_{(2)}B_μV^{μ3} ]

+h.c. . (3.36)

4. Mass Eigenstate Fields

To facilitate our computation of the one-loop corrections to αS and αT , we must first express the interactions derived above in terms of mass eigenstate fields. As we are interested in the limit x = g_0/g_1 ≪ 1, we will diagonalize the mass matrices perturbatively in x.

The charged gauge boson mass matrix M^2_{CC} has the eigenvalues

M^2_W = g^2_1f^2 4 [ 1 2 x^2 + O(x^4) ] , (4.1)

M^2_ρ± = g^2_1f^2 4 [ 2 + 1 2 x^2 + O(x^4) ] . (4.2)

Expanding the gauge-eigenstate fields in terms of the mass eigenstates, we find

L^±_μ = W^±_μ − x 2 ρ^±_μ , (4.3)

V^±_μ = x 2 W^±_μ + ρ^±_μ . (4.4)

6Here we define (A^↔∂_μ B) ≡ (∂μA)B − A(∂μB) .

– 9 – up to terms of O(x^2).

The neutral gauge boson mass matrix M^2_{N C} has one zero eigenvalue, corresponding to the photon, and the two non-zero eigenvalues

M^2_Z = g^2_1f^2 4 [ x^2 2c^2

+ O(x^4) ] , (4.5)

M^2_ρ0 = g^2_1f^2 4 [ 2 + x^2 2c^2

+ O(x^4) ] , (4.6)

where the angles s = sin θ and c = cos θ are defined in Eqn. (2.6). Expanding the neutral gauge-eigenstate fields in terms of mass eigenstates, we find

L^3_μ = s A_μ + c Z_μ − x 2 ρ^0_μ , (4.7)

V^3_μ = s x · ( A_μ + c^2 − s^2 2sc Z_μ ) + ρ^0_μ , (4.8) B_μ = c A_μ − s Z_μ − s 2c xρ^0_μ , (4.9)

up to terms of O(x^2).

Since the mass matrices for the ghost fields are (see Eqn. (3.27)) equal to those of the vector bosons, up to an overall factor of ξ, the corresponding relationships between the gauge-eigenstate and mass-eigenstate ghost fields are

C^±_{(0)} = C_W ± − x 2 C_ρ± , (4.10)

C^±_{(1)} = x 2 C_W ± + C_ρ± , (4.11) and C^3_{(0)} = s C_A + c C_Z − x 2 C_ρ0 , (4.12)

C^3_{(1)} = s x · ( C_A + c^2 − s^2 2sc C_Z ) + C_ρ0 , (4.13)

C^3_{(2)} = c C_A − s C_Z − s 2c xC_ρ0 (4.14)

up to corrections of order O(x^2).

Similarly, the charged GB matrix M^2_{π±} has the eigenvalues ξM^2_W and ξM^2_{ρ±} , and the neutral GB matrix M^2_{π0} has the eigenvalues ξM^2_Z and ξM^2_{ρ0} . The mass matrices for the Goldstone bosons are given in eqns. (3.15) and (3.14). Expanding the eigenvectors in powers of x we find that the GB fields are expressed in terms of the mass eigenstate fields π_W ±_{,Z} and π_ρ±_{,ρ}0 as

π^{±,3}_{(1)} = 1 √ 2 ( π_W ±_{,Z} − π_ρ±_{,ρ}0 ) , (4.15)

π^{±,3}_{(2)} = 1 √ 2 ( π_W ±_{,Z} + π_ρ±_{,ρ}0 ) , (4.16)

up to terms of O(x^2).

– 10 –

5. One-Loop Corrections to Gauge Boson Self-Energies

In order to compute the one-loop corrections to the S and T parameters, we must evaluate the relevant contributions to the gauge-boson self-energies [28, 29]. Using the results of the previous section, the gauge-sector interactions may be written in terms of the mass-eigenstate fields, yielding (to leading order in x) the interactions necessary for our calculations. The gauge-sector interactions, written in the mass-eigenstate basis, are summarized in Appendix A, and the relevant diagrams are shown in figs. 2 and 4.

We define the self-energy amplitudes for the SM gauge bosons as Π^{μν}_{Ai Aj} (p) = ∫ d^4x e^{−ipx}⟨0|TA^μ_i (x)A^ν_j (0)|0⟩ , (5.1)

where i and j denote the species of the SM gauge bosons. In the present calculation, we choose the ’t Hooft-Feynman gauge ξ = 1. The amplitudes are evaluated by using the formulae for the Feynman integrals given in Appendix B; as described there, the formulae are derived using dimensional regularization and renormalized at the cutoff scale Λ of the effective theory.

5.1 Neutral Gauge Boson Self-Energies

The values of the individual diagrams in Fig. 2 are shown in Appendix C. Putting these contributions together, we obtain the photon self-energy

Π^{μν}_{AA}(p) = i(p^2g^{μν} − p^μp^ν ) · [ e^2 (4π)^2 ( 3 log

Λ^2 M^2_W

+ 3 log

Λ^2 M^2_{ρ±} ) ] , (5.2)

the ZA mixing self-energy

Π^{μν}_{ZA}(p) = ie^2 (4π)^2 [ g^{μν} ( 2M^2_W sc log Λ^2 M^2_W )

+ (p^2g^{μν} − p^μp^ν ) ( { 19c 6s + s 6c } log Λ^2 M^2_W + 3 2 { c s − s c } log Λ^2 M^2_{ρ±} )] , (5.3)

and the Z-boson self-energy

Π^{μν}_{ZZ} (p) = ie^2 (4π)^2 [ g^{μν} ( 2M^2_W { 1 4s^2c^2 + c^2 − s^2 s^2c^2 } log Λ^2 M^2_W − 1 4s^2c^2 { 3 2 M^2_ρ± + 3 2 M^2_W } log Λ^2 M^2_{ρ±} )

+ (p^2g^{μν} − p^μp^ν ) ({ (c^2 − s^2)^2 4s^2c^2 ( − 1 3 ) + c^2 s^2 ( 10 3 ) } log Λ^2 M^2_W + { 3(c^2 − s^2)^2 4s^2c^2 + 1 4s^2c^2 ( − 1 6 ) } log Λ^2 M^2_{ρ±} )] . (5.4)

– 11 – ρ^− ρ^+ (A)

W^−

W^+ (B) ρ^±

(C) W^± (D)

(E) π_{ρ+}

π_ρ−

(F) π_W +

π_W − π_ρ± (G) π_{W ±} (H)

π_ρ− ρ^+ (I)

π_W −

(J) W^+

C̄_{ρ−}

C_ρ+ (K)

C̄_{W −}

C_W + (L)

(M) π_{ρ±}

π_W ± πW ± ρ^± (N)

Z Z Z Z

Figure 2: One-loop diagrams for the Z boson and photon self-energies Π^{μν}_{ZZ,ZA,AA} in the three-site model. All the external lines are the neutral gauge bosons (photon and Z boson) except for the diagrams (M) and (N) which apply only to the Z boson. The relevant vertices are listed, to leading order in x ≡ g_0/g_1, in Appendix A. The dots on the vertices denote the derivative couplings. As described in the text, the calculation is done in ’t Hooft-Feynman gauge. The π_{W/Z,ρ} and C_{W/Z,ρ} fields denote the ’t Hooft-Feynman gauge unphysical Goldstone bosons and ghost fields corresponding to the electroweak and ρ bosons.

These expressions are correct to leading-log approximation, and to order α; we neglect corrections O(αx^2). To this order we may neglect the difference between the charged and neutral ρ masses, since that arises at order x^2 (see eqns. (4.2) and (4.6)).

We note that these results for Π_{ZA} and Π_{ZZ} are not transverse. While in the case of the Z-boson, one expects a scalar contribution renormalizing the Z-boson mass, the ZA mixing self-energy, properly defined, must be transverse by electromagnetic gauge-invariance. Therefore the calculation is not yet complete. As is well-known, a gauge-invariant result is obtained only after inclusion of the appropriate pieces (the so-called “pinch contributions”) of one-loop vertex corrections and box diagrams [31, 32]. In ’t Hooft-Feynman gauge the only such contributions arise from diagrams containing triple-vector-boson vertices, as illustrated for the electroweak gauge bosons in Fig. 3.

– 12 –

W^+ W^− Z, A W^+ W^− Z, A Pinch Part

W^± Z, A W^± W^± Z, A W^± Pinch Part

Figure 3: Vertex correction diagram constructed from the SM gauge boson loops which contribute to the pinch part of the self-energies [31, 32] for the W and Z bosons, and are included in the modified self-energy functions Π^{μν} (p)

In addition to the standard model contributions illustrated in Fig. 3, there are potentially vertex contributions involving ρ or π_ρ intermediate states. Using the fermion couplings in eqns. (2.7, 2.8), and the form of the boson mass-eigenstate fields in eqns. (4.7) – (4.9) and (4.15, 4.16), we find the fermion couplings

L^{NC}_f = e (1 − x_1) · J^3_μ [ A^μ + s c Z^μ − x 2s ρ^{μ0} ]

+e x_1 · J^3_μ [ A^μ + c^2 − s^2 2sc Z^μ + 1 2sx ρ^{μ0} ]

+ (√ 2x_1 f ) · J^3_μ∂^μ(π_Z − π_ρ0 )

+eJ^Y_μ [ A^μ − s c Z^μ − s x 2c^2 ρ^{μ0} ] + O([π_{Z or ρ}0 ]^2) . (5.5)

Recalling that x_1 = O(x^2), we see the couplings of the ρ or π_ρ to the fermions are suppressed by x; therefore, the only relevant pinch contributions come from the standard model processes of Fig. 3.

As shown in [31], gauge-independent self-energies (Π) may be constructed including the

– 13 – pinch parts expressed as

Π^{μν}_{AA}(p) = Π^{μν}_{AA}(p) + 4e^2(p^2g^{μν} − p^μp^ν )F_2(M_W , M_W ; p^2) , (5.6)

Π^{μν}_{ZA}(p) = Π^{μν}_{ZA}(p) +

2e^2c s (2p^2 − M^2_Z )g^{μν}F_2(M_W , M_W ; p^2) , (5.7)

Π^{μν}_{ZZ} (p) = Π^{μν}_{ZZ} (p) +

4e^2c^2 s^2

(p^2g^{μν} − p^μp^ν )F_2(M_W , M_W ; p^2) − 4e^2 s^2 g^{μν} M^2_W F_2(M_W , M_W ; p^2) , (5.8)

where the function F_2 is defined in Appendix B. Evaluating the modified self-energy amplitudes and simplifying, we have

Π^{μν}_{AA}(p) = i(p^2g^{μν} − p^μp^ν )Π^T_{AA}(p^2) , (5.9) Π^{μν}_{ZA}(p) = i(p^2g^{μν} − p^μp^ν )Π^T_{ZA}(p^2) , (5.10) Π^{μν}_{ZZ} (p) = ig^{μν}Π^S_{ZZ} (p^2) + i(p^2g^{μν} − p^μp^ν )Π^T_{ZZ} (p^2) , (5.11)

where

Π^T_{AA}(p^2) = e^2 (4π)^2 [ 7 log

Λ^2 M^2_W

+ 3 log

Λ^2 M^2_ρ ] , (5.12)

Π^T_{ZA}(p^2) = e^2 (4π)^2sc [ ( 7c^2 + 1 6 ) log Λ^2 M^2_W + ( 3c^2 − 3 2 ) log Λ^2 M^2_ρ ] , (5.13)

Π^T_{ZZ} (p^2) = e^2 (4π)^2s^2c^2 [ ( 7c^4 + 1 3 c^2 − 1 12 ) log Λ^2 M^2_W + ( 3c^4 − 3c^2 + 17 24 ) log Λ^2 M^2_{ρ±} ] , (5.14)

Π^S_{ZZ} = e^2 (4π)^2s^2c^2 [ − 3 2 M^2_W log

Λ^2 M^2_W − 3 8 ( M^2_ρ± + M^2_W ) log Λ^2 M^2_{ρ±} ] , (5.15)

up to O(p^2/M^2_{ρ±} ) or O(M^2_W /M^2_{ρ±} ). Note that the modified AA and ZA self-energies are purely transverse. The scalar part of the ZZ self-energy, Π^S_{ZZ} (p^2), represents a renormalization of the electroweak symmetry breaking scale^7 similar to the corresponding one-loop renormalization proportional to the Higgs boson mass-squared in the standard model [33].

5.2 Charged Gauge Boson Self-Energies

The values of the individual diagrams in Fig. 4 are shown in Appendix D. Combining these

7That is, a renormalization of the electroweak F -constant, equal to the vacuum expectation value of the Higgs in the standard model

– 14 –

A

W^± (A)

ρ^± (F)

W^± (D)

(Q) π_{W ±}

π_Z π_Z (V) π_W ± (U) π_W ± ρ^0 (M) π_W ±

Z C̄_A, C_A

C_W − , C̄_W − (H)

(K)

Z

W^± (B)

Z (E)

C̄_Z, C_Z

C_W ± , C̄_W ± (I)

π_W ±

(L) A ρ^0 ρ^± (C)

ρ^0 (G)

C̄_{ρ0} , C_{ρ0}

C_ρ± , C̄_ρ± (J)

π_ρ± ρ^0 (N)

π_Z ρ^± (O)

π_ρ0 ρ^± (P)

(R) π_{ρ±}

π_Z

(S) π_{W ±}

π_ρ0 π_ρ±

π_ρ0

(T)

π_ρ0 (W) π_ρ± (X)

Figure 4: One-loop diagrams for the W boson self-energy Π^{μν}_{W W} in the three-site model. The relevant

vertices are listed, to leading order in x ≡ g_0/g_1, in Appendix A. The dots on the vertices denote

the derivative couplings. As described in the text, the calculation is done in ’t Hooft-Feynman gauge.

The π_{W/Z,ρ} and C_{W/Z,ρ} fields denote the ’t Hooft-Feynman gauge unphysical Goldstone bosons and

ghost fields corresponding to the electroweak and ρ bosons.

with the appropriate pinch contributions yields

Π^{μν}_{W W} (p) = Π^{μν}_{W W} (p) + 4 e^2

s^2

(p^2g^{μν} − p^μp^ν ) [ c^2F_2(M_Z , M_W ; p^2) + s^2F_2(0, M_W ; p^2) ]

− 4e^2

s^2 g^{μν} M^2_W [ c^2F_2(M_Z , M_W ; p^2) + s^2F_2(0, M_W ; p^2) ] . (5.16)

– 15 –

The total (modified) self-energy Π^{μν}_{W W} is then evaluated to be

Π^{μν}_{W W} (p) = ig^{μν} Π^S_{W W} + i(p^2g^{μν} − p^μp^ν )Π^T_{W W} , (5.17)

where

Π^S_{W W} = e^2 (4π)^2s^2 [ − 3 4 ( M^2_W + M^2_Z ) log Λ^2 M^2_W + { − 3 8 M^2_ρ± − 3 16 (M^2_W + M^2_Z ) } log Λ^2 M^2_{ρ±} ] , (5.18)

Π^T_{W W} = e^2 (4π)^2s^2 [ 29 4 log Λ^2 M^2_W + 17 24 log Λ^2 M^2_{ρ±} ] . (5.19)

Note that, in the custodial isospin symmetric limit sin^2 θ → 0 (i.e. c^2 → 1 and M^2_Z → M^2_W ), the results of eqns. (5.15) and (5.14) reduce to those of eqns. (5.18) and (5.19).

6. Precision Electroweak Corrections

6.1 The S Parameter and Counterterms

The neutral gauge boson self-energies contribute to the S parameter as [28]

αS_{1−loop} 4s^2c^2

= Π^T_{ZZ} (M^2_Z ) − Π^T_{AA}(M^2_Z ) − c^2 − s^2 sc Π^T_{ZA}(M^2_Z ) . (6.1)

By using Eqs.(5.12)-(5.14), the leading correction to the S parameter is evaluated in the limit M^2_ρ ≫ M^2_W as

αS_{1−loop} = α 12π log M^2_ρ M^2_W − 17α 24π log Λ^2 M^2_{ρ±} . (6.2)

Note that the first term arises from “scaling” between M_W and M_ρ – and has a coefficient precisely equal to the leading-log contribution from a heavy Higgs boson [28] αS_{Higgs} = α 12π log ( M^2_H M^2_W ) . (6.3)

This allows us to match our calculation to the phenomenological extractions of S which depend on a reference standard model Higgs-boson mass.

The dependence on the renormalization scale (here taken to be the cutoff Λ of the effective theory) is cancelled by the scale-dependence of the appropriate counterms [18]. The O(p^4) counterterms relevant to S_{1−loop} are given by

L_{(4)} = c_1g_1g_2Tr[V_{μν} Σ_{(2)}B^{μν} σ_3 2 Σ^†_{(2)}] + c_2g_1g_0Tr[L_{μν} Σ_{(1)}V^{μν} Σ^†_{(1)}] . (6.4)

– 16 –

By using Eqn.(4.7)-(4.9), these may be written in terms of the mass eigenstate fields as

L_{(4)}|^{quad}_{Z,A} = i 2 δ_{ZZ} (Z_μD^{μν} Z_ν ) + iδ_{ZA}(Z_μD^{μν} A_ν ) + i 2 δ_{AA} (A_μD^{μν} A_ν ) , (6.5)

where D^{μν} = −∂^2g^{μν} + ∂^μ∂^ν and δ_{ZZ} = e^2(c^2 − s^2)

c^2s^2 [ − s^2c_1 + c^2c_2 ] , (6.6)

δ_{ZA} = e^2 2sc [ (c^2 − 3s^2)c_1 + (3c^2 − s^2)c_2 ] , (6.7)

δ_{AA} = 2e^2 [ c_1 + c_2 ] . (6.8)

From this, applying Eqn. (6.1), we find the contribution to S

δS_{1−loop} = −8π(c_1 + c_2) . (6.9)

Adjusting for the reference Higgs mass, using Eqn. (6.3) and adding the contribution from the counterterms in Eqn. (6.9), we arrive at our final result (Eqn. (1.1)): αS_{3−site} = 4s^2M^2_W

M^2_ρ ( 1 − x_1M^2_ρ 2M^2_W ) + α 12π log M^2_ρ M^2_{Href} − 17α 24π log Λ^2 M^2_ρ

− 8πα(c_1(Λ) + c_2(Λ)) .

6.2 αT and a Counterterm The T parameter [61] is expressed in terms of the W and Z boson self-energies as αT_{1−loop} = Π^S_{W W} (M^2_W )

M^2_W − Π^S_{ZZ} (M^2_Z ) M^2_Z

. (6.10)

From eqns.(5.18) and (5.15), we have αT_{1−loop} = − 3α 16πc^2 log M^2_ρ M^2_W − 15α 64πc^2 log Λ^2 M^2_ρ

. (6.11)

Note that, as in the case of the S-parameter, the first term arises from “scaling” between M_W and M_ρ – and has precisely the same form as the leading-log contribution from a heavy Higgs boson [61] αT_{Higgs} = − 3α 16πc^2 log M^2_H M^2_W

. (6.12)

This allows us to match our calculation to the phemenological extractions of T which depend on a reference standard model Higgs-boson mass.

– 17 –

L R U

v

0 2 g_0 g2

Figure 5: Two-site nonlinear model which is, formally, the limit of the standard model as M_{Higgs} → ∞ [33, 34].

The dependence on the renormalization scale (here taken to be the cutoff, Λ, of the effective theory) is cancelled by the scale-dependence of the appropriate counterterm. The O(p^4) counterterm^8 relevant to T_{1−loop} is

δL = c_0g^2f^2 ( tr[D_μΣ_{(2)} τ_3 2 Σ^†_{(2)}]

)_2 = 4πα c_0 c^2 f^2 ( tr[D_μΣ_{(2)} τ_3 2 Σ^†_{(2)}]

)_2 . (6.13)

Using eqns. (4.5), (4.8) and (4.9), in unitary gauge we read off a correction to the Z boson mass (but not for the W boson mass) from Eqn.(6.13):

δM^2_Z = − 4πα c_0 c^2

M^2_Z , (6.14)

which leads to a contribution to αT :

[δ (αT )]_{1−loop} =

4πα c_0(Λ) c^2

. (6.15)

Adjusting for the reference Higgs mass, M_{Href} , using Eqn. (6.12) and adding the contribution from the counterterm in Eqn. (6.13), we then arrive at the final result quoted in Eqn. (1.2): αT_{3−site} = − 3α 16πc^2 log M^2_ρ M^2_{Href} − 15α 64πc^2 log Λ^2 M^2_ρ + 4πα c_0(Λ) c^2 . In addition to this contribution, there will typically be additional contributions to the T - parameter^2 arising from isospin-violation in the fermion sector [62].

7. Reduction to the Two-Site Model

In the limit M_{Higgs} → ∞, the standard model formally reduces to the electroweak chiral lagrangian [33, 34], which may be viewed as the “two-site” model illustrated in figure 4.

8Note that the tree-level value of αT is O(M^4_W /M^4_ρ ) in Higgsless models [20], and therefore this counterterm is formally of O(p^4 ). This is manifest in Eqn. (4.10) by the fact that the counterterm is proportional to g^2 .

– 18 –

Z Z ρ^± π_W − π_W +

p^2 ≪ M^2_{ρ±} Z Z π_W − π_W +

W^+ W^− ρ^{0,±} π_W −_{,Z} π_W +_{,Z}

W^+ W^− δg_{πW πW ZZ}

δg_{πW,Z πW,Z W W} π_W −_{,Z} π_W +_{,Z}

Figure 6: ρ-exchange diagrams contributing to the π_W + π_W − ZZ, π_W + π_W − W^+W^− and π_Zπ_ZW^+W^− interaction terms at energy scales p^2 ≪ M^2_{ρ±} .

Consider the limit M_ρ → ∞ in the three-site model. This limit is obtained by taking the coupling g_1 in figure 1 to infinity. As one is taking a dimensionless coupling to infinity, the ordinary decoupling theorem [35] does not apply.

Indeed, as noted above, there are interaction vertices proportional to M_ρ (see Eqn.(A.1)) in the three-site model. These yield corrections to Π^{μν}_{ZZ} and Π^{μν}_{W W} that are proportional to ln M^2_ρ /M^2_W without any 1/M^2_ρ suppression factor. Ordinarily, one would expect such contributions to the low-energy behavior of the theory to arise only from diagrams without propagating ρ bosons. In this case, however, the non-decoupling is manifested by the presence of terms proportional to ln M^2_ρ /M^2_W in the amplitudes for diagram (N)_{ZZ} of Fig. 2 and diagrams (M)_{W W} and (O)_{W W} of Fig. 4, all of which include propagating ρ fields. Examining the contributions of these diagrams in detail (see Eqns. (C.39, D.14, D.16)) reveals that these diagrams contribute only to the scalar self energies Π^S_{ZZ,W W} and therefore affect αT but not αS. Nonetheless, we have seen above that the one-loop leading-log contribution to T arising from scaling between M_W and M_ρ has precisely the same form as the leading-log contribution from a heavy Higgs boson. In retrospect, this is an expected result. The chiral-logarithmic contributions of this kind depend only on the low-energy theory valid at energy scales between M_W and M_ρ. The leading order – O(p^2) – interactions in this energy regime are determined entirely by gauge-invariance and chiral low-energy theorems. Since the gauge- and chiralsymmetries of the three-site model at energies below M_ρ are precisely the same as those in the standard model, the O(p^2) interactions must be the same in both theories — and therefore the chiral-logarithmic corrections arising from this energy regime must also be the same in both theories [50, 51, 52, 53].

Examining the pion and Goldstone boson interactions in the O(p^2) lagrangian, we find that the only differences between the three-site and two-site model relevant to the calcu-

– 19 – π_W + π_W − ZZ π_W + π_W − W^+W^− π_Z π_Z W^+W^− π_Z π_Z ZZ 2-site −e^2 0 0 0 3-site^{e2 (c2−s2 )2}_{4s2 c2}^{e2}_{4s2}^{e2}_{4s2} 0

Table 1: This table lists the coupling constants of the tree-level two-pion/two-gauge-boson interactions arising from the O(p^2) interactions in the 2-site and 3-site models. Adding the non-decoupling contributions arising from ρ-exchange illustrated in figure 5, Eqn. (7.1), we see that the 3-site interactions reduce to those of the 2-site model at energies less than M_ρ.

lation of the gauge-boson self-energies occur in the two-pion/two-gauge-boson interactions summarized in table 1. To see how the two-site reduction occurs explicitly,^9 consider the ρ-exchange diagrams illustrated in the left panel of Fig. 6. Integrating out ρ^± and ρ^0 at the tree-level, we have the four-point contact diagrams depicted in the right panel of Fig. 6. The correspondingly induced couplings are evaluated to be δg_{πW πW W W} = − e^2 4s^2 , δg_{πZ πZ W W} = − e^2 4s^2 , δg_{πW πW ZZ} = − e^2 4s^2c^2

. (7.1)

Combining these contributions with the three-site couplings given in table 1, we find that the three-site model interactions reduce to those of the two-site model at energies less than M_ρ.

8. Discussion

We have computed the one-loop corrections to the S and T parameters in a highly-deconstructed three site Higgless model. Higgsless models may be considered as dual [36, 37, 38, 39] to models of dynamical symmetry breaking [40, 41] akin to “walking technicolor” [42, 43, 44, 45, 46, 47], and in these terms our calculation is the first to compute the subleading 1/N corrections to the S and T parameters. We find that the chiral-logarithmic corrections naturally separate into a universal part arising from scaling below the ρ mass, which has the same form as the large Higgs-mass dependence of the S or T parameter in the standard model, and a second non-universal contribution arising from scaling between the ρ mass and the cutoff of the model. The former allows us to correctly interpret the phenomenologically derived limits on the S and T parameters (in terms of a “reference” Higgs-boson mass) in this three-site Higgsless model. We also discussed the reduction of the model to the “two-site” model, which is the usual electroweak chiral lagrangian, noting the “non-decoupling” contributions present in the limit M_ρ → ∞.

Our analysis has focused on contributions to the S and T parameters from the extended electroweak gauge sector. In principle, there would also be contributions from the extended

9See Figs. 2 and 3 of ref. [54].

– 20 – fermion sector of the model. We calculated these contributions^2 to αT in the three-site model [27] and demonstrated that they are sizable enough to place strong lower bounds on the masses of the KK fermions. Specifically, the enlarged fermion sector results from adding fermions with Dirac masses (M) and the bound is M ≥ 1.8 TeV. The contributions of these Dirac fermions to the S parameter decouple in the large-M limit, and the lower bound on M renders their O(M^2_W /16π^2M^2) contributions to αS negligible.

It is interesting to consider the general properties of the calculation, and the correspondence to general expectations [28]. Although the results for the gauge-boson self-energies are not gauge-invariant [31, 32], the contributions of the electroweak symmetry breaking sector to the self-energies are expected to be gauge-invariant so long as there are no large couplings between this sector and the (light) fermions [28]. This obtains manifestly in this model, as the couplings of the ρ and π_ρ to fermions (given in Eqn. (5.5)) are suppressed by x. Therefore, the “pinch” contributions required to define the gauge-invariant self-energies [31, 32] arise only from the standard model contributions. In principle, then, one could have computed the M^2_ρ dependence of S by simply calculating the transverse contributions from neutral-current diagrams (A), (E) (K) and (M) (diagrams (C)and (G) make only scalar contributions). The difficulty with this approach is that it would not be possible to unambiguously isolate the log(M^2_ρ /M^2_W ) and log(Λ^2/M^2_ρ ) contributions of Eqn. (6.2). From an effective field theory point of view, of course, the form of the theory below M_ρ is precisely the same as that below M_H in the standard model – therefore the form of the first term in Eqn. (6.2) is expected. Our computation has verified this expectation directly.

In the limit in which the vector fields at sites 0 and 2 are treated as external gauge fields (i.e., not as dynamical fields) the three-site model is equivalent to the “vector limit” [55] (with a=1) of “Hidden Local Symmetry” [50, 51, 52, 53, 54] models of chiral dynamics in QCD. The small-x limit we discuss, however, is rather different. In particular, we include one-loop effects due to dynamical W gauge-boson fields in the neutral-current diagrams (B), (D), (F), (H), (J), (L), (M), and (N). Absent dynamical W -bosons, the relevant one-loop correction to the chiral parameter L_{10} (which is the analog of the S-parameter) would reduce to an evaluation of diagram (E), for which we obtain the same result as refs. [63, 54].

Acknowledgments We thank Chris Jackson for correspondence about the calculation of αS in Higgsless models, and Sally Dawson, Nick Evans, Koichi Yamawaki, and Masaharu Tanabashi for discussions. The visit of S.M. to Michigan State University which made this collaboration possible was fully supported by the fund of The Mitsubishi Foundation through Koichi Yamawaki. R.S.C. and E.H.S. are supported in part by the US National Science Foundation under grant PHY-0354226; they thank the Aspen Center for Physics for its hospitality while this work was being completed.

– 21 –

A. Interactions of Mass Eigenstate Fields

In this appendix, we rewrite the gauge-sector interactions in terms of mass eigenstate fields using eqns. (4.3) – (4.4) and (4.7) – (4.11), to leading non-trivial order in x.

A.1 Three-Point Vertices Proportional to Gauge Boson Masses: L_{πAA}

These interaction vertices include terms that explicitly mix the standard model and newphysics sectors of the model. The first term of line two is an interaction (Zρπ_W ) contributing to diagram (N)_{ZZ} of Fig. 2. The second term of line two is a W ρπ_W interaction contributing to diagram (M)_{W W} of Fig. 4; the first term of line four is a W ρπ_Z interaction contributing to diagram (O)_{W W} of the same figure. All three of these terms contribute to diagrams whose amplitudes are explicitly found to have non-decoupling contributions proportional to ln(M^2_ρ /M^2_W ), unsuppressed by factors of 1/M^2_ρ .

L_{πAA} = ie [ M_W ( s c Z_μW^{μ+} − A_μW^{μ+} )

+M_ρ± ( 1 2sc Z_μρ^{μ+} − 1 2s ρ^0_μW^{μ+} + s 4s^2 ρ^0_μρ^{μ+} ) ] π_W −

+ieM_ρ± [ − A_μρ^{μ+} − c^2 − s^2 2sc Z_μρ^{μ+} + 1 2s ρ^0_μW^{μ+} + s 4c^2 ρ^0_μρ^{μ+} ] π_ρ−

+i e 2s M_ρ± [ W^+_μ ρ^{μ−}π_Z − W^+_μ ρ^{μ−}π_ρ0 ] + h.c. . (A.1)

A.2 Three-Point Vertices Dependent on Derivatives: L_{ππA}

These interaction vertices include terms that explicitly mix the standard model and newphysics sectors of the model. The terms on line two are interactions (Zπ_W π_ρ) contributing to diagram (M)_{ZZ} of Fig. 2; the second and third terms of line three are W π_Z π_ρ and W π_ρπ_W interactions contributing, respectively, to diagrams (R)_{W W} and (S)_{W W} of Fig. 4.

L_{ππA} = ie [ ( A_μ + c^2 − s^2 2sc Z_μ ) ( ∂^μπ_W + π_W − + ∂^μπ_ρ+ π_ρ− )

− 1 4sc Z_μ ( ∂^μπ_W + π_ρ− + ∂^μπ_ρ+ π_W − )

− 1 2s W^+_μ ( (π_Z^↔∂^μ π_W − ) − 1 2 (π_Z^↔∂^μ π_ρ− ) − 1 2 (π_ρ0^↔∂^μ π_W − ) + (π_ρ0^↔∂^μ π_ρ− ) ) ]

+h.c. . (A.2)

– 22 –

A.3 Four-Point Vertices: L_{ππAA}

L_{ππAA} = e^2 [( A_μA^μ + c^2 − s^2 sc A_μZ^μ +

(c^2 − s^2)^2

4s^2c^2 Z_μZ^μ ) ( π_W + π_W − + π_ρ+ π_ρ− )

+ 1 4s^2 ( W^+_μ W^{μ−}π_W + π_W − − W^−_μ W^{μ−}π_W + π_W + − W^+_μ W^{μ+}π_W − π_W − )

+ 1 4 1 s^2

W^+_μ W^{μ−} ( π_Z π_Z + π_ρ0 π_ρ0 + π_ρ+ π_ρ− ) ] . (A.3)

Here we have omitted terms irrelevant to evaluating the one-loop corrections to the self-

energies of the gauge bosons.

A.4 Three-Point Vertices among the Gauge Bosons: L_{AAA}

L_{AAA} = ie [ ( ∂_μW^+_ν − ∂_ν W^+_μ ) W^{μ−}A^ν + 1 2 (∂_μA_ν − ∂_ν A_μ) W^{μ+}W^{ν−} ]

+i ec s [ ( ∂_μW^+_ν − ∂_ν W^+_μ ) W^{μ−}Z^ν + 1 2 (∂_μZ_ν − ∂_ν Z_μ) W^{μ+}W^{ν−} ]

+i e 2s [ ( ∂_μW^+_ν − ∂_ν W^+_μ ) ρ^{μ−}ρ^{ν0} + 1 2 ( ∂_μρ^0_ν − ∂_ν ρ^0_μ ) ( W^{μ+}ρ^{ν−} + ρ^{μ+}W^{ν−} )

+ ( ∂_μρ^+_ν − ∂_ν ρ^+_μ ) W^{μ−}ρ^{ν0} ]

+ie [ ( ∂_μρ^+_ν − ∂_ν ρ^+_μ ) ρ^{μ−}A^ν + 1 2 (∂_μA_ν − ∂_ν A_μ) ρ^{μ+}ρ^{ν−} ]

+i e(c^2 − s^2) 2sc [ ( ∂_μρ^+_ν − ∂_ν ρ^+_μ ) ρ^{μ−}Z^ν + 1 2 (∂_μZ_ν − ∂_ν Z_μ) ρ^{μ+}ρ^{ν−} ]

+h.c. . (A.4)

– 23 –

A.5 Four-Point Vertices among the Gauge Bosons: L_{AAAA}

L_{AAAA} = e^2 2s^2

W^+_μ W^−_ν ( W^{μ+}W^{ν−} − W^{μ−}W^{ν+} )

+e^2 [ W^+_μ W^−_ν A^μA^ν − W^+_μ W^{μ−}A_ν A^ν ] + e^2c^2 s^2 [ W^+_μ W^−_ν Z^μZ^ν − W^+_μ W^{μ−}Z_ν Z^ν ]

+ e^2c s [ W^+_μ W^−_ν (A^μZ^ν + Z^μA^ν ) − 2W^+_μ W^{μ−}A_ν Z^ν ]

+ e^2 4s^2 [ 2W^+_μ W^−_ν ρ^{μ+}ρ^{ν−} − W^+_μ W^−_ν ρ^{μ−}ρ^{ν+} − W^+_μ W^{μ−}ρ^+_ν ρ^{ν−} ]

+e^2 [ ρ^+_μ ρ^−_ν A^μA^ν − ρ^+_μ ρ^{μ−}A_ν A^ν ] + e^2(c^2 − s^2)^2 4s^2c^2 [ ρ^+_μ ρ^−_ν Z^μZ^ν − ρ^+_μ ρ^{μ−}Z_ν Z^ν ]

+ e^2(c^2 − s^2) 2sc [ ρ^+_μ ρ^−_ν (A^μZ^ν + Z^μA^ν ) − 2ρ^+_μ ρ^{μ−}A_ν Z^ν ]

+ e^2 4s^2 [ W^+_μ W^−_ν ρ^{μ0}ρ^{ν0} − W^+_μ W^{μ−}ρ^0_ν ρ^{ν0} ] . (A.5)

Here we have omitted terms irrelevant to evaluating the one-loop corrections to the selfenergies of the SM gauge bosons.

A.6 FP Ghost Terms in the Mass Eigenstate Basis

L^{int.}_{FP} = ie [ ∂^μC̄_W + C_W − + ∂^μC̄_ρ+ C_ρ− ] A_μ

+ie [ c s ∂^μC̄_W + C_W − + c^2 − s^2 2sc ∂^μC̄_ρ+ C_ρ− ] Z_μ

+ie [ { ∂^μC̄_W − C_A − ∂^μC̄_AC_{W −} } + c s { ∂^μC̄_W − C_Z − ∂^μC̄_Z C_{W −} }

+ 1 2s { ∂^μC̄_ρ− C_ρ0 − ∂^μC̄_ρ0 C_ρ− } ] W^+_μ + h.c. . (A.6)

Here we have omitted terms irrelevant to evaluating the one-loop corrections to the selfenergies of the SM gauge bosons.

– 24 –

B. Formulae of Feynman Integrals

We define the following Feynman integrals:

F^{μν}_1 (M_A, M_B; p^2) ≡ ∫ d^4k (2π)^4

(2k + p)^μ(2k + p)^ν [ k^2 − M^2_A ] [ (k + p)^2 − M^2_B

] , (B.1)

F_2(M_A, M_B; p^2) ≡ ∫ d^4k (2π)^4 1 [ k^2 − M^2_A ] [ (k + p)^2 − M^2_B

] , (B.2)

F_3(M) ≡ ∫ d^4k (2π)^4 1 (k^2 − M^2)

. (B.3)

By introducing Feynman parameters, and performing dimensional regularization, these integrals are evaluated as

F^{μν}_1 (M_A, M_B; p^2) = i (4π)^2 {[ ( M^2_A + M^2_B − 1 3 p^2 ) · ( 1 ϵ̄ + 1 )

−2 ∫_1 0 dxΔ^B_A (p^2) log Δ^B_A (p^2) ] g^{μν}

+ [ 1 3 · 1 ϵ̄ − ∫_1 0 dx(1 − 2x)^2 log Δ^B_A (p^2) ] p^μp^ν } , (B.4)

F_2(M_A, M_B; p^2) = i (4π)^2 [ 1 ϵ̄ − ∫_1 0 dx log Δ^B_A (p^2) ] , (B.5)

F_3(M) = i (4π)^2 [ M^2 · 1 ϵ̄ − ( M^2 log M^2 + M^2 ) ] , (B.6)

where

Δ^B_A (p^2) = xM^2_A + (1 − x)M^2_B − x(1 − x)p^2 , (B.7) 1 ϵ̄ = 2 ϵ − γ + log 4π . (B.8)

Interpreting the results in terms of a dimensional cutoff representing the cutoff of the effective theory, we make the replacement 1 ϵ̄ → log Λ^2 . (B.9)

Equivalently, the replacement above may be viewed as evaluating the counterterms, which cancel divergences, renormalized at the scale of the cutoff.

In diagrams (A) – (L), the intermediate states are degenerate. In the case of for diagrams (M) and (N) in Fig. 2 we derive the expressions in the limit M^2_A ≫ [M^2_B, p^2], obtaining the

– 25 – following approximate formulae:

F^{μν}_1 (M_A, M_B; p^2) ≃ i (4π)^2 [ (M^2_A + M^2_B)g^{μν} − 1 3 (p^2g^{μν} − p^μp^ν ) ] · log

Λ^2 M^2_A

, (B.10)

F_2(M_A, M_B; p^2) ≃ i (4π)^2

· log

Λ^2 M^2_A

, (B.11)

F_3(M_A) ≃ i (4π)^2

· M^2_A log

Λ^2 M^2_A

. (B.12)

C. Feynman Graph Results: Neutral Gauge Bosons

In this appendix, we present the results of each contribution to the neutral gauge-boson self-energy functions, as shown in Fig. 2.

C.1 Photon Self-Energy Amplitude Π^{μν}_{AA}

(A)_{γγ} = ie^2 (4π)^2 [( 9M^2_ρ± + 19 6 p^2 ) g^{μν} − 11 3 p^μp^ν ] log Λ^2 M^2_{ρ±} , (C.1)

(B)_{γγ} = ie^2 (4π)^2 [( 9M^2_W + 19 6 p^2 ) g^{μν} − 11 3 p^μp^ν ] log Λ^2 M^2_W

, (C.2)

(C)_{γγ} = ie^2 (4π)^2 [( −6M^2_ρ± ) g^{μν} ] log Λ^2 M^2_{ρ±} , (C.3)

(D)_{γγ} = ie^2 (4π)^2 [( −6M^2_W ) g^{μν} ] log Λ^2 M^2_W

, (C.4)

(E)_{γγ} = ie^2 (4π)^2 [( 2M^2_ρ± − 1 3 p^2 ) g^{μν} + 1 3 p^μp^ν ] log Λ^2 M^2_{ρ±} , (C.5)

(F )_{γγ} = ie^2 (4π)^2 [( 2M^2_W − 1 3 p^2 ) g^{μν} + 1 3 p^μp^ν ] log Λ^2 M^2_W

, (C.6)

(G)_{γγ} = ie^2 (4π)^2 [( −2M^2_ρ± ) g^{μν} ] log Λ^2 M^2_{ρ±} , (C.7)

(H)_{γγ} = ie^2 (4π)^2 [( −2M^2_W ) g^{μν} ] log Λ^2 M^2_W

, (C.8)

(I)_{γγ} = ie^2 (4π)^2 [( −2M^2_ρ± ) g^{μν} ] log Λ^2 M^2_{ρ±} , (C.9)

(J)_{γγ} = ie^2 (4π)^2 [( −2M^2_W ) g^{μν} ] log Λ^2 M^2_W

, (C.10)

(K)_{γγ} = ie^2 (4π)^2 [( −M^2_ρ± + 1 6 p^2 ) g^{μν} + 1 3 p^μp^ν ] log Λ^2 M^2_{ρ±} , (C.11)

(L)_{γγ} = ie^2 (4π)^2 [( −M^2_W + 1 6 p^2 ) g^{μν} + 1 3 p^μp^ν ] log Λ^2 M^2_W

, (C.12)

– 26 – where we have neglected the terms of O(x^2).

C.2 Photon-Z boson Mixing Amplitude Π^{μν}_{ZA}

(A)_{Zγ} = ie^2 (4π)^2 c^2 − s^2 4sc [( 18M^2_ρ± + 19 3 p^2 ) g^{μν} − 22 3 p^μp^ν ] log Λ^2 M^2_{ρ±} , (C.13)

(B)_{Zγ} = ie^2 (4π)^2 c s [( 9M^2_W + 19 6 p^2 ) g^{μν} − 11 3 p^μp^ν ] log Λ^2 M^2_W

, (C.14)

(C)_{Zγ} = ie^2 (4π)^2 c^2 − s^2 4sc [( −12M^2_ρ± ) g^{μν} ] log Λ^2 M^2_{ρ±} , (C.15)

(D)_{Zγ} = ie^2 (4π)^2 c s [( −6M^2_W ) g^{μν} ] log Λ^2 M^2_W

, (C.16)

(E)_{Zγ} = ie^2 (4π)^2 c^2 − s^2 4sc [( 4M^2_ρ± − 2 3 p^2 ) g^{μν} + 2 3 p^μp^ν ] log Λ^2 M^2_{ρ±} , (C.17)

(F )_{Zγ} = ie^2 (4π)^2 c^2 − s^2 4sc [( 4M^2_W − 2 3 p^2 ) g^{μν} + 2 3 p^μp^ν ] log Λ^2 M^2_W

, (C.18)

(G)_{Zγ} = ie^2 (4π)^2 c^2 − s^2 4sc [( −4M^2_ρ± ) g^{μν} ] log Λ^2 M^2_{ρ±} , (C.19)

(H)_{Zγ} = ie^2 (4π)^2 c^2 − s^2 4sc [( −4M^2_W ) g^{μν} ] log Λ^2 M^2_W

, (C.20)

(I)_{Zγ} = ie^2 (4π)^2 c^2 − s^2 4sc [( −4M^2_ρ± ) g^{μν} ] log Λ^2 M^2_{ρ±} , (C.21)

(J)_{Zγ} = ie^2 (4π)^2 s c [( 2M^2_W ) g^{μν} ] log Λ^2 M^2_W

, (C.22)

(K)_{Zγ} = ie^2 (4π)^2 c^2 − s^2 4sc [( −2M^2_ρ± + 1 3 p^2 ) g^{μν} + 2 3 p^μp^ν ] log Λ^2 M^2_{ρ±} , (C.23)

(L)_{Zγ} = ie^2 (4π)^2 c s [( −M^2_W + 1 6 p^2 ) g^{μν} + 1 3 p^μp^ν ] log Λ^2 M^2_W

, (C.24)

where we have neglected the terms of O(x^2).

C.3 Z Boson Self-Energy Amplitude Π^{μν}_{ZZ}

(A)_{ZZ} = ie^2 (4π)^2

(c^2 − s^2)^2 4s^2c^2 [( 9M^2_ρ± + 19 6 p^2 ) g^{μν} − 11 3 p^μp^ν ] log Λ^2 M^2_{ρ±} , (C.25)

(B)_{ZZ} = ie^2 (4π)^2 c^2 s^2 [( 9M^2_W + 19 6 p^2 ) g^{μν} − 11 3 p^μp^ν ] log Λ^2 M^2_W

, (C.26)

(C)_{ZZ} = ie^2 (4π)^2

(c^2 − s^2)^2 4s^2c^2 [( −6M^2_ρ± ) g^{μν} ] log Λ^2 M^2_{ρ±} , (C.27)

(C.28)

– 27 –

(D)_{ZZ} = ie^2 (4π)^2 c^2 s^2 [( −6M^2_W ) g^{μν} ] log Λ^2 M^2_W

, (C.29)

(E)_{ZZ} = ie^2 (4π)^2

(c^2 − s^2)^2 4s^2c^2 [( 2M^2_ρ± − 1 3 p^2 ) g^{μν} + 1 3 p^μp^ν ] log Λ^2 M^2_{ρ±} , (C.30)

(F )_{ZZ} = ie^2 (4π)^2

(c^2 − s^2)^2 4s^2c^2 [( 2M^2_W − 1 3 p^2 ) g^{μν} + 1 3 p^μp^ν ] log Λ^2 M^2_W

, (C.31)

(G)_{ZZ} = ie^2 (4π)^2

(c^2 − s^2)^2 4s^2c^2 [( −2M^2_ρ± ) g^{μν} ] log Λ^2 M^2_{ρ±} , (C.32)

(H)_{ZZ} = ie^2 (4π)^2

(c^2 − s^2)^2 4s^2c^2 [( −2M^2_W ) g^{μν} ] log Λ^2 M^2_W

, (C.33)

(I)_{ZZ} = ie^2 (4π)^2

(c^2 − s^2)^2 4s^2c^2 [( −2M^2_ρ± ) g^{μν} ] log Λ^2 M^2_{ρ±} , (C.34)

(J)_{ZZ} = ie^2 (4π)^2 s^2 c^2 [( −2M^2_W ) g^{μν} ] log Λ^2 M^2_W

, (C.35)

(K)_{ZZ} = ie^2 (4π)^2

(c^2 − s^2)^2 4s^2c^2 [( −M^2_ρ± + 1 6 p^2 ) g^{μν} + 1 3 p^μp^ν ] log Λ^2 M^2_{ρ±} , (C.36)

(L)_{ZZ} = ie^2 (4π)^2 c^2 s^2 [( −M^2_W + 1 6 p^2 ) g^{μν} + 1 3 p^μp^ν ] log Λ^2 M^2_W

, (C.37)

(M)_{ZZ} = ie^2 (4π)^2 1 4s^2c^2 [( 1 2 M^2_ρ± + 1 2 M^2_W − 1 6 p^2 ) g^{μν} + 1 6 p^μp^ν ] log Λ^2 M^2_{ρ±} , (C.38)

(N)_{ZZ} = ie^2 (4π)^2 1 4s^2c^2 [ − 2M^2_ρ± log

Λ^2 M^2_{ρ±} + 2M^2_W log M^2_{ρ±} M^2_W ] g^{μν} , (C.39)

where we neglected the terms of O(x^2).

D. Feynman Graph Results: Charged Gauge Bosons

In this appendix, we present the results of each diagram contributing to the charged gaugeboson self-energy function, as shown in figure 4.

(A)_{W W} = ie^2 (4π)^2 [( 9 2 M^2_W + 19 6 p^2 ) g^{μν} − 11 3 p^μp^ν ] log Λ^2 M^2_W

, (D.1)

(B)_{W W} = ie^2 (4π)^2 ( c^2 s^2 ) [( 9 2 M^2_W + 9 2 M^2_Z + 19 6 p^2 ) g^{μν} − 11 3 p^μp^ν ] log Λ^2 M^2_W

, (D.2)

(C)_{W W} = ie^2 (4π)^2 ( 1 4s^2 ) [( 9 2 M^2_ρ± + 9 2 M^2_ρ0 + 19 6 p^2 ) g^{μν} − 11 3 p^μp^ν ] log Λ^2 M^2_{ρ±} , (D.3)

(D.4)

– 28 –

(D)_{W W} = ie^2 (4π)^2 ( 1 s^2 ) [ ( −3M^2_W ) g^{μν} ] log Λ^2 M^2_W

, (D.5)

(E)_{W W} = ie^2 (4π)^2 ( c^2 s^2 ) [ ( −3M^2_Z ) g^{μν} ] log Λ^2 M^2_W

, (D.6)

(F )_{W W} = ie^2 (4π)^2 ( 1 4s^2 ) [ ( −3M^2_ρ± ) g^{μν} ] log Λ^2 M^2_{ρ±} , (D.7)

(G)_{W W} = ie^2 (4π)^2 ( 1 4s^2 ) [ ( −3M^2_ρ0 ) g^{μν} ] log Λ^2 M^2_{ρ±} , (D.8)

(H)_{W W} = 2ie^2 (4π)^2 [( − 1 4 M^2_W + 1 12 p^2 ) g^{μν} + 1 6 p^μp^ν ] log Λ^2 M^2_W

, (D.9)

(I)_{W W} = 2ie^2 (4π)^2 ( c^2 s^2 ) [( − 1 4 M^2_W − 1 4 M^2_Z + 1 12 p^2 ) g^{μν} + 1 6 p^μp^ν ] log Λ^2 M^2_W

, (D.10)

(J)_{W W} = 2ie^2 (4π)^2 ( 1 4s^2 ) [( − 1 4 M^2_ρ± − 1 4 M^2_ρ0 + 1 12 p^2 ) g^{μν} + 1 6 p^μp^ν ] log Λ^2 M^2_{ρ±} , (D.11)

(K)_{W W} = ie^2 (4π)^2 ( s^2 c^2 ) [ ( −M^2_W ) g^{μν} ] log Λ^2 M^2_W

, (D.12)

(L)_{W W} = ie^2 (4π)^2 [ ( −M^2_W ) g^{μν} ] log Λ^2 M^2_W

, (D.13)

(M)_{W W} = ie^2 (4π)^2 ( 1 4s^2 ) [ − M^2_ρ± log

Λ^2 M^2_{ρ±} + M^2_W log M^2_{ρ±} M^2_W ] g^{μν} , (D.14)

(N)_{W W} = ie^2 (4π)^2 ( 1 4s^2 ) [ ( −M^2_ρ± ) g^{μν} ] log Λ^2 M^2_{ρ±} , (D.15)

(O)_{W W} = ie^2 (4π)^2 ( 1 4s^2 ) [ − M^2_ρ± log

Λ^2 M^2_{ρ±} + M^2_Z log M^2_{ρ±} M^2_W ] g^{μν} , (D.16)

(P )_{W W} = ie^2 (4π)^2 ( 1 4s^2 ) [ ( −M^2_ρ± ) g^{μν} ] log Λ^2 M^2_{ρ±} , (D.17)

(Q)_{W W} = ie^2 (4π)^2 ( 1 4s^2 ) [( M^2_W + M^2_Z − 1 3 p^2 ) g^{μν} + 1 3 p^μp^ν ] log Λ^2 M^2_W

, (D.18)

(R)_{W W} = ie^2 (4π)^2 ( 1 16s^2 ) [( M^2_ρ± + M^2_Z − 1 3 p^2 ) g^{μν} + 1 3 p^μp^ν ] log Λ^2 M^2_{ρ±} , (D.19)

(S)_{W W} = ie^2 (4π)^2 ( 1 16s^2 ) [( M^2_ρ0 + M^2_W − 1 3 p^2 ) g^{μν} + 1 3 p^μp^ν ] log Λ^2 M^2_{ρ±} , (D.20)

(T )_{W W} = ie^2 (4π)^2 ( 1 4s^2 ) [( M^2_ρ0 + M^2_ρ± − 1 3 p^2 ) g^{μν} + 1 3 p^μp^ν ] log Λ^2 M^2_{ρ±} , (D.21)

(D.22) – 29 –

(U)_{W W} = ie^2 (4π)^2 ( 1 4s^2 ) [ ( −M^2_W ) g^{μν} ] log Λ^2 M^2_W

, (D.23)

(V )_{W W} = ie^2 (4π)^2 ( 1 4s^2 ) [ ( −M^2_Z ) g^{μν} ] log Λ^2 M^2_W

, (D.24)

(W )_{W W} = ie^2 (4π)^2 ( 1 4s^2 ) [ ( −M^2_ρ0 ) g^{μν} ] log Λ^2 M^2_{ρ±} , (D.25)

(X)_{W W} = ie^2 (4π)^2 ( 1 4s^2 ) [ ( −M^2_ρ± ) g^{μν} ] log Λ^2 M^2_{ρ±} . (D.26)

References

[1] C. Csaki, C. Grojean, H. Murayama, L. Pilo and J. Terning, Gauge theories on an interval:

Unitarity without a Higgs, Phys. Rev. D 69, 055006 (2004) [arXiv:hep-ph/0305237].

[2] P. W. Higgs, Broken symmetries, massless particles and gauge fields, Phys. Lett. 12 (1964) 132–133.

[3] R. Sekhar Chivukula, D. A. Dicus, and H.-J. He, Unitarity of compactified five dimensional yang-mills theory, Phys. Lett. B525 (2002) 175–182, [arXiv:hep-ph/0111016].

[4] R. S. Chivukula and H.-J. He, Unitarity of deconstructed five-dimensional yang-mills theory, Phys. Lett. B532 (2002) 121–128, [arXiv:hep-ph/0201164].

[5] R. S. Chivukula, D. A. Dicus, H.-J. He, and S. Nandi, Unitarity of the higher dimensional standard model, Phys. Lett. B562 (2003) 109–117, [arXiv:hep-ph/0302263].

[6] H.-J. He, Higgsless deconstruction without boundary condition, arXiv:hep-ph/0412113.

[7] I. Antoniadis, Phys. Lett. B 246, 377 (1990).

[8] K. Agashe, A. Delgado, M. J. May and R. Sundrum, RS1, Custodial Isospin and Precision Tests, JHEP 0308, 050 (2003) [arXiv:hep-ph/0308036].

[9] C. Csaki, C. Grojean, L. Pilo, and J. Terning, Towards a realistic model of higgsless electroweak symmetry breaking, Phys. Rev. Lett. 92 (2004) 101802, [arXiv:hep-ph/0308038].

[10] G. Burdman and Y. Nomura, Holographic theories of electroweak symmetry breaking without a Higgs boson, Phys. Rev. D 69, 115013 (2004) [arXiv:hep-ph/0312247].

[11] G. Cacciapaglia, C. Csaki, C. Grojean and J. Terning, Oblique corrections from Higgsless models in warped space, Phys. Rev. D 70, (2004) 075014, [arXiv:hep-ph/0401160].

[12] N. Arkani-Hamed, A. G. Cohen, and H. Georgi, (de)constructing dimensions, Phys. Rev. Lett.

86 (2001) 4757–4761, [arXiv:hep-th/0104005].

[13] C. T. Hill, S. Pokorski, and J. Wang, Gauge invariant effective lagrangian for kaluza-klein modes, Phys. Rev. D64 (2001) 105005, [arXiv:hep-th/0104035].

– 30 –

[14] R. Foadi, S. Gopalakrishna, and C. Schmidt, Higgsless electroweak symmetry breaking from theory space, JHEP 03 (2004) 042, [arXiv: hep-ph/0312324].

[15] J. Hirn and J. Stern, The role of spurions in Higgs-less electroweak effective theories, Eur. Phys.

J. C 34, 447 (2004) [arXiv:hep-ph/0401032].

[16] R. Casalbuoni, S. De Curtis and D. Dominici, Moose models with vanishing S parameter, Phys.

Rev. D 70 (2004) 055010 [arXiv:hep-ph/0405188].

[17] R. S. Chivukula, E. H. Simmons, H. J. He, M. Kurachi and M. Tanabashi, The structure of corrections to electroweak interactions in Higgsless models, Phys. Rev. D 70 (2004) 075008 [arXiv:hep-ph/0406077].

[18] M. Perelstein, Gauge-assisted technicolor?, JHEP 10 (2004) 010, [arXiv:hep-ph/0408072]. [19] H. Georgi, Fun with Higgsless theories, Phys. Rev. D 71, 015016 (2005) [arXiv:hep-ph/0408067]. [20] R. Sekhar Chivukula, E. H. Simmons, H. J. He, M. Kurachi and M. Tanabashi, Electroweak corrections and unitarity in linear moose models, Phys. Rev. D 71 (2005) 035007 [arXiv:hep-ph/0410154].

[21] G. Cacciapaglia, C. Csaki, C. Grojean and J. Terning, Curing the ills of Higgsless models: The S parameter and unitarity, Phys. Rev. D 71 (2005) 035015 [arXiv:hep-ph/0409126].

[22] G. Cacciapaglia, C. Csaki, C. Grojean, M. Reece and J. Terning, Top and bottom: A brane of their own, Phys. Rev. D 72, (2005) 095018 [arXiv:hep-ph/0505001].

[23] R. Foadi, S. Gopalakrishna and C. Schmidt, Effects of fermion localization in Higgsless theories and electroweak constraints, Phys. Lett. B 606 (2005) 157 [arXiv:hep-ph/0409266].

[24] R. Foadi and C. Schmidt, An Effective Higgsless Theory: Satisfying Electroweak Constraints and a Heavy Top Quark, Phys. Rev. D 73 (2006) 075011 [arXiv:hep-ph/0509071].

[25] R. S. Chivukula, E. H. Simmons, H. J. He, M. Kurachi and M. Tanabashi, Deconstructed Higgsless models with one-site delocalization, Phys. Rev. D 71, 115001 (2005) [arXiv:hep-ph/0502162].

[26] R. Sekhar Chivukula, E. H. Simmons, H. J. He, M. Kurachi and M. Tanabashi, Ideal fermion delocalization in Higgsless models, Phys. Rev. D 72, 015008 (2005) [arXiv:hep-ph/0504114].

[27] R. S. Chivukula, B. Coleppa, S. Di Chiara, H. J. He, M. Kurachi, E. H. Simmons, and M. Tanabashi, “A Three Site Higgsless Model”, hep-ph/0607124.

[28] M. E. Peskin and T. Takeuchi, Estimation of oblique electroweak corrections, Phys. Rev. D46 (1992) 381–409.

[29] G. Altarelli and R. Barbieri, Vacuum polarization effects of new physics on electroweak processes, Phys. Lett. B253 (1991) 161–167.

[30] G. Altarelli, R. Barbieri, and S. Jadach, Toward a model independent analysis of electroweak data, Nucl. Phys. B369 (1992) 3–32.

[31] G. Degrassi and A. Sirlin, Phys. Rev. D 46, 3104 (1992); [32] G. Degrassi and A. Sirlin, Nucl. Phys. B 383, 73 (1992).

– 31 –

[33] T. Appelquist and C. W. Bernard, The Nonlinear Sigma Model In The Loop Expansion, Phys.

Rev. D 23, 425 (1981).

[34] T. Appelquist and C. W. Bernard, Strongly Interacting Higgs Bosons, Phys. Rev. D 22, 200 (1980).

[35] T. Appelquist and J. Carazzone, Infrared Singularities And Massive Fields, Phys. Rev. D 11, 2856 (1975).

[36] J. M. Maldacena, The large n limit of superconformal field theories and supergravity, Adv.

Theor. Math. Phys. 2 (1998) 231–252, [hep-th/9711200].

[37] S. S. Gubser, I. R. Klebanov, and A. M. Polyakov, Gauge theory correlators from non-critical string theory, Phys. Lett. B428 (1998) 105–114, [hep-th/9802109].

[38] E. Witten, Anti-de sitter space and holography, Adv. Theor. Math. Phys. 2 (1998) 253–291, [hep-th/9802150].

[39] O. Aharony, S. S. Gubser, J. M. Maldacena, H. Ooguri, and Y. Oz, Large n field theories, string theory and gravity, Phys. Rept. 323 (2000) 183–386, [hep-th/9905111].

[40] S. Weinberg, Implications of dynamical symmetry breaking: An addendum, Phys. Rev. D19 (1979) 1277–1280.

[41] L. Susskind, Dynamics of spontaneous symmetry breaking in the weinberg- salam theory, Phys.

Rev. D20 (1979) 2619–2625.

[42] B. Holdom, Raising the sideways scale, Phys. Rev. D24 (1981) 1441. [43] B. Holdom, Techniodor, Phys. Lett. B150 (1985) 301.

[44] K. Yamawaki, M. Bando, and K.-i. Matumoto, Scale invariant technicolor model and a technidilaton, Phys. Rev. Lett. 56 (1986) 1335.

[45] T. W. Appelquist, D. Karabali, and L. C. R. Wijewardhana, Chiral hierarchies and the flavor changing neutral current problem in technicolor, Phys. Rev. Lett. 57 (1986) 957.

[46] T. Appelquist and L. C. R. Wijewardhana, Chiral hierarchies and chiral perturbations in technicolor, Phys. Rev. D35 (1987) 774.

[47] T. Appelquist and L. C. R. Wijewardhana, Chiral hierarchies from slowly running couplings in technicolor theories, Phys. Rev. D36 (1987) 568.

[48] R. Casalbuoni, S. De Curtis, D. Dominici, and R. Gatto, Effective weak interaction theory with possible new vector resonance from a strong higgs sector, Phys. Lett. B155 (1985) 95.

[49] R. Casalbuoni et. al., Degenerate bess model: The possibility of a low energy strong electroweak sector, Phys. Rev. D53 (1996) 5201–5221, [hep-ph/9510431].

[50] M. Bando, T. Kugo, S. Uehara, K. Yamawaki, and T. Yanagida, Is rho meson a dynamical gauge boson of hidden local symmetry?, Phys. Rev. Lett. 54 (1985) 1215.

[51] M. Bando, T. Kugo, and K. Yamawaki, On the vector mesons as dynamical gauge bosons of hidden local symmetries, Nucl. Phys. B259 (1985) 493.

[52] M. Bando, T. Fujiwara, and K. Yamawaki, Generalized hidden local symmetry and the a1 meson, Prog. Theor. Phys. 79 (1988) 1140.

– 32 –

[53] M. Bando, T. Kugo, and K. Yamawaki, Nonlinear realization and hidden local symmetries, Phys. Rept. 164 (1988) 217–314.

[54] M. Harada and K. Yamawaki, Hidden local symmetry at loop: A new perspective of composite gauge boson and chiral phase transition, Phys. Rept. 381 (2003) 1–233, [hep-ph/0302103].

[55] H. Georgi, Vector Realization Of Chiral Symmetry, Nucl. Phys. B 331, 311 (1990). [56] H. Georgi, A tool kit for builders of composite models, Nucl. Phys. B266 (1986) 274. [57] L. Anichini, R. Casalbuoni and S. De Curtis, Phys. Lett. B 348, 521 (1995) [arXiv:hep-ph/9410377].

[58] R. Barbieri, A. Pomarol, R. Rattazzi and A. Strumia, Electroweak symmetry breaking after LEP1 and LEP2, Nucl. Phys. B 703, 127 (2004) [arXiv:hep-ph/0405040].

[59] G. ’t Hooft, A Planar Diagram Theory For Strong Interactions, Nucl. Phys. B 72, 461 (1974). [60] R. S. Chivukula, M. J. Dugan and M. Golden, Analyticity, crossing symmetry and the limits of chiral perturbation theory, Phys. Rev. D 47, 2930 (1993) [arXiv:hep-ph/9206222].

[61] M. E. Peskin and T. Takeuchi, Estimation of oblique electroweak corrections, Phys. Rev. D46 (1992) 381–409.

[62] R. Sekhar Chivukula, B. Coleppa, S. Di Chiara, E. H. Simmons, H. J. He, M. Kurachi and M. Tanabashi, arXiv:hep-ph/0607124.

[63] M. Tanabashi, Chiral perturbation to one loop including the rho meson, Phys. Lett. B 316, 534 (1993) [arXiv:hep-ph/9306237].

– 33 –