arXiv:1305.0621v1 [hep-ph] 3 May 2013

Trilinear gauge boson couplings in the standard model with one universal extra dimension

M. López–Osorio^{(a)}, E. Martínez–Pascual^{(a)}, J. Montaño^{(b)}, H. Novales–Sánchez^{(c)}, J. J. Toscano^{(a)}, and E. S. Tututi^{(c)} (a) Facultad de Ciencias Físico Matemáticas, Benemérita Universidad Autónoma de Puebla, Apartado Postal 1152, Puebla, Puebla, México.

(b) Departamento de Física, CINVESTAV, Apartado Postal 14-740, 07000, México, D. F., México. (c) Facultad de Ciencias Físico Matemáticas, Universidad Michoacana de San Nicolás de Hidalgo, Avenida Francisco J. Mújica S/N, 58060, Morelia Michoacán, México.

One–loop effects of Standard Model (SM) extensions comprising universal extra dimensions (UED) are essential as a consequence of Kaluza–Klein (KK) parity conservation, for they represent the very first presumable virtual effects on low–energy observables. In this paper, we calculate the one–loop CP –even contributions to the SM W W γ and W W Z gauge couplings produced by the KK excited modes that stand for the dynamical variables of the effective theory emerged from a generalization of the SM to five dimensions, in which the extra dimension is assumed to be universal, after compactification. The employment of a covariant gauge–fixing procedure that removes gauge invariance associated to gauge KK excited modes, while keeping electroweak gauge symmetry manifest, is a main feature of this calculation, which is performed in the Feynman ’t Hooft gauge and yields finite results that consistently decouple for a large compactification scale. After numerical evaluation, our results show to be comparable with the one–loop SM contributions and well within the reach of a next linear collider.

PACS numbers: 11.10.Kk, 12.60.Cn, 14.70.Pw

I. INTRODUCTION

The interesting idea that space–time comprises a larger number of spatial dimensions than those that we have been able to detect, even with the aid of the most powerful colliders running right now, inspires attractive extensions of the Standard Model (SM) that pursue the fundamental theory describing nature at high energies. The first models involving extra spatial dimensions were conceived long ago [1], but this sort of descriptions gained remarkable attention just a few years ago, when it was pointed out [2] that extra dimensions could be found at the TeV scale. In the present paper, we consider a generalization of the SM to five dimensions under the assumption that the extra dimension is universal [3], which means that all fields in the model propagate in the bulk. Models involving universal extra dimensions (UED) possess physical interest, as it is exhibited in various works covering areas of high energy physics such as dark matter [4], neutrino physics [5], Higgs physics [6], and flavor physics [7]. Up–to–date we have not found any indication that extra dimensions actually exist, yet a Kaluza–Klein type of effective theory is not in contradiction with current experimental data. It is the compactness assumption on the extra spatial dimensions by which it is ensured that they remain hidden from our most sensitive experiments.

A striking consequence of compact extra dimensions is the inception of an infinite set of fields, defined on four– dimensional Minkowski spacetime, in addition to the SM ones. There are different compactification schemes, and the consideration of more than one extra dimension comes along with more options to do it. In the case of one extra dimension, the orbifold compactification on S^1/Z_2, which is the simplest approach that allows one to reproduce the SM as the low–energy physical description, yields periodicity and parity properties of the dynamical variables with respect to the extra–dimensional coordinate. Then the geometry of the orbifold opens the possibility of expanding the “fundamental” fields in Fourier series, known as Kaluza–Klein (KK) towers. Each term of these series incorporates a field, a KK mode, propagating in the usual four–dimensional space–time. KK modes can be classified into zero modes and excited modes, depending whether they are the zero mode in the Fourier expansion or not. Zero modes are identified with light fields, that is, the SM’s dynamical variables, and KK excited modes are associated with new states whose presence has not been noticed by experiments so far. In every Fourier expansion of fundamental fields the whole dependence on the extra–dimension is collected within trigonometric functions; integrating out the extra–dimensional coordinate in the action provides an effective four–dimensional Lagrangian where the KK modes enter as effective dynamical variables. Gauge parameters defining the extra–dimensional gauge transformations are, according to the field–antifield formalism [10], dynamical variables, as they are made to coincide with ghost fields, that is such parameters propagate in the bulk and can be expanded into KK towers [8].

After expanding gauge covariant objects in the higher dimensional theory, the integration of the compact extra dimension provides an effective Lagrangian that is invariant under the standard gauge transformations (SGT) and the non-standard gauge transformations (NSGT), both with gauge parameters defined on the four–dimensional Minkowski spacetime [8]. In a more recent work [9], it was shown (using pure Yang–Mills theory) that the KK expansions of extra–dimensional gauge fields define a point transformation that connects the fundamental theory and the effective one, in such a way that objects with well defined transformation laws under the gauge group of the former are mapped into objects with well defined transformation laws under the SGT present in latter. At a phase space level, this transformation can be lift to a canonical transformation. Fourier expansions of gauge parameters that propagate in the bulk show that this mapping sends the extra–dimensional gauge group into two disjoint subsets. One of them is the set of SGT, which forms a group exclusively defined by the zero modes of the gauge parameters, and the other is the set of NSGT, which in contrast does not form a group. It is in this sense that the full extra–dimensional gauge symmetry is kept nontrivially hidden within the KK theory.

Employing the concepts of SGT and NSGT, the effective KK theory obtained from the five–dimensional pure SU_5(N) Yang–Mills theory^1 was quantized within the field–antifield framework [8]. In the same fashion, the quantization of the whole five–dimensional Standard Model (5DSM), in the UED context, was performed [11]. Each set of gauge transformations, the SGT and NSGT, are characterized by gauge parameters independent of each other, hence the SGT and NSGT independently leave invariant the SM with one UED. One may wish to fix a gauge involving only the NSGT in a SGT invariant way^2; in Ref. [11] such covariant gauge–fixing procedure was provided. The resulting tree–level structure of the effective theory was examined, including a comprehensive list of expressions at tree–level interactions and the appropriate definitions of all mass eigenstates.

As there exist high–energy phenomena not described by the SM, the existence of extensions is well motivated. Phenomenologically, it is in the W W V interactions, with V representing a SM neutral gauge boson, that one may expect new physics. These trilinear gauge couplings (TGC’s), which have been studied in different contexts such as supersymmetry [12], extra dimensions [13], and extensions to the SM gauge group [14], offer the possibility of finding evidence of this new physics at high–energy through virtual effects on SM observables. At this point, the following crucial feature of UED plays a role: The very first contributions of this sort of SM extensions to low–energy Green’s functions is at one–loop level, as no tree–level effects on them exist [3]. This is an implication of the so–called KK–parity conservation, which is an exclusive attribute of models involving UED that makes the bounds on the size of the involved extra dimensions relatively weak. The importance of one–loop corrections to SM observables from models with UED relies not only on this issue, as the renormalizability [8, 15] of contributions at this order provides the possibility of obtaining unambiguous results, even in spite of the well–known nonrenormalizable comportment supplied by the the presence of dimensionful coupling constants in extra–dimensional models.

In the present paper, we use the gauge fixing procedure and results reported in Ref. [11] to derive the CP -even contributions to the TGC’s W W V . The fact that the only new parameter introduced by UED models is the size of the extra dimension, enhances the predictive power of these kind of models and simultaneously becomes an incentive to perform this calculation. We take the W bosons on shell, but leave the neutral gauge boson off shell. We find that the anomalous contributions to the form factors paremetrizing this interaction are finite in the Feynman– ’t Hooft gauge. Then, as an interesting case, we consider the heavy–compactification scenario, which we define by the condition Q^2 << 1/R^2, where Q is the momentum of the external neutral gauge boson and R is the radius of the orbifold–compactified extra dimension. The new–physics contributions, which we formerly expressed in terms of the Passarino–Veltman scalar functions [16], are exhibited as elementary functions of masses and the compactification scale. The numerical evaluation of the derived expressions then gives an estimation of extra–dimensional effects on the TGC’s of interest to the present paper for a linear collider with a center–of–mass energy E_{CM} = √ Q^2 = 500 GeV and different compactification scales, ranging from 1 TeV to 3 TeV.

The organization of this paper is as follows. In Section II we provide some necessary information about the SM with one UED and the KK theory that it generates after compactification has taken place. Then, in Section III, we describe our calculation of the CP –even anomalous contributions to the W W V TGC’s and consider the heavy– compactification scenario. This section also includes a numerical estimation of the extra–dimensional effects on this interaction and a discussion of results. Our conclusions are presented in Section IV. Finally, we include an Appendix were the Lagrangian terms contributing to the W W V vertex at the one–loop level are provided.

II. THE STANDARD MODEL WITH ONE UNIVERSAL EXTRA DIMENSION

In this section we define our notation and provide a general description of the context within which we shall perform the phenomenological calculations. We define the five–dimensional model and introduce the KK expansions used in

1 Also referred to as pure SU(N, M^5) Yang-Mills [9] 2 SGT can also be fixed, eliminating all gauge invariance from the theory. However, the goals of the present paper do not require it.

order to preserve gauge invariance in the transit from five to four dimensions. We then briefly discuss the scheme to covariantly fix the gauge and supply the corresponding gauge–fixing functions. Finally, we give the appropriate transformations that set all mass eigenstates. As all these ideas have been addressed extensively in Refs. [8, 9, 11], our discussion is intended to be succinct.

A. The five–dimensional model

Consider a five–dimensional Minkowski spacetime, with mostly negative metric, on which the following Lagrangian is defined

L_{5DSM}(x, y) = L_{5DG}(x, y) + L_{5DH}(x, y) + L_{5DC}(x, y) + L_{5DY} (x, y); (1)

where all dynamical variables are defined on the five dimensional spacetime. Ordinary four–dimensional coordinates have been denoted by x whereas the fifth dimension is labeled by y. This five–dimensional Lagrangian, whose gauge group is SU_5(3)_C × SU_5(2)_W × U_5(1)_Y , is composed by the Gauge (L_{5DG}), Higgs ( L_{5DH}) , Currents (L_{5DC}) and Yukawa (L_{5DY}) sectors.

The Gauge sector is defined as

L_{5DG}(x, y) = − 1 4 G^a_{MN} (x, y)G^{aMN} (x, y) − 1 4 W^i_{MN} (x, y)W^{iMN} (x, y) − 1 4 B_{MN} (x, y)B^{MN} (x, y). (2) In this expression and throughout the rest of the paper, Lorentz indices are denoted by M, N, . . . = 0, 1, 2, 3, 5 and gauge indices corresponding to SU_5(3)_C and SU_5(2)_W are denoted by a, b, c, . . . and i, j, k, . . ., respectively. In addition, greek indices μ, ν, . . . = 0, 1, 2, 3 will label four–dimensional Lorentz indices. Five–dimensional field strengths, G^a_{MN} , W^i_{MN} and B_{MN} , are defined by

G^a_{MN} (x, y) = ∂_M G^a_N (x, y) − ∂_N G^a_M (x, y) + g^s_5f^{abc}G^b_M (x, y)G^c_N (x, y), (3)

W^i_{MN} (x, y) = ∂_M W^i_N (x, y) − ∂_N W^i_M (x, y) + g_5ϵ^{ijk} W^j_M (x, y)W^k_N (x, y), (4) B_{MN} (x, y) = ∂_M B_N (x, y) − ∂_N B_M (x, y), (5) where G^a_M , W^i_M and B_M represent gauge fields for SU_5(3)_C, SU_5(2)_W and U_5(1)_Y gauge groups, respectively. In addition, g^s_5 and g_5 are the SU_5(3)_C and SU_5(2)_W constant couplings, respectively, both with (mass)^{−1/2} units. Structure constants f^{abc} define the Lie algebra of SU_5(3)_C, whereas ϵ^{ijk} (Levi–Civita symbol) defines the Lie algebra of SU_5(2)_W . Notice that due to five–dimensional Lorentz symmetry, all vectorial gauge fields are built from five scalar fields.

The gauge symmetry group SU_5(3)_C × SU_5(2)_W × U_5(1)_Y determines the following infinitesimal transformation laws: δG^a_M (x, y) = D̃^{ab}_M β^b(x, y), (6) δW^i_M (x, y) = D^{ij}_M α^j (x, y), (7) δB_M (x, y) = ∂_M α(x, y), (8) where D̃^{ab}_M = δ^{ab}∂_M −g^s_5f^{abc}G^c_M is the SU_5(3)_C covariant derivative and D^{ij}_M = δ^{ij} ∂_M −g_5ϵ^{ijk} W^k_M plays the analogous role for the SU_5(2)_W group. The most general infinitesimal gauge transformations are defined by requiring gauge parameters to propagate in the bulk. In the field–antifield formalism [10], these gauge parameters are recognized as ghost fields, which, in the UED framework, also propagate in the extra dimension.

The Higgs sector is given by

L_{5DH}(x, y) = (d_M Φ)^†(x, y)(d^M Φ)(x, y) − μ^2Φ^†(x, y)Φ(x, y) − λ_5 [ Φ^†(x, y)Φ(x, y) ]_2 , (9)

where μ has units of mass, whereas the units of λ_5 are (mass)^{−1}. The covariant derivative acting on the Higgs doublet Φ(x, y), with hypercharge Y = 1, is given by

d_M = ∂_M − ig_5 σ^i 2 W^i_M − ig^′_5 Y 2 B_M , (10) with g^′_5 representing the U_5(1)_Y coupling constant and σ^i standing for the Pauli matrices.

The Currents sector reads

L_{5DC}(x, y) = ∑ L_e,L_μ,L_τ iL̄(x, y)Γ^M (D_M L)(x, y) + ∑ Q^u_d ,Q^c_s,Q^t_b iQ̄(x, y)Γ^M (D_M Q)(x, y) + ∑ e,μ,τ il̄(x, y)Γ^M (D_M l)(x, y) + ∑ u,c,t iū(x, y)Γ^M (D_M u)(x, y) + ∑ d,s,b id̄(x, y)Γ^M (D_M d)(x, y), (11)

where Γ^M = γ^μ, iγ_5, so that the Clifford algebra Γ^M Γ^N + Γ^N Γ^M = 2g^{MN} , with g_{MN} = diag(1, −1, −1, −1, −1), is satisfied. In this equation, l is an SU_5(2)_W singlet which collectively denotes the five–dimensional leptonic fields e, μ, and τ. There are also up and down five–dimensional quarks SU_5(2)_W singlets, which are represented by u and d. On the other hand, L and Q are fermionic SU_5(2)_W doublets corresponding to leptons and quarks, respectively. These fermionic doublets are arranged as follows:

L_l = ( ν_l l ) , Q^u_d = ( u d ) . (12)

Finally, the covariant derivative, D_M , is defined as

D_M = ∂_M − ig^s_5 λ^a 2 G^a_M − ig_5 σ^i 2 W^i_M − ig^′_5 Y 2 B_M , (13)

where λ^a are the Gell–Mann matrices.

The term for the Yukawa sector is

L_{5DY} (x, y) = ∑ families [ λ^l_5L̄(x, y)l(x, y)Φ(x, y) + h.c. ] + ∑ families [ λ^u_5 Q̄^u_d (x, y)u(x, y)Φ̃(x, y) + h.c. ]

+ ∑ families [ λ^d_5Q̄^u_d (x, y)d(x, y)Φ(x, y) + h.c. ] , (14)

in which the couplings λ^{l,u,d}_5 are dimensionful with units of (mass)^{−1/2}. Besides, we have defined Φ̃(x, y) = iσ^2Φ^∗(x, y).

We now proceed to compactify and integrate out the fifth dimension in order to obtain a four–dimensional KK theory. The effective theory so obtained comprises the four–dimensional SM and a rich variety of new interactions. In the compactification process the full dimensional gauge invariance will be hidden the SGT and NSGT. As this work is aimed to derive corrections to electroweak interactions, henceforth those interactions involving SU_5(3)_C gauge fields will be disregarded.

B. Compactification and the four–dimensional dynamical variables

We will study the 5DSM where the extra dimension is compactified on the S^1/Z_2–orbifold. We denote the radius of S^1 as R. This compactification means that one has periodicity on the extra dimension that will allow us to expand in Fourier series fields, covariant objects and gauge parameters of the theory; all of which will collectively be denoted by φ(x, y). Therefore one has φ(x, y) = φ(x, y + 2πR) and the following expansion φ(x, y) = 1 √ 2πR φ^{(0)}_{even}(x) + ∞∑ n=1 [ 1 √ πR φ^{(n)}_{even}(x) cos ( ny R ) + 1 √ πR φ^{(n)}_{odd}(x) sin ( ny R )] , (15)

where superscripts within parentheses label Fourier modes. This expansion is known as KK tower. Four–dimensional object φ^{(0)}_{even}(x), is known as KK zero mode. When φ represents a gauge field, this zero mode is regarded as a low–energy dynamical variable. Each KK tower also involves an infinite set of four–dimensional functions denoted by φ^{(n)}_{even}(x) and φ^{(n)}_{odd}(x), that are referred to as KK excited modes. These, for case of fundamental gauge fields, correspond to heavy fields. Our compactification choice on S^1/Z_2 involves a Z_2 symmetry, therefore one may conveniently assume defined parity properties on the dynamical variables with respect to reflections y → −y. Note from Eq.(15), that even functions with respect to y will only be mapped to four–dimensional functions φ^{(0)}_{even} and φ^{(n)}_{even}; by contrast to the case of odd functions with respect to y which only yield four–dimensional objects φ^{(n)}_{odd}. We will assume that the fundamental gauge fields and the Higgs doublet have the following parity properties and KK expansions:

Gauge fields W^i_μ(x, y) = W^i_μ(x, −y), W^i_μ(x, y) = 1 √ 2πR W^{(0)i}_μ (x) + ∞∑ n=1 1 √ πR W^{(n)i}_μ (x) cos ( ny R ) (16)

W^i_5(x, y) = −W^i_5(x, −y), W^i_5(x, y) = ∞∑ n=1 1 √ πR W^{(n)i}_5 (x) sin ( ny R ) (17)

B_μ(x, y) = B_μ(x, −y), B_μ(x, y) = 1 √ 2πR B^{(0)}_μ (x) + ∞∑ n=1 1 √ πR B^{(n)}_μ (x) cos ( ny R ) (18)

B_5(x, y) = −B_5(x, −y), B_5(x, y) = ∞∑ n=1 1 √ πR B^{(n)}_5 (x) sin ( ny R ) (19)

Higgs doublet Φ(x, y) = Φ(x, −y), Φ(x, y) = 1 √ 2πR Φ^{(0)}(x) + ∞∑ n=1 1 √ πR Φ^{(n)}(x) cos ( ny R ) (20)

Notice that choosing either even or odd parity is arbitrary and it is a matter of convenience. For instance, in Gauge– Higgs unification scenarios [18] it is customary to pick even parity for gauge fields with M = 5 so that the resulting KK towers contain KK zero modes. However, we eliminate such four–dimensional degrees of freedom by choosing five–dimensional gauge fields to be even for M = μ but to be odd for M = 5.

In five–dimensional frameworks, in which chirality is absent, the S^1/Z_2–orbifold compactification allows one to obtain four–dimensional fermionic chiral states and to define SU_4(2)_L gauge fields distinguishing chirality, as it occurs in the SM. Five–dimensional Dirac fields, ψ(x, y), transform under parity with respect to the extra dimension as ψ(x, y) → γ^5ψ(x, −y), so we assume the following transformation properties for SU_5(2)_W –singlets, f(x, y), and SU_5(2)_W –doublets, F (x, y):

Fermionic singlets f(x, y) → γ^5f(x, −y) = f(x, y),

f(x, y) = 1 √ 2πR f^{(0)}_R (x) + ∞∑ n=1 1 √ πR [ f̂^{(n)}_R (x) cos ( ny R ) + f̂^{(n)}_L (x) sin (ny R )] (21)

Fermionic doublets F (x, y) → γ^5F (x, −y) = −F (x, y),

F (x, y) = 1 √ 2πR F^{(0)}_L (x) + ∞∑ n=1 1 √ πR [ F^{(n)}_L (x) cos ( ny R ) + F^{(n)}_R (x) sin (ny R )] (22)

where the KK towers are also shown. We have defined f^{(0)}_{R,L} = (1/2)(1 ± γ^5)f^{(0)}, and analogous definitions for

the KK excited modes f^{(n)}_R , f^{(n)}_L , f̂^{(n)}_R and f̂^{(n)}_L hold. These transformation properties suitably generate, at the four–dimensional level, only right–handed singlets and left–handed doublets.

C. Preserving gauge invariance in the Kaluza–Klein theory

As one can appreciate in Eq.(15), all the dependence on y of covariant objects and gauge parameters is situated in trigonometric functions, hence one can straightforwardly integrate out the extra–dimensional coordinate in the fundamental action to obtain the effective action

S_{eff} = ∫ d^4x L_{KK}(x) (23)

The gauge structure of the fundamental theory determines the gauge structure of L_{KK}. As it can be seen from Eq. (15), at the four–dimensional level there is an infinite number of gauge parameters, each one of them defining a gauge transformation.

As it was pointed out in Refs. [8, 9], and implemented to the whole 5DSM in Ref. [11], one obtains a KK theory invariant under an infinite number of gauge transformations by expanding five–dimensional covariant objects. Such expansions engender four–dimensional structures that can be fairly considered as gauge–covariant objects. As mentioned in the Introduction, the gauge transformations of the effective can be divided into two types. One of them, the SGT, consistently coincides with the usual SM variations. Explicitly, the KK modes supplied from the five–dimensional gauge and Higgs sectors transform under the SGT as

δ_sW^{(0)i}_μ = D^{(0)ij}_μ α^{(0)j} , δ_sW^{(n)i}_μ = gϵ^{ijk}W^{(n)j}_μ α^{(0)k} , δ_sW^{(n)i}_5 = gϵ^{ijk}W^{(n)j}_5 α^{(0)k} , (24) δ_sB^{(0)}_μ = ∂_μα^{(0)}, δ_sB^{(n)}_μ = 0, δ_sB^{(n)}_5 = 0 , (25)

δ_sΦ^{(0)} = − ( ig σ^i 2 α^{(0)i} + ig^′ Y 2 α^{(0)} ) Φ^{(0)}, δ_sΦ^{(n)} = − ( ig σ^i 2 α^{(0)i} + ig^′ Y 2 α^{(0)} ) Φ^{(n)}, (26)

where the α^{(0)i} and α^{(0)} represent, respectively, the KK zero modes of the SU_5(2)_W and U_5(1)_Y gauge parameters, while g and g^′ are the dimensionless four–dimensional couplings corresponding, respectively, to the SU_4(2)_L and U_4(2)_Y gauge groups. The relations linking the four–dimensional couplings with the extra–dimensional ones are g √ 2πR = g_5 and g^′ √ 2πR = g^′_5. We remark that this set of gauge transformations are defined exclusively by zero modes of gauge parameters. Note also that the zero modes W^{(0)i}_μ , B^{(0)}_μ transform as gauge fields, while the corresponding KK excited modes W^{(n)i}_μ and B^{(n)}_μ , as well as the scalars W^{(n)i}_5 and B^{(n)}_5 , transform as matter fields. There is an infinite number of other gauge transformations, the NSGT, that possess an involved structure

δ_{ns}W^{(0)i}_μ = gϵ^{ijk}W^{(n)j}_μ α^{(n)k}, δ_{ns}W^{(n)i}_μ = D^{(nm)ij}_μ α^{(m)j} , δ_{ns}W^{(n)i}_5 = D^{(nm)ij}_5 α^{(m)j} , (27)

δ_{ns}B^{(0)}_μ = 0, δ_{ns}B^{(n)}_μ = ∂_μα^{(n)}, δ_{ns}B^{(n)}_5 = − n R α^{(n)} , (28)

δ_{ns}Φ^{(0)} = − ( ig σ^i 2 α^{(n)i} + ig^′ Y 2 α^{(0)} ) Φ^{(n)}, δ_{ns}Φ^{(n)} = − ( ig σ^i 2 α^{(m)i} + ig^′ Y 2 α^{(m)} ) ( δ^{nm}Φ^{(0)} + Δ^{nsm}Φ^{(s)} ) , (29)

where we have defined D^{(nm)ij} μ = δ^{nm}D^{(0)ij}_μ − gϵ^{ijk}Δ^{nsm}W^{(s)k}_μ , (30) D^{(nm)ij} 5 = −δ^{nm}δ^{ij} n R − gϵ^{ijk}Δ^{′nsm}W^{(s)k}_5 . (31) The symbol Δ^{nsm} is defined through products and sums of Kronecker deltas, whose explicit form is not necessary for the goals in this paper. Einstein’s summation convention is also used for Fourier modes, each sum starting from 1. The NSGT are determined just by excited modes of gauge parameters, in this case by α^{(n)j} and α^{(n)} which correspond to excited modes of SU_5(2)_W and U_5(1)_Y gauge paramters. The form of these transformations reveal a quite different nature of the KK excited modes W^{(n)j}μ when comparing them with the corresponding SGT; these fields transform as gauge fields through the object D^{(mn)ij}_μ . The excited modes B^{(n)}_μ are clearly also gauge fields with respect to the NSGT. The zero modes W^{(0)}_μ , on the other hand, have a transformation law under the NSGT that resembles the variations of matter fields, but with a more intricate functional form that contains an infinite sum and indicates that they are not gauge fields under the NSGT. The scalars W^{(n)i}_5 and B^{(n)}_5 play the the interesting role of pseudo–Goldstone bosons similar to those occurring in the Higgs mechanism. However, in contrast with systems where spontaneous symmetry breaking takes place, in the compactification scenario there are not broken gauge generators [9]. There exists a gauge in which these type of pseudo–Goldstone bosons are removed from the effective theory, and simultaneously the KK excited modes of gauge fields with four–dimensional spacetime indices become massive [8]. This fact is remarkable and indicates that some KK excited modes can be turn massive, no matter whether they come from a massless five–dimensional field.

D. A covariant gauge–fixing procedure

The divergent behaviour of path integrals involved in the quantization of gauge systems arises because of the existence of a set of physically equivalent configurations connected to each other by gauge transformations. The inclusion in path integrals of extra degrees of freedom due to gauge invariance triggers such divergent comportment, which must be removed by fixing the gauge. In the literature [19], different schemes to fix the gauge in extra–dimensional gauge theories have been proposed. In the present paper, we use the gauge–fixing procedure, of renormalizable type, that was propounded in Refs. [8, 11]. This method is based on the covariant gauge–fixing scheme given in Ref. [14], where it was applied to the so–called 331 models [20]; it shows an unconventional approach possessing the spirit of other schemes such as the one introduced by Fujikawa [21], the background–field method [22], and the pinch technique [23]. The main feature of these approaches is that they yield quantized theories in which part of the gauge invariance still remains. Since the KK theory discussed in this paper is separately invariant under the SGT and NSGT, it gives us the possibility to remove the gauge invariance part associated to the NSGT, and maintain SGT invariance of the quantum Lagrangian. The approach followed in Refs. [8, 11] to fix the gauge in extra–dimensional gauge theories not only is interesting from a theoretical perspective, but also implies valuable simplifications in phenomenological calculations [13]. This useful behavior has been also pointed out and exploited in contexts other than extra–dimensional theories [14].

A complete discussion on the quantization of the KK theory conceived in the 5DSM can be found in Ref. [11], where the derivation of the quantum Lagrangian, L^q_{KK}, is carried out within the framework of BRST symmetry, and the result is expressed as

L^q_{KK} = L_{KK} + L_{GF} + L_{FPG}; (32)

where L_{GF} represents the gauge–fixing term and L_{FPG} stands for the Faddeev–Popov ghost term. The gauge fixing term is given by

L_{GF} = − 1 2ξ ( f^{(n)i}_ξ f^{(n)i}_ξ + f^{(n)}_ξ f^{(n)}_ξ ) , (33)

with gauge–fixing functions f^{(n)i}_ξ defined as

f^{(n)i}_ξ = D^{(0)ij}_μ W^{(n)jμ} − ξ ( n R ) W^{(n)i}_5 + igξ ( Φ^{(n)†} σ^i 2 Φ^{(0)} − Φ^{(0)†} σ^i 2 Φ^{(n)} ) (34)

introduced in the W^{(n)i}_μ sector, and gauge–fixing functions f^{(n)}_ξ

f^{(n)}_ξ = ∂_μB^{(n)μ} − ξ ( n R ) B^{(n)}_5 + ig^′ξ ( Φ^{(n)†} Y 2 Φ^{(0)} − Φ^{(0)†} Y 2 Φ^{(n)} ) (35)

supplied for the B^{(n)}_μ sector. These functions, which transform covariantly under the SGT, incorporate gauge dependence through the gauge–fixing parameter, denoted by ξ. It is worth to mention that these gauge functions introduce modifications to some vertices of the theory, among which one finds the elimination of the unphysical bilinear and trilinear couplings W^{(n)i}_μ W^{(n)i}_5 and W^{(0)i}_μ W^{(n)jμ}W^{(n)k}_5 , as well as the couplings B^{(n)}_μ B^{(n)}_5 . The gauge–fixing functions also enter the Faddeev–Popov ghost sector, which then inherits gauge dependence. This covariant gauge–fixing procedure conveys simplifications at phenomenological calculations which involve pseudo–Goldstone bosons and ghost fields; to be more explicit, the contributions from the ghost sector are equal to minus twice the contributions produced by the pseudo–Goldstone bosons.

E. Definitions of mass eigenstates

In this section, we provide the definitions of mass eigenstates of KK excited modes. The mass eigenstates of SM fields are defined as usual. Recall that at tree level all masses of KK excited modes come from both, compactification and spontaneous symmetry breaking. Through the rest of this paper, we will use the definition m_n = n/R ≡ nM_c, where M_c represents the compactification scale.

The mass of a KK zero–mode field φ^{(0)}, which is a SM dynamical variable, is denoted by m_φ(0) . The mass eigenstates for the KK excited gauge modes W^{(n)i}μ and B^{(n)}μ are defined, in an analogous way to the SM fields, as

W^{(n)+}_μ = 1 √ 2 ( W^{(n)1}_μ − iW^{(n)2}_μ ) , (36)

W^{(n)−}_μ = 1 √ 2 ( W^{(n)1}_μ + iW^{(n)2}_μ ) , (37)

Z^{(n)}_μ = c_wW^{(n)3}_μ − s_wB^{(n)}_μ , (38)

A^{(n)}_μ = s_wW^{(n)3}_μ + c_wB^{(n)}_μ , (39) where s_w and c_w denote the sine and cosine of the weak mixing angle, respectively. Notice that the we make use of the same rotation matrix that defines the SM photon and the Z boson to define their KK–excited–modes replicas. Masses of these KK excited modes are

m_W (n) = √ m^2_{W (0)} + m^2_n for W^{(n)±}_μ , (40)

m_Z(n) = √ m^2_{Z(0)} + m^2_n for Z^{(n)}_μ , (41) m_A(n) = m_n for A^{(n)}_μ . (42) The KK excited modes of the Higgs doublet are arranged as

Φ^{(n)} = ϕ^{(n)+}

H^{(n)} + iϕ^{(n)}_{im}

(43)

where H^{(n)} and ϕ^{(n)}_{im} are real scalar fields, whereas ϕ^{(n)+} is a charged field that is related to the non–self–conjugate field ϕ^{(n)−} by ϕ^{(n)−} = ( ϕ^{(n)+} )_† . The mass of the neutral–scalar H^{(n)} is related to that of the SM Higgs boson, so that it is given by

m_H(n) = √ m^2_{H(0)} + m^2_n . (44)

We define now the charged unphysical scalars W^{(n)±}_5 =^{1√}_2 ( W^{(n)1}_5 ∓ iW^{(n)2}_5 ) , and they will be combined with the charged scalars ϕ^{(n)±} to define the charged physical scalars H^{(n)±}, with mass m_W (n) , and the pseudo–Goldstone bosons G^±_{W (n)} as follows:

H^{(n)+} = cos(n_W (0) ) ϕ^{(n)+} + i sin(n_W (0) ) W^{(n)+}_5 , (45)

H^{(n)−} = cos(n_W (0) ) ϕ^{(n)−} − i sin(n_W (0) ) W^{(n)−}_5 , (46)

G^+_{W (n)} = sin(n_W (0) ) ϕ^{(n)+} − i cos(n_W (0) ) W^{(n)+}_5 , (47)

G^−_{W (n)} = sin(n_W (0) ) ϕ^{(n)−} + i cos(n_W (0) ) W^{(n)−}_5 , (48) where the mixing angle n_W (0) is determined by the relation

tan n_W (0) = m_W (0) (n/R) ≡ m_W (0) m_n . (49)

Concerning neutral scalars, we perform the rotation

W^{(n)3}_5

B^{(n)}_5 = c_w s_w

−s_w c_w

Ŵ^{(n)3}_5 G_A(n) , (50) which defines the pseudo–Goldstone boson G_A(n) = s_w W^{(n)3}_5 + c_w B^{(n)}_5 , (51) associated to the gauge boson A^{(n)}μ . The scalar Ŵ^{(n)3}_5 plays a role in the definition of neutral–boson mass eigenstates as it is merged by a rotation with the neutral scalar ϕ^{(n)}_{im} to give rise to h^{(n)} = cos(n_Z(0) ) ϕ^{(n)}_{im} − sin(n_Z(0) ) Ŵ^{(n)3}_5 , (52) G_Z(n) = sin(n_Z(0) ) ϕ^{(n)}_{im} + cos(n_Z(0) ) Ŵ^{(n)3}_5 , (53) where the mixing angle n_Z(0) is obtained from tan n_Z(0) = m_Z(0) m_n . (54) The KK–excited field h^{(n)} is a physical neutral scalar^3 with mass m_Z(n) , whereas G_Z(n) is the pseudo–Goldstone boson associated with the KK–excited mode Z^{(n)}_μ .

The definition of fermionic mass eigenstates of KK excited modes is more intricate, as it involves two rotations, the first of which is performed in flavor space. This first step is accomplished similarly to that of the SM fields. In flavor space, one defines

E^{(n)}_{L,R} = e^{(n)} μ^{(n)} τ^{(n)} L,R , N^{(n)}_{L,R} = ν^{(n)}e ν^{(n)}_μ ν^{(n)}_τ L,R , Ê^{(n)}_{L,R} = ê^{(n)} μ̂^{(n)} τ̂^{(n)} L,R , (55)

D^{(n)}_{L,R} = d^{(n)} s^{(n)} b^{(n)} L,R , U^{(n)}_{L,R} = u^{(n)} c^{(n)} t^{(n)} L,R , D̂^{(n)}_{L,R} = d̂(n) ŝ^{(n)} b̂(n) L,R , Û^{(n)}_{L,R} = û^{(n)} ĉ^{(n)} t̂^{(n)} L,R , (56)

and uses the unitary transformations E^{′(n)}_{L,R} = V^e_L E^{(n)}_{L,R}, Ê^{′(n)}_{L,R} = V^e_R Ê^{(n)}_{L,R}, (57) D^{′(n)}_{L,R} = V^d_L D^{(n)}_{L,R}, D̂^{′(n)}_{L,R} = V^d_R D̂^{(n)}_{L,R}, (58) U^{′(n)}_{L,R} = V^u_L U^{(n)}_{L,R}, Û^{′(n)}_{L,R} = V^u_R Û^{(n)}_{L,R}, (59) for flavor triplets of charged leptons and quarks. Unitary matrices V^e_L , V^u_L and V^d_L are the same we used in order to define the mass eigenstates of fermionic zero modes. Neutrino flavor triplets, N^{(n)}_{L,R} are demanded to transform as their corresponding leptonic charged partners, so that N^{′(n)}_{L,R} = V^e_L N^{(n)}_{L,R}. (60) These transformations allow us to define the mass eigenstates of KK excited modes of neutrinos, which is not the case of charged leptons and quarks, for they must be subjected to a further stage. The idea is that these fermionic fields

3 In Ref. [11], the scalar h^{(n)} was denoted by A^{(n)}. We have changed this notation in order to avoid confusion involving the KK modes A^{(n)a}_M .

can be fit into doublets associated to certain KK–flavor space: e^{′(n)} ê^{′(n)} L,R , u^{′(n)} û^{′(n)} L,R , d^{′(n)} d̂′(n) L,R , (61)

with e^{′(n)} and ê^{′(n)} collectively denoting charged leptons, u^{′(n)} and û^{′(n)} denoting up–type quarks, and d^{′(n)} and d̂^{′(n)} being down–type quarks. The final transformation that completes the deduction of mass eigenstates uses the unitary transformations

V_L = cos (n_{f (0)} 2 ) sin (n_{f (0)} 2 )

sin ( n_{f (0)} 2 ) −cos

( n_{f (0)} 2 ) , V^R = cos ( n_{f (0)} 2 ) −sin (n_{f (0)} 2 )

sin (n_{f (0)} 2 ) cos ( n_{f (0)} 2 ) , (62)

where the mixing angle n_f (0) is given by

tan n_f (0) = m_f (0) m_n . (63)

These matrices rotate left and right doublets as f^{′(n)} f̂ ′(n) L,R = V_{L,R} f̃ (n) ^̃f_{(n)} L,R , (64)

in which the fermionic mass eigenstates are the f̃^{(n)} and ^̃f^{(n)} fields. These fields are degenerate as their masses is given by

m_f (n) = √ m^2_{f (0)} + m^2_n. (65)

Now that we have derived all proper mass eigenstates, we simplify our notation by representing the fermionic mass eigenstates from here on simply by f^{(n)} and f̂^{(n)}.

III. CONTRIBUTIONS TO THE W W V INTERACTION FROM UNIVERSAL EXTRA DIMENSIONS

Through this section, we sketch the calculation of the CP –even contributions to the TGC’s W W V , with V = γ^{(0)}, Z^{(0)}, from the SM with one UED. In Ref. [13], a calculation of the extra–dimensional contributions from the gauge sector of the 5DSM to the TGC’s W W V was performed. In the present paper we extend that derivation by including contributions from the rest of the extra–dimensional sectors. We first provide such contributions in terms of Passarino–Veltman scalar functions within a heavy–compactification scenario in which the compactification scale, M_c = 1/R, is large enough to take the mass spectrum of the KK excited modes to be degenerate. In other words, we assume that the mass m_φ(n) of any KK excited mode φ^{(n)} is given by m_φ(n) ≈ m_n. Then, under such circumstances, we solve the scalar functions and express the extra–dimensional contributions in terms of elementary functions. The whole calculation is made in the covariant gauge–fixing procedure of Ref. [11] withinn the non–linear Feynman–’t Hooft gauge, ξ = 1. We take the W bosons on–shell but keep the neutral V bosons off–shell.

A. Parametrization of new–physics effects on the W W V vertex

In general, the search for new–physics can be carried out either by directly producing new heavy states at colliders or by investigating the heavy–physics virtual effects on SM observables. Even if the production of KK modes could be achieved at the Large Hadron Collider (LHC), their determination would be challenging [24–26]. The cleanest way in which the LHC would determine the extra–dimensional nature of the observed effects is the production of second KK modes. The possibility of the lightest KK particle to model [27] dark matter favors a mass scale for such particle as large as 1.3 TeV [28] , which makes it unlikely to produce these second KK states at the LHC. The usage of a linear collider to study the virtual effects of KK modes on SM observables, on the other hand, would provide [25, 26] the desired discrimination easier to reach, as an unambiguous measure of the spin of a first–stage KK particle could be accomplished, and their interactions with SM particles accurately quantified through the detailed examination of virtual effects of KK modes on low–energy physics. To this respect, the importance of analyses of TGC’s lies on the possibility that hints on an ultraviolet completion could manifest as contributions to such interactions. The calculation of corrections from SM extensions to TGC’s is an option to study high–energy physics by analyzing the outcomes generated by virtual effects. From the perspective of effective field theory, the effects of physics beyond the SM on TGC’s involving charged gauge bosons are expected to be more important than the impact of such new physics on neutral TGC’s, for the first new–physics effects on the former are parametrized by nonrenormalizable operators of mass–dimension six, while the less–suppressed contributions to the latter are produced by mass–dimension–eight operators [29].

In space–time, the CP –even high–energy–physics contributions to the W W V interaction are parametrized [30] by the Lagrangian L_{W W V} = −ig_V { g^V_1 ( W^{(0)+}_{μν} W^{(0)−μ}V^{(0)ν} − W^{(0)−}_{μν} W^{(0)+μ}V^{(0)ν} )

+κ_V W^{(0)+}_μ W^{(0)−}_ν V^{(0)μν} + λ_V m^2_W

W^{(0)+}_{μν} W^{(0)−νρ}V^{(0)}_ρ^μ } , (66)

where W^{(0)±}μν = ∂_μW^{(0)±}ν − ∂_ν W^{(0)±}μ and V^{(0)}μν = ∂_μV^{(0)}ν − ∂_ν V^{(0)}μ , while the couplings g_V are given by g_γ(0) = s_w g and g_Z(0) = c_w g. As we are interested in the contributions from new physics, we are assuming that the parameters in this Lagrangian do not include the SM part, so that they only involve the extra–dimensional contributions. Notice that, as we are parametrizing physics beyond the electroweak scale, the parameter λ_V should be proportional to m^2_W /M^2_c for a large compactification scale. Another parametrization, which we will use for our calculations, is given [31] in the

FIG. 1: The W W V vertex.

space of vertex functions. Following the conventions of Fig. (1), the W W V vertex–function parametrization reads Γ^V_{μαβ} = −ig_V { g^V_1 [2 p_μg_{αβ} + 4(q_βg_{αμ} − q_αg_{βμ})] + 2Δκ(q_β g_{αμ} − q_αg_{βμ}) + 4ΔQ_V m^2_W p_μ ( q_αq_β − 1 2 q^2g_{αβ} ) } , (67)

where only the transversal degrees of freedom of the external neutral boson have been left. In the case where the vertex–function parameters are constant, the relations

Δκ_V = κ_V + λ_V − g^V_1 , (68)

ΔQ_V = −2λ_V , (69)

hold. When taking the external neutral boson to be an on–shell photon, these form factors define the CP –even static electromagnetic properties of the W boson by means of

μ_W = e 2m_V (2 + Δκ_γ ), (70)

Q_W = − 2 m^2_W

(1 + Δκ_γ + ΔQ_γ ), (71)

where μ_W is the magnetic dipole moment and Q_W is the electric quadrupole moment.

B. Universal extra dimensions effects on the anomalous W W V form factors

After performing all KK expansions in the fashion discussed in the last section, integrating out the extra dimension in the effective action, carrying out quantization with the covariant gauge–fixing procedure depicted, and passing to the mass–eigenstates basis, one obtains a KK quantum Lagrangian, L^q_{KK}, that we split as

L^q_{KK} = L_{SM} + L^{1−loop}_{KK} + L^{heavier}_{KK} . (72)

The L_{SM} part represents the low–energy description, that is, the SM, while the term L^{1−loop}_{KK} includes all couplings involving KK zero and excited modes that contribute to SM Green’s functions at the one–loop level. The L^{heavier}_{KK} Lagrangian contains KK–modes couplings that introduce corrections to low–energy Green’s functions at the two–loop level and higher orders. The main objective of the present paper is the calculation of one–loop contributions from the 5DSM to the TGC’s W W V , so we specifically concentrate on the new–physics effects provided by L^{1−loop}_{KK} , which we subdivide into

L^{1−loop}

KK = L^{1−loop}_G + L^{1−loop}_S + L^{1−loop}_F + · · · , (73)

where those terms that do not contribute to the one–loop W W V vertex have not been considered and their presence has been only implicitly indicated thorough ellipsis. All the terms shown do produce one–loop corrections to the W W V interaction and have been labeled according to the extra–dimensional sector that gave rise to them: the purely–gauge term L^{1−loop}_G involves couplings of gauge bosons, pseudo–Goldstone bosons and ghost fields KK excited modes to gauge zero modes and comes from the five–dimensional gauge sector; the scalar contributing term L^{1−loop}_S , which is produced by the scalar sector of the 5DSM, comprises tree–level vertices associated to interactions of scalar and gauge KK–excited modes with gauge zero modes, and interactions of scalar KK modes with gauge zero modes as well; and the fermionic sector L^{1−loop}_F comes in terms of KK excited fermions coupled to gauge zero modes, whose origin is the fermionic sectors of the extra–dimensional description. The explicit expressions of these Lagrangians can be found in Appendix A.

The one–loop extra–dimensional contributions to the W W V vertex are generated by the diagrams shown in Figs. (2) to (5). We have found that the extra–dimensional contributions to g^Z_1 are, as expected in any renormalizable theory, divergent. The interaction associated to such form factor appears in the SM classical action, so that it must be renormalized. The form factor Δκ_V is also related to an interaction already present at the classical level, but an anomalous contribution arises in this case. In what follows, we concentrate only on the form factors Δκ_V and ΔQ_V . We classify the CP –even contributions from the 5DSM to such form factors according to whether the contributing diagrams contain at least one pure–gauge vertex or not. By pure–gauge vertex we mean a tree–level interaction involving only gauge KK zero and/or excited modes. With this in mind, we express the Δκ_V and ΔQ_V form factors as Δκ_V = Δκ^{GNBC}_V + Δκ^{NGC}_V , (74)

ΔQ_V = ΔQ^{GNBC}_V + ΔQ^{NGC}_V . (75)

The diagrams contributing to Δκ^{GNBC}_V and ΔQ^{GNBC}_V , which we exhibit in Fig. (2), incorporate one or more pure– gauge vertices. In the case of such diagrams, the external SM neutral boson always couples to a pair of gauge KK excited modes, although the SM W bosons can couple to a scalar, as it occurs in diagrams (h) and (i). On the other hand, the structure of any pure–gauge coupling involving SM bosons and KK excited modes is not distorted by spontaneous symmetry breaking, which is a situation that particularly occurs in the case in which a neutral SM boson is involved. This suggests that the contributions from these diagrams are governed by the SU_4(2)_L gauge group, so that we refer to them as gauge neutral–boson contributions (GNBC). For the Δκ^{NGC}_V and ΔQ^{NGC}_V form factors, whose contributing diagrams have been distributed in Figs. (3) to (5), we use the name non–gauge contributions (NGC), because, contrastingly to the GNBC, they are affected by electroweak symmetry breaking. The diagrams associated to NGC come from the five–dimensional scalar sector and from the fermionic one, being different to each other in the way that KK excited modes couple to SM gauge bosons. We have separated the NGC into: i) those contributions, denoted by Δκ^{GS}_V and ΔQ^{GS}_V , generated by diagrams that include three–level couplings of a SM neutral boson to scalars and an internal line representing a gauge KK excited mode, which we exhibit in Fig. (3); ii) those coming from diagrams incorporating scalar loops, shown in Fig. (4), and referred to as Δκ^S_V and ΔQ^S_V ; and iii) those represented by Δκ^F_V and ΔQ^F_V and produced by diagrams involving fermionic loops, given in Fig. (5). This is written as

Δκ^{NGC}_V = Δκ^{GS}_V + Δκ^S_V + Δκ^F_V , (76)

ΔQ^{NGC}_V = ΔQ^{GS}_V + ΔQ^S_V + ΔQ^F_V . (77)

A distinctive feature of the UED framework, first pointed out in Ref. [3], is the particular importance of one– loop calculations in models incorporating this sort of extra dimensions. The source of this meaningful property is conservation of momentum in compact extra dimensions, which, at the four–dimensional level, is translated into KK– number conservation. The S^1/Z_2 orbifold compactification breaks conservation of KK number to conservation of KK parity, which has the consequence that KK excited modes cannot be single–produced at tree level. This means that there are no tree–level contributions to low–energy observables, but the very first corrections enter at the one–loop level. Indeed, this is the reason behind the relatively weak constraints on the compactification scale associated to this sort of extra–dimensional models. A recent investigation [32], which combined the latest LHC data provided by the ATLAS and CMS collaborations, constrained the compactification scale, finding that M_c > 500 GeV is still allowed within a very narrow region around a value for the mass of the Higgs boson amounting to m_H(0) = 125 GeV, while around m_H(0) = 118 GeV only a compactification scale as large as M_c > 1000 GeV would be still consistent. We then consider the heavy–compactification scenario, which we define by the relation Q^2 << M^2_c , with Q = 2q standing for the incoming momentum of the neutral gauge boson V . This framework allows us to take the compactification scale to be large enough so that the mass spectrum of the KK modes is degenerate. In other words, we take the approximation that the mass of any KK excited mode is given by m_n ≈ n/R. All the results that we show below are given in terms of the dimensionless variables y_φ ≡ m^2_{φ(0)} /m^2_n and y_Q = Q^2/m^2_n. The degenerate mass spectrum of KK modes greatly simplifies all results, which can be written in terms of only four Passarino–Veltman scalar functions. In order not to clutter up the notation, we define B_0(1) ≡ B_0(0, m^2_n, m^2_n), B_0(2) ≡ B_0(m^2_{W (0)} , m^2_n, m^2_n), B_0(3) ≡ B_0(Q^2, m^2_n, m^2_n), and C_0(m^2_{W (0)} , m^2_{W (0)} , Q^2, m^2_n, m^2_n, m^2_n). All results are shown in such a way that the cancelation of ultraviolet divergences is explicit.

FIG. 2: Contributing one–loop diagrams that involve at least one pure–gauge vertex.

As we noticed, the GNBC are supplied by the one–loop diagrams shown in Fig. (2). It is important to stress that, in addition to these diagrams, the contributions from pseudo–Goldstone bosons and ghost fields are taken into account, even when the corresponding diagrams are not shown in Fig. (2). The diagrams incorporating pseudo–Goldstone bosons and ghosts are similar to the diagrams solely containing gauge–bosons, and all of them, but the triangular ones, vanish. The expressions for the GNBC read

Δκ^{GNBC} V = g^2 96π^2 ∞∑ n=1 1 (4y_W − y_Q)^3 { 640y_Qy_W [B_0(1) − 2B_0(2) + B_0(3)] − 1280y^2_W [B_0(1) − 3B_0(2) + 2B_0(3)]

−80y^2_Q [B_0(1) − B_0(2)] + 1 y_W + 1 ( − 96y^3_Q (y_W + 1) + 2y^2_Qy_W (554y_W + 581)

−8y_Qy^2_W (617y_W + 671) + 288y^3_W (20y_W + 23) ) [B_0(2) − B_0(3)] + 6m^2_ny_W y_W + 1 ( − 12y_Q (y_W (y_W + 15) + 20) y_W + 3y^2_Q (y_W (8y_W + 25) + 20) + 16 (4y_W − 5) y^3_W ) C_0

+20y_W (y_Q − 4y_W ) (3y_Q + 8y_W ) } (78)

ΔQ^{GNBC} V = g^2 96π^2 ∞∑ n=1 1 (4y_W − y_Q)^3 { 160y_Qy_W [B_0(1) + 2B_0(2) − 3B_0(3)] +

2560y^3_W y_Q [B_0(1) − B_0(3)]

−1280y^2_W [B_0(1) + B_0(2) − 2B_0(3)] +

160y_W ( 5y_Qy^2_W + y^2_Qy_W − 6y^3_W ) y_Q [B_0(2) − B_0(3)] + 240m^2_ny_W ( −2y^2_Q (y_W − 3) y_W + 4y_Q (y_W − 3) y^2_W − y^3_Q − 4 (y_W − 4) y^3_W ) y_Q C_0 + 40y_W ( 6y^2_Qy_W − 20y_Qy^2_W − y^3_Q + 48y^3_W ) y_Q } (79)

FIG. 3: One–loop diagrams including an internal gauge KK excited boson and couplings among KK scalar excitations to SM gauge bosons.

The diagrams of Fig. (3) produce NGC given by

Δκ^{GS}_V = g^2 96π^2c^2_w ∞∑ n=1 3G_V ( 2s^2_w − 5 ) y_W (4y_W − y_Q) (1 + y_W ) { 2 [B_0(2) − B_0(3)] − m^2_n (y_Q − 2y_W ) C_0 } (80)

ΔQ^{GS}_V = 0 (81)

with the definitions

G_V = G_{(γ}(0)_{,Z}(0)_) = ( 1, 1 − 1 2c^2_w

+ O(y_W ) ) . (82)

The NGC from scalar KK excited modes through diagrams with scalar loops, which we provide in Fig. (4), contribute

FIG. 4: One–loop diagrams without pure–gauge vertices and involving scalar interactions. The amplitude associated with each diagram (c) − (g) vanishes identically.

to the Δκ_V and ΔQ_V form factors as

Δκ^S_V = g^2 96π^2 ∞∑ n=1 G_V (4c_w (c_wy_W + 1) − 1) (4y_W − y_Q)^3(1 + y_W )^2 { 32y_Qy^2_W [B_0(1) − 2B_0(2) + B_0(3)]

−64y^3_W [B_0(1) − 3B_0(2) + 2B_0(3)] − 4y^2_Qy_W [B_0(1) − B_0(2)] −y_W ( y^2_Qy_W + 26y_Qy^2_W ) [B_0(2) − B0(3)] − 6m^2_ny_W ( −y^2_Qy_W (y_W + 3) − y_Q (y_W − 12) y^2_W ) C_0 −y_W ( 4y_Qy^2_W − 3y^2_Qy_W + 32y^3_W ) } (83)

ΔQ^S_V = g^2 96π^2 ∞∑ n=1 G_V (4c_w (c_wy_W + 1) − 1) (4y_W − y_Q)^3(1 + y_W )^2 { − 64y^3_W [B_0(1) + B_0(2) − 2B_0(3)]

+8y^2_W y_Q [B_0(1) + 2B_0(2) − 3B_0(3)] +

128y^4_W y_Q [B_0(1) − B_0(3)] − 8y^2_W ( −5y_Qy^2_W − y^2_Qy_W + 6y^3_W ) y_Q [B_0(2) − B_0(3)] − 12m^2_ny^2_W ( 2y^2_Q (y_W − 3) y_W − 4y_Q (y_W − 3) y^2_W + y^3_Q + 4 (y_W − 4) y^3_W ) y_Q C_0 − 2y^2_W ( −6y^2_Qy_W + 20y_Qy^2_W + y^3_Q − 48y^3_W ) y_Q } (84)

The NGC from fermionic KK excited modes come from the diagrams shown in Fig. (5). Notice that diagrams (k) and (l ) involve charged currents characterized by a sort of KK flavor mixing among leptonic KK excited states e^{(n)}_i and ê^{(n)}_i . Each of these couplings incorporates a γ^5 matrix, but, as there are two of such KK–flavor–changing charged currents in each of these diagrams, the γ^5 matrices cancel, and the resulting expression is CP –even. The NGC from

FIG. 5: One–loop diagrams without pure–gauge vertices and involving fermionic currents.

all diagrams to the Δκ_V and ΔQ_V form factors are then

Δκ^F_V = g^2 96π^2 ∞∑ n=1 [ F_{V,1} (4y_W − y_Q)^3 { − 128y_Qy_W [B_0(1) − 2B_0(2) + B_0(3)]

+256y^2_W [B_0(1) − 3B_0(2) + 2B_0(3)] + 16y^2_Q [B_0(1) − B_0(2)] +4 ( y^2_Qy_W + 26y_Qy^2_W ) [B_0(2) − B_0(3)] − 24m^2_n ( y^2_Qy_W (y_W + 3) + y_Q (y_W − 12) y^2_W ) C_0 −4 ( −4y_Qy^2_W + 3y^2_Qy_W − 32y^3_W ) }

+ F_{V,2} (4y_W − y_Q)^3 { − 128y_Qy_W [B_0(1) + 4B_0(2) − 5B_0(3)]

+256y^2_W [B_0(1) + 3B_0(2) − 4B_0(3)] + 16y^2_Q [B_0(1) + 5B_0(2) − 6B_0(3)] +4 ( y^2_Qy_W + 26y_Qy^2_W ) [B_0(2) − B_0(3)] − 24m^2_n ( y^2_Qy_W (y_W − 5) + y^3_Q + y_Q (y_W + 4) y^2_W ) C_0 −4 ( −4y_Qy^2_W + 3y^2_Qy_W − 32y^3_W ) } ] (85)

ΔQ^F_V = g^2 96π^2 ∞∑ n=1 F_{V,1} + F_{V,2} (4y_W − y_Q)^3 { − 32y_Qy_W [B_0(1) + 2B_0(2) − 3B_0(3)]

+256y^2_W [B_0(1) + B_0(2) − 2B_0(3)] −

512y^3_W y_Q [B_0(1) − B_0(3)] + 32y_W ( −5y_Qy^2_W − y^2_Qy_W + 6y^3_W ) y_Q [B_0(2) − B_0(3)] + 48m^2_ny_W ( 2y^2_Q (y_W − 3) y_W − 4y_Q (y_W − 3) y^2_W + y^3_Q + 4 (y_W − 4) y^3_W ) y_Q C_0 + 8y_W ( −6y^2_Qy_W + 20y_Qy^2_W + y^3_Q − 48y^3_W ) y_Q } , (86)

with the F_{V,i} overall factors given by

F_{γ,1} = ∑ families [ |K_{ud}|^2 − 1 + O(y_e) ] , (87)

F_{γ,2} = ∑ families

O(y_e), (88)

F_{Z,1} = ∑ families

[1 + O(y_u, y_d, y_e)] , (89)

F_{Z,2} = ∑ families

O(y_e). (90)

In performing this calculation, we have neglected the contributions involving off–diagonal entries of the Kobayashi– Maskawa matrix. So, in these expressions K_{ud} is an entry of the Kobayashi–Maskawa matrix diagonal, whose labels are u (standing for a zero–mode up–type quark) and d (representing a zero–mode down–type quark).

Within the heavy–compactification scenario, the Passarino–Velman scalar functions involved in the results can be easily solved through the Feynman–parameters technique to obtain expansions suppressed by powers of the compactification scale. Besides yielding simpler forms of the contributions, this procedure allows one to perform the infinite KK sums in an exact way. The terms comprised by the resulting expressions are all suppressed by powers of the compactification scale. The higher the power of the compactification scale in a given term, the greater the suppression of its contributions, so that we keep terms involving factors 1/M^2_c and disregard those involving higher powers of the compactification scale. With this in mind, we write the Δκ^{GNBC}_V and ΔQ^{GNBC}_V form factors as

Δκ^{GNBC} V = 1 M^2_c απ 432s^2_w ( Q^2 − 4m^2_{W (0)}

)_2 [ − 48 ( Q^2

)_3

+m^2_{W (0)} ( 2m_W (0) ( −646Q^2m_W (0) + 504m^3_{W (0)} − 45 ( Q^2 )_{3/2}) + 527 ( Q^2

)_2) ] + O(1/M^4_c ), (91)

ΔQ^{GNBC} V = 1 M^2_c

5απm^2_{W (0)}

108s^2_w √ Q^2 ( Q^2 − 4m^2_{W (0)}

)_2 [ − 3 ( Q^2 )_{5/2}

+m_W (0) ( 2m_W (0) + √ Q^2 ) ( m_W (0) ( −8 √ Q^2m_W (0) + 6m^2_{W (0)} + Q^2 ) + 3 ( Q^2 )_{3/2}) ] + O(1/M^4_c ),(92)

where α denotes the fine–structure constant. The Δκ^{GS}_V and ΔQ^{GS}_V NGC are given by

Δκ^{GS}_V = 1 M^2_c απ ( 2s^2_w − 5 ) η_V m^2_{W (0)} 288s^2_w (s^2_w − 1)

+ O(1/M^4_c ), (93)

ΔQ^{GS}_V = 0, (94)

for which we have defined

η_V = η_{(γ}(0)_{,Z}(0)_) = ( 1, 1 − 1 2c^2_w ) . (95)

The contributions from KK scalar–loops diagrams, Δκ^S_V and ΔQ^S_V , can be expressed as

Δκ^S_V = O(1/M^4_c ), (96)

ΔQ^S_V = O(1/M^4_c ). (97)

The latest NGC are the fermionic ones, for which we have separated the cases V = γ^{(0)} and V = Z^{(0)}. The corresponding expressions are

Δκ^F_{γ(0)} = O(1/M^4_c ), (98)

ΔQ^F_{γ(0)} = 0, (99)

Δκ^F_{Z(0)} = 1 M^2_c απQ^2m^2_{W (0)} 72s^2_w ( Q^2 − 4m^2_{W (0)}

)_2 ( 9 √ Q^2m_W (0) + 2m^2_{W (0)} − 8Q^2 ) + O(1/M^4_c ), (100)

ΔQ^F_{Z(0)} = 1 M^2_c απm^2_{W (0)} 36 √ Q^2s^2_w ( Q^2 − 4m^2_{W (0)}

)_2 ( 3(Q^2)^{5/2}

−m_W (0) ( 2m_W (0) + √ Q^2 ) ( m_W (0) ( −8 √ Q^2m_W (0) + 6m^2_{W (0)} + Q^2 ) + 3(Q^2)^{3/2} ) ) + O(1/M^4_c ).(101)

C. Discussion

The presence of couplings with inverse–mass dimensions in extra–dimensional models indicates that these physical descriptions are not renormalizable. In the context of UED, it was recently shown [8, 15] that, in spite of this general property, one–loop contributions calculated from models with only one extra dimension are renormalizable. Nonrenormalizability of extra–dimensional theories is not an issue, as it only means that they do not model fundamental descriptions, but are valid below certain energy scale that marks the beginning of a new physical picture. However, the possibility of obtaining finite results, independent of higher–energy scales, is a nice feature that is indeed observed in the contributions to the gauge coupling W W V that we just exhibited. In general, the way through which the nonrenormalizability of extra–dimensional theories manifests, after compactification and integration of the extra dimensions, are the KK sums. To this respect, the final step in the derivation of Eqs. (91) to (101) consisted in performing the KK infinite sums, which were found to be known convergent series, namely, Riemann zeta functions. This proves that presumable sources of ultraviolet divergences associated to discrete sums are eliminated. In the results written in terms of Passarino–Veltman scalar functions the disposition of the two–point scalar functions, B_0, shows that continuous ultraviolet divergences are exactly cancelled. This feature is even more explicit in the series suppressed by powers of the compactification scale, for not even a track of divergences remain. Thus our results show explicitly that the ultraviolet divergences generated by continuous sums also vanish, so that the final expressions are finite and cutoff independent. Our low–energy physical picture is the SM, which is a renormalizable description where a linear realization of electroweak symmetry breaking takes place. This context sets the conditions under which the decoupling theorem [33] is fulfilled. Note that all our results consistently decouple in the limit M_c → ∞, which can be better appreciated in Eqs. (91) to (101), since the suppression provided by the compactification scale makes it explicit in them. We divided the contributions to the TGC’s in order to emphasize their behavior with respect to gauge symmetry dictated by the SU_4(2)_L group. The general parametrization of the new–physics effects on the W W V interactions arises, from the viewpoint of effective field theory, from gauge invariant effective terms, both renormalizable and nonrenormalizable, whose building blocks are the SM gauge symmetry and dynamic variables. The physical states associated to the photon and Z boson are then innately related to each other through the W^{(0)3}μ field, due to electroweak gauge symmetry. It is through such link that the new–physics contributions to the TGC’s W W V parametrization that are governed by the SU_4(2)_L gauge group are expected to distinguish the cases V = γ^{(0)} and V = Z^{(0)} only through the couplings g_V . In the case of the GNBC, notice that there is no difference between the form factors corresponding to the case V = γ^{(0)} and those arising for V = Z^{(0)}, which indicates, according to the above discussion, that SU_4(2)_L gauge symmetry is maintained at the one–loop level by such contributions. Contrastingly, the NGC distinguish the cases V = γ^{(0)} and V = Z^{(0)}, which leads to the conclusion that they are not governed by the SU_4(2)_L gauge group. The reason behind such different comportment lies on the role played by electroweak gauge symmetry, which is innocuous to the sources of GNBC, but strikes the couplings of KK excited and zero modes originated in the five–dimensional scalar and fermionic sectors, whose subsequent yields are the NGC.

FIG. 6: Behavior of the ΔκV and ΔQV with respect to compactification scale, Mc, at √ Q^2 = 500 GeV.

The determination of the existence of UED could be achieved at the LHC through direct production of the lightest KK particle, which is neutral and, as a consequence of KK–parity conservation, stable, so that its production at colliders would result in generic missing–energy signals. The detection of such KK excited mode would be challenging, for the high degeneracy of the mass spectrum of KK excited modes within a given KK level leads to small missing– energy signals. Direct production of second–level KK states, which would be a way to reliably determine the UED nature of the observed new physics effects, could be out of the reach of the LHC, as KK excited modes are exclusively pair–produced at tree level. The study of virtual effects, such as those associated to TGC’s, could then provide useful tools for the search and determination of UED. The TGC’s W W V can be studied through the LHC and the ILC as well, but it has been pointed out [26] that the sensitivity of the latter to this gauge interaction is much better than that corresponding to the former. While the LHC is expected to constrain ΔQ_V up to O(10^{−3}) and to set a bound as restrictive as O(10^{−2}) on Δκ_V , the sensitivity of ILC should reach bounds of O(10^{−4}) on all these parameters. The SM one–loop contributions to the Δκ_γ(0) and ΔQ_γ(0) form factors have been already calculated by employing conventional [34] and unconventional [35] gauge–fixing approaches. The gauge–invariant scheme followed in Ref. [35] leaded to a SM contribution to Δκ_γ(0) varying from 10^{−3} to 10^{−4} for energies in the range 200 GeV< √ Q^2 < 1000 GeV, while, for the same energy values, the ΔQ_γ(0) form factor is found [34] to lie between 10^{−4} and 10^{−5}. In Fig. (6), one can appreciate the behavior of the extra–dimensional contributions to all form factors as larger compactification energy scales are considered within a scenario in which √ Q^2 = 500 GeV. Also, in Tab. (I), we provide a summary of

Δκ_γ(0) Δκ_Z(0) ΔQ_γ(0) ΔQ_Z(0) Mc =1000 GeV −2.5 × 10^{−3} −2.6 × 10^{−3} −9.0 × 10^{−5} −3.6 × 10^{−5} Mc =2000 GeV −6.3 × 10^{−4} −6.5 × 10^{−4} −2.2 × 10^{−5} −8.8 × 10^{−6} Mc =3000 GeV −2.8 × 10^{−4} −2.9 × 10^{−4} −9.7 × 10^{−6} −3.9 × 10^{−6}

TABLE I: Values of the ΔκV and ΔQV parameters for fixed √ Q^2 = 500 GeV.

numerical results on all these parameters for √ Q^2 = 500 GeV combined with compactification scales M_c = 1000 GeV,

M_c = 2000 GeV, and M_c = 3000 GeV. These numerical estimations were all made by employing the expansions of the form factors with terms suppressed by powers of the compactification scale M_c. Our results indicate that the Δκ_V range from Δκ_V ∼ −10^{−3} to −10^{−4}, for compactification scales within M_c = 1 TeV and 3 TeV, which means that ILC would be sensitive at E_{CM} = 500 GeV in these scenarios. In the case of Δκ_γ(0) , note that the one–loop extra–dimensional contributions are about the same order of magnitude than those from the SM. On the other hand, we find the ΔQ_V parameters to be out of the reach of ILC, as for √ Q^2 = 500 GeV we estimate their values to be between O(10^{−5}) and O(10^{−6}) for 1 TeV < M_c < 3 TeV. This loop contribution is minor than the one emerging from the SM by about one order of magnitude. As we performed all numerical estimations in a heavy–compactification scenario, for which the mass spectrum of the KK excited modes was taken to be degenerate, one might wonder whether the impact of the top quark mass on the TGC’s could have been minimized and actually play an important role. We evaluated the contributions involving the KK excited modes of the top quark in an exact way, that is, by taking their mass as given by m^2_{t(m)} = m^2_{t(0)} + m^2_n, and found that the total fermionic contributions to the ΔQ_V form factors do not experience appreciable changes, while the corresponding contributions to the Δκ_V are highly sensitive to quarks’ heavy masses. We have verified that the same pattern occurs in the one–loop fermionic contributions from the SM, which exceed the importance of the extra–dimensional contributions by about one or two orders of magnitude in all cases. In spite of the enhancement observed in this calculation, the total numerical results are not notoriously modified, as the leading extra–dimensional contributions to most of these from factors are engendered by the gauge sector of the five–dimensional high–energy description. The only case in which such contributions are matched by another source is the ΔQ_Z(0) form factor, which also receives a large contribution, between ∼ 10^{−5} and ∼ 10^{−6}, from the extra–dimensional fermionic sector, but, as already mentioned, such form factor is not much sensitive to the top quark mass. There exists the possibility of including effects on the TGC’s W W V from an extra–dimensional effective theory parametrizing the impact of the high–energy description lying beyond the cutoff of the 5DSM. Under reasonable assumptions, it has been estimated [15] that the effects of such presumable higher–energy theory amount to a small percentage of those generated by the SM in five dimensions, for which we have omitted a comparison in the present paper.

IV. CONCLUSIONS

The main purpose of the present paper was the study of the one–loop effects conceived by an extra–dimensional generalization of the SM on the parameters characterizing the charged TGC’s W W V . Motivated by the importance of one–loop calculations in extra–dimensional extensions of the SM in which the extra dimensions are assumed to be universal, we considered the case of one UED. The interesting gauge structure of the KK theory obtained after compactification of the extra dimension was emphasized. Two sorts of gauge transformations arise at the four dimensional level, one of which contains the low–energy SM gauge symmetry, whereas the other corresponds to the gauge nature of some heavy degrees of freedom, that is, KK excited modes. In order to perform phenomenological calculations, it was adequate to remove the gauge symmetry characterized by the latter set of gauge transformations, which we accomplished through an interesting covariant gauge–fixing procedure that gave rise to a quantum theory that is still invariant under the electroweak gauge group. By virtue of the importance of W^+W^− production in linear colliders, which is a window to study TGC’s, we took the external SM W bosons on–shell, but kept the SM neutral gauge boson off–shell. We then performed the calculation, in the Feynman–’t Hooft gauge, in a context in which the compactification scale was supposed to be large. Within this heavy–compactification scenario, we set the masses of the KK excited modes to be all the same, for such a degenerate mass spectrum conveys valuable simplifications. All ultraviolet divergences associated to continuous sums were found to vanish and the results behaved in a decoupling way. The heavy–compactification scenario then made it possible to express all results as series with terms suppressed by the powers of the compactification scale, where it was emphasized that divergences associated to discrete infinite KK sums as well lead to finite results, from which we concluded that the final expressions are finite and independent of higher–energy scales. Each contribution to the W W V form factors was subdivided into two parts, one of which is unaffected by electroweak symmetry breaking and consequently shows manifest invariance with respect to the SU_4(2)_L gauge group. The other part in each contribution, emerged from the extra–dimensional scalar and fermionic sectors, did not exhibit such a comportment, which is related to the sensitivity of its extra–dimensional originating source to spontaneous breaking of the electroweak group. Our numerical estimations produced dominating contributions from the extra–dimensional gauge sector, which were not even exceeded by those associated to fermionic excited modes. Form factors were found to be comparable to the SM one–loop corrections and well within the reach of a linear collider with a center–of–mass energy amounting to 500 GeV and compactification scales ranging from 1000 GeV to 3000 GeV.

Acknowledgments

We acknowledge financial support from CONACYT and SNI (México). HNS and JJT acknowledge financial support from VIEP-BUAP.

Appendix A: Lagrangians contributing to W W V at the one–loop level

In this section, we provide the Lagrangian terms contributing to the W W V vertex at the one-loop level.

Pure–gauge contributions

The part of the KK Lagrangian generated by the extra–dimensional gauge sector that yields one–loop contributions to the TGC’s W W V can be expressed as

L^{1−loop}

G = L_W (0)3_W (n)−_W (n)+ + L_W (0)∓_W (n)±_W (n)3 + L_W (0)−_W (0)+_W (n)3_W (n)3 + L_W (0)∓_W (n)±_W (0)3_W (n)3 +L_{W (0)3 W} (n)−_{5 W} (n)+_5 + L_{W (0)∓ W} (n)±_{5 W} (n)3_5 + L_{W (0)− W (0)+ W} (n)3_{5 W} (n)3_5 + L_{W (0)∓ W} (n)±_{5 W (0)3 W} (n)3_5 L_W (0)_C(n)¯_C(n) + L_W (0)_W (0)_C(n)¯_C(n) , (A1)

where

L_W (0)3_W (n)−_W (n)+ = −ig [ ( W^{(n)+}_{μν} W^{(n)−ν} − W^{(n)−}_{μν} W^{(n)+ν} ) W^{(0)3μ} + W^{(0)3}_{μν} W^{(n)−μ}W^{(n)+ν} − 1 ξ W^{(0)3}_μ ( W^{(n)+μ}∂_ν W^{(n)−ν} − W^{(n)−μ}∂_ν W^{(n)+ν} ) ] , (A2)

L_W (0)∓_W (n)±_W (n)3 = −ig [ ( W^{(n)−}_{μν} W^{(n)3ν} − W^{(n)3}_{μν} W^{(n)−ν} ) W^{(0)+μ} + W^{(0)+}_{μν} W^{(n)3μ}W^{(n)−ν} − ( W^{(n)+}_{μν} W^{(n)3ν} − W^{(n)3}_{μν} W^{(n)+ν} ) W^{(0)−μ} − W^{(0)−}_{μν} W^{(n)3μ}W^{(n)+ν} − 1 ξ W^{(0)+}_μ ( W^{(n)−μ}∂_ν W^{(n)3ν} − W^{(n)3μ}∂_ν W^{(n)−ν} )

+ 1 ξ W^{(0)−}_μ ( W^{(n)+μ}∂_ν W^{(n)3ν} − W^{(n)3μ}∂_ν W^{(n)+ν} ) ] , (A3)

L_W (0)−_W (0)+_W (n)−_W (n)+ = g^2 2 [ ( W^{(0)+}_μ W^{(n)−}_ν − W^{(0)+}_ν W^{(n)−}_μ ) ( W^{(0)−ν} W^{(n)+μ} − W^{(0)−μ}W^{(n)ν} )

+ ( W^{(n)−}_μ W^{(n)+}_ν − W^{(n)−}_ν W^{(n)+}_μ ) ( W^{(0)−μ}W^{(0)+ν} − W^{(0)−ν} W^{(0)+μ} )

− 2 ξ W^{(0)+}_μ W^{(0)−}_ν W^{(n)−μ}W^{(n)+ν} ] , (A4)

L_W (0)∓_W (n)±_W (0)3_W (n)3 = − g^2 2 [ ( W^{(n)−}_μ W^{(0)3}_ν − W^{(n)−}_ν W^{(0)3}_μ ) ( W^{(0)+μ}W^{(n)3ν} − W^{(0)+ν} W^{(n)3μ} )

+ ( W^{(0)+}_μ W^{(0)3}_ν − W^{(0)+}_ν W^{(0)3}_μ ) ( W^{(n)−μ}W^{(n)3ν} − W^{(n)−ν} W^{(n)3μ} )

− 2 ξ W^{(n)3μ}W^{(0)3}_ν W^{(n)−ν} W^{(0)+}_μ + H. c. ] , (A5)

L_{W (0)3 W} (n)−_{5 W} (n)+_5 = igW^{(0)3}_μ ( W^{(n)−}_5 ∂^μW^{(n)+}_5 − W^{(n)+}_5 ∂^μW^{(n)−}_5 ) , (A6)

22 L_{W (0)∓ W} (n)±_{5 W} (n)3_5 = −ig [ W^{(0)−}_μ ( W^{(n)3}_5 ∂^μW^{(n)+}_5 − W^{(n)+}_5 ∂^μW^{(n)3}_5 )

−W^{(0)+}_μ ( W^{(n)3}_5 ∂^μW^{(n)−}_5 − W^{(n)−}_5 ∂^μW^{(n)3}_5 ) ] , (A7)

L_{W (0)− W (0)+ W} (n)−_{5 W} (n)+_5 = g^2W^{(0)−}_μ W^{(0)+μ}W^{(n)−}_5 W^{(n)+}_5 , (A8)

L_{W (0)∓ W} (n)±_{5 W (0)3 W} (n)3_5 = −g^2W^{(0)3}_μ W^{(n)3}_5 ( W^{(0)+μ}W^{(n)−}_5 + W^{(0)−μ}W^{(n)+}_5 ) , (A9)

L_W (0)_C(n)¯_C(n) = −ig [ W^{(0)3}_μ ( C^{(n)+}∂^μC̄^{(n)−} − ∂^μC^{(n)+}C̄^{(n)−} − C^{(n)−}∂^μC̄^{(n)+} + ∂^μC^{(n−)}C̄^{(n)+} )

−W^{(0)+}_μ ( C^{(n)3}∂^μC̄^{(n)−} − ∂^μC^{(n)3}C̄^{(n)−} + ∂^μC^{(n)−}C̄^{(n)3} − C^{(n)−}∂^μC̄^{(n)3} )

+W^{(0)−}_μ ( C^{(n)3}∂^μC̄^{(n)+} − ∂^μC^{(n)3}C̄^{(n)+} + ∂^μC^{(n)+}C̄^{(n)3} − C^{(n)+}∂^μC̄^{(n)3} ) ] , (A10)

L_W (0)_W (0)_C(n)¯_C(n) = g^2 [ W^{(0)−}_μ W^{(0)+μ} ( C^{(n)+}C̄^{(n)−} + C^{(n)−}C̄^{(n)+} + 2C^{(n)3}C̄^{(n)3} ) −W^{(0)+}_μ W^{(0)+μ}C^{(n)−}C̄^{(n)−} − W^{(0)−}_μ W^{(0)−μ}C^{(n)+}C̄^{(n)+} − W^{(0)3}_μ W^{(0)3μ}C^{(n)3}C̄^{(n)3}

−W^{(0)3}_μ ( W^{(0)+μ} ( C^{(n)−}C̄^{(n)3} + C^{(n)3}C̄^{(n)−} )

+W^{(0)−μ} ( C^{(n)+}C̄^{(n)3} + C^{(n)3}C̄^{(n)+} ) )] , (A11)

for which we have defined

C^{(n)±} = 1 √ 2 ( C^{(n)1} ∓ iC^{(n)2} ) , (A12)

C̄^{(n)±} = 1√ 2 ( C̄^{(n)1} ∓ iC̄^{(n)2} ) . (A13)

KK–excited–scalar contributions

The contributing term containing couplings of scalar KK excitations to gauge KK zero and excited modes read

L^{1−loop}

S = L_W (0)_{(KK)(KK)} + L_Z(0)_{(KK)(KK)} + L_A(0)_{(KK)(KK)} + L_W (0)_W (0)_{(KK)(KK)}, (A14)

with

L_W (0)_{(KK)(KK)} = gm_W (0) H^{(n)} ( W^{(0)+}_μ W^{(n)−μ} + W^{(0)−}_μ W^{(n)+μ} )

+ g 2 (2c_W s_αs_β + c_αc_β) [ h^{(n)} ( W^{(0)+}_μ ∂^μH^{(n)−} + W^{(0)−}_μ ∂^μH^{(n)+} )

− ( W^{(0)+}_μ H^{(n)−} + W^{(0)−}_μ H^{(n)+} ) ∂^μh^{(n)} ] + 3 2 igc_W c_β m_Z(0) h^{(n)} ( W^{(0)−μ}W^{(n)+}_μ − W^{(0)+μ}W^{(n)−}_μ )

− igc_α 2 [ H^{(n)} ( W^{(0)+}_μ ∂^μH^{(n)−} − W^{(0)−}_μ ∂^μH^{(n)+} ) − ( W^{(0)+}_μ H^{(n)−} − W^{(0)−}_μ H^{(n)+} ) ∂^μH^{(n)} ]

+gc_α [ m_W (0) s_W A^{(n)}_μ − m_Z(0) ( 1 + 2s^2_W 4 ) Z^{(n)}_μ ] ( W^{(0)+}_μ H^{(n)−} + W^{(0)−}_μ H^{(n)+} ) , (A15)

L_Z(0)_{(KK)(KK)} = −igc_W ( 1 − c^2_α 2c^2_W ) Z^{(0)}_μ ( H^{(n)+}∂^μH^{(n)−} − H^{(n)−}∂^μH^{(n)+} )

−gc_αm_Z(0) Z^{(0)}_μ ( H^{(n)−}W^{(n)+μ} + H^{(n)+}W^{(n)−μ} )

+ gc_β 2c_W Z^{(0)}_μ ( h^{(n)}∂^μH^{(n)} − H^{(n)}∂^μh^{(n)} ) + gm_Z(0) c_W Z^{(0)}_μ Z^{(n)μ}H^{(n)}, (A16)

L_A(0)_{(KK)(KK)} = −ieA^{(0)}_μ ( H^{(n)+}∂^μH^{(n)−} − H^{(n)−}∂^μH^{(n)+} ) , (A17)

L_W (0)_W (0)_{(KK)(KK)} = g^2 4 { W^{(0)−}_μ W^{(0)+μ} [ 2 ( 1 + s^2_α ) H^{(n)−}H^{(n)+} + H^{(n)}H^{(n)} + ( c^2_β + 4c^2_W s^2_β ) h^{(n)}h^{(n)} ]

+2s^2_α ( W^{(0)+}_μ W^{(0)+μ}H^{(n)−}H^{(n)−} + W^{(0)−}_μ W^{(0)−μ}H^{(n)+}H^{(n)+} )} , (A18)

Fermionic contributions

The contributions generated by fermionic KK excited modes coupling to a zero–mode gauge boson come from the Lagrangian

L^{1−loop}

F = L_W (0)_ν(n)_e(n) + L_Z(0)_e(n)_e(n) + L_A(0)_e(n)_e(n) + L_W (0)_u(n)_d(n) + L_Z(0)_q(n)_q(n) + L_A(0)_q(n)_q(n) , (A19)

where we have defined the leptons–gauge interaction terms

L_W (0)_ν(n)_e(n) = g √ 2 [ cos α^{(n)}_e 2 ( N̄^{(n)}γ^μE^{(n)} ) − sin α^{(n)}_e 2 ( N̄^{(n)}γ^μγ^5Ê^{(n)} )] W^{(0)+}_μ + H. c. , (A20)

L_Z(0)_e(n)_e(n) = g 2c_W [ N̄^{(n)}γ^μN^{(n)} + ( Ē^{(n)} ^̄E^{(n)} ) γ^μ Z_{EE} Z_{EÊ} Z_{ÊE} Z_{ÊÊ} E^{(n)} Ê^{(n)} ] Z^{(0)}_μ , (A21)

L_A(0)_e(n)_e(n) = −e ( Ē^{(n)}γ^μE^{(n)} + ^̄E^{(n)}γ^μÊ^{(n)} ) A^{(0)}_μ . (A22)

along with the definitions

Z_{EE} = cos^2 n_e(n) 2 − 2s^2_W , (A23)

Z_{ÊÊ} = sin^2 n_e(n) 2 − 2s^2_W , (A24)

Z_{EÊ} = Z_{ÊE} = sin n_e(n) 2 cos n_e(n) 2 . (A25)

On the other hand, the quarks–gauge couplings are produced by

L_W (0)_u(n)_d(n) = g √ 2 [ ( Ū^{(n)} ^̄U^{(n)} ) Kγ^μ W_{UD} W_{UD̂} W_{Û D} W_{Û D̂} D^{(n)} D̂(n) ] W^{(0)+}_μ + H. c. , (A26)

L_Z(0)_q(n)_q(n) = g c_W Z^{(0)}_μ { ( Ū^{(n)} ^̄U^{(n)} ) γ^μ Z^q_{UU} Z^q_{UÛ} γ^5 Z^q_{ÛU} γ^5 Z^q_{ÛÛ}

U^{(n)} Û (n)

+ ( D̄^{(n)} ^̄D^{(n)} ) γ^μ Z^q_{DD} Z^q_{DD̂}γ^5 Z^q_{D̂D}γ^5 Z^q_{D̂D̂} D^{(n)} D̂(n) } , (A27)

L_A(0)_q(n)_q(n) = e ∑ q=u,d,... Q_q ( q̄^{(n)}γ^μq^{(n)} + ^̄q^{(n)}γ^μq̂^{(n)} ) A^{(0)}_μ , (A28) where

W_{UD} = cos n_u(n) 2 cos n_d(n) 2 , (A29)

W_{Û D̂} = sin n_u(n) 2 sin n_d(n) 2 , (A30)

W_{UD̂} = − sin n_d(n) 2 cos n_u(n) 2 , (A31)

W_{Û D} = − sin n_u(n) 2 cos n_d(n) 2 , (A32)

Z^q_{UU} = ( 1 2 − Q_u ) cos^2 n_u(n) 2 − Q_us^2_W sin^2 n_u(n) 2 , (A33)

Z^q_{ÛÛ} = ( 1 2 − Q_u ) sin^2 n_u(n) 2 − Q_us^2_W cos^2 n_u(n) 2 , (A34)

Z^q_{UÛ} = Z^q_{ÛU} = − ( 1 2 − Q_uc^2_W ) sin n_u(n) 2 cos n_u(n) 2 , (A35)

Z^q_{DD} = ( 1 2 + Q_d ) cos^2 n_d(n) 2 + Q_ds^2_W sin^2 n_d(n) 2 , (A36)

Z^q_{D̂D̂} = ( 1 2 + Q_d ) sin^2 n_d(n) 2 + Q_ds^2_W cos^2 n_d(n) 2 , (A37)

Z^q_{DD̂} = Z^q_{D̂D} = − ( 1 2 + Q_dc^2_W ) sin n_d(n) 2 cos n_d(n) 2 . (A38)

[1] T. Kaluza, Sitz. Preuss. Akad. Wiss. 33, 966 (1921); O. Klein, Z. Phys. 37, 895 (1926).

[2] I. Antoniadis, Phys. Lett. B 246, 377 (1990); N. Arkani–Hamed, S. Dimopoulos, and G. Dvali, Phys. Lett. B 429, 263 (1998).

[3] T. Appelquist, H. –C. Cheng, and B. Dobrescu, Phys. Rev. D 64, 035002 (2001).

[4] G. Servant, and T. M. P. Tait, New J. Phys. 4, 99 (2002); H. –C. Cheng, J. L. Feng, and K. T. Matchev, Phys. Rev.

Lett. 89, 211301 (2002); G. Servant, and T. M. P. Tait, Nucl. Phys. B650, 391 (2003); L. Bergström, T. Bringmann, M. Eriksson, and M. Gustafsson, JCAP 0504, 004 (2005); S. Matsumoto, and M. Senami, Phys. Lett. B 633, 671 (2006); M. Kakizaki, S. Matsumoto, Y. Sato, and M. Senami, Nucl. Phys. B735, 84 (2006); M. Kakizaki, S. Matsumoto, and M. Senami, Phys. Rev. D 74, 023504 (2006); F. Burnell, and G. D. Kribs, Phys. Rev. D 73, 015001 (2006); S. Matsumoto, J. Sato, M. Senami, and M. Yamanaka, Phys. Rev. D 76, 043528 (2007); J. A. R. Cembranos, J. L. Feng, and L. E. Strigari, Phys. Rev. D 75, 036004 (2007); M. Blennow, H. Melbeus, and T. Ohlsson, JCAP 1001, 018 (2010).

[5] S. Matsumoto, J. Sato, M. Senami, and M. Yamanaka, Phys. Rev. D 76, 043528 (2007); S. Matsumoto, J. Sato, M. Senami, and M. Yamanaka, Phys. Lett. B 647, 466 (2007).

[6] F. J. Petriello, JHEP 0205 (2002) 003; T. Appelquist and H-U. Yee, Phys. Rev. D 67, 055002 (2003); P. Bandyopadhyay, B. Bhattacherjee and A. Datta, JHEP 1003 (2010) 048; H. Novales–Sánchez and J. J. Toscano, Phys. Rev. D 84, 057901 (2011); G. Belanger, A. Belyaev, M. Brown, and M. Kakizaki, arXiv:1207.0798v3 [hep-ph].

[7] A. J. Buras, M. Spranger, and A. Weiler, Nucl. Phys. B660, 225 (2003); A. J. Buras, A. Poschenrieder, M. Spranger, and A. Weiler, Nucl. Phys. B678, 455 (2004); E. O. Iltan, JHEP 0402 (2004) 065; S. Khalil, and R. Mohapatra, Nucl. Phys. B695, 313 (2004).

[8] H. Novales–Sánchez, and J. J. Toscano, Phys. Rev. D 82, 116012 (2010).

[9] M. A. López–Osorio, E. Martínez–Pascual, H. Novales–Sánchez, and J. J. Toscano, e–Print: arXiv:1302.2981 [hep-ph]. [10] J. Gomis, J. París, and S. Samuel, Phys. Rept. 259, 1 (1995).

[11] A. Cordero–Cid, M. Gómez–Bock, H. Novales–Sánchez, and J. J. Toscano, Pramana, 80, 369 (2013), e–Print:

arXiv:1108.2926 [hep-ph].

[12] E. N. Argyres, A. B. Lahanas, C. G. Papadopoulos, and V. C. Spanos, Phys. Lett. B, 383, 63 (1996); M. Kitahara, M.

Marui, N. Oshimo, T. Saito, and A. Sugamoto, Eur. Phys. J. C 4, 661 (1998).

[13] A. Flores-Tlalpa, J. Montaño, H. Novales–Sánchez, F. Ramírez–Zavaleta, and J. J. Toscano, Phys. Rev. D 83, 016011 (2011).

[14] J. Montaño, G. Tavares–Velasco, J.J. Toscano, and F. Ramírez–Zavaleta, Phys. Rev. D 72, 055023 (2005).

[15] H. Novales–Sánchez, and J. J. Toscano, Phys. Rev. D 84, 076010 (2011). [16] G. Passarino, and M. Veltman, Nucl. Phys. B160, 151 (1979).

[17] C. Becchi, A. Rouet, and R. Stora, Commun. Math. Phys. 42, 127 (1975); Ann. Phys. (N.Y.) 98, 287 (1976); I. V. Tyutin, FIAN (P.N: Lebedev Physical Institute of the USSR Academy of Science), Report No. 39, 1975.

[18] N. Haba, Y. Hosotani, Y. Kawamura, and T. Yamashita, Phys. Rev. D 70, 015010 (2004); C. A. Scrucca, M. Serone, L.

Silvestrini, and A. Wulzer, JHEP 0402, 049 (2004).

[19] K. R. Dienes, E. Dudas, and T. Gherghetta, Nucl. Phys. B537, 47 (1999); A. Mück, A. Pilaftsis, and R. Rückl, Phys. Rev.

D 65, 085037 (2002).

[20] F. Pisano, and V. Pleitez, Phys. Rev. D 46, 410 (1992); P.H. Frampton, Phys. Rev. Lett. 69, 2889 (1992). [21] K. Fujikawa, Phys. Rev. D 7, 393 (1973); See also, C. G. Honorato and J. J. Toscano, Pramana 73, 1023 (2009), and references therein.

[22] B.S. DeWitt, Dynamical Theory of Groups and Fields (Gordon and Breach, New York, 1965); Phys. Rev. 162, 1195 (1967); H. Kluberg-Stern and J. B. Zuber, Phys. Rev. D 12, 482 (1975); M. T. Grisaru, P. van Nieuwenhuizen, and C. C. Wu, Phys. Rev. D 12, 3203 (1975); G. ’t Hooft, in Acta Universitatis Wratislaviensis No. 368, Karpacz, 1975 (University of Wroclaw Press, Wroclaw, 1976) Vol. 1, 345 (1976); C. J. Isham, R. Penrose, and D. W. Sciama, Quantum Gravity 2 (Oxford University Press, Oxford, 1981); D.G. Boulware, Phys. Rev. D 23, 389 (1981); L.F. Abbott, Nucl. Phys. B185, 189 (1981); Acta Phys. Pol. B 13, 33 (1982); C.F. Hart, Phys. Rev. D 28, 1993 (1983); L. F. Abbott, M. T. Grisaru, and R. K. Schaefer, Nucl. Phys. B229, 372 (1983).

[23] J. M. Cornwall, Phys. Rev. D 26, 1453 (1982); J. M. Cornwall and J. Papavassiliou, Phys. Rev. D 40, 3474 (1989); J.

Papavassiliou, Phys. Rev. D 41, 3179 (1990); for a review, see: D. Binosi and J. Papavassiliou, Phys. Rep. 479, 1 (2009). [24] H. –C. Cheng, K. T. Matchev, and M. Schmaltz, Phys. Rev. D 66, 056006 (2002). [25] D. Hooper, and S. Profumo, Phys. Rept. 453, 29 (2007). [26] G. Weiglein et al., Phys. Rep. 426, 47 (2006). [27] G. Servant, and T. M. P. Tait, Nucl. Phys. B650, 391 (2003). [28] G. Belanger, M. Kakizaki, and A. Pukhov, JCAP 1102, 009 (2011).

[29] F. Larios, M. A. Pérez, G. Tavares–Velasco, and J. J. Toscano, Phys. Rev. D 63, 113014 (2001). [30] K. Hagiwara, R. D. Peccei, D. Zeppenfeld, and K. Hikasa, Nucl. Phys. B282, 253 (1987).

[31] W. A. Bardeen, R. Gastmans, and B. Lautrup, Nucl. Phys. B46, 319 (1972); K. J. F. Gaemers, and G. J. Gounaris, Z.

Phys. C 1, 259 (1979); K. Hagiwara, R. D. Peccei, D. Zeppenfeld, and K. Hikasa, Nucl. Phys. B282, 253 (1987); U. Baur and D. Zeppenfeld, Nucl. Phys. B308, 127 (1988); B325, 253 (1989).

[32] G. Belanger, A. Belyaev, M. Brown, M. Kakizaki, and A. Pukhov, arXiv:1207.0798v3 [hep-ph]. [33] T. Appelquist, and J. Carazzone, Phys. Rev. D 11, 2856 (1975).

[34] E. N: Argyres, G. Katsilieris, A. B. Lahanas, C. G. Papadopoulos, and V. C. Spanos, Nucl. Phys. B391, 23 (1993). [35] J. Papavassiliou, and K. Philippides, Phys. Rev. D 52, 2355 (1995).