arXiv:hep-ph/0312263 v3 3 Jun 2004

WUE-ITP-2003-019(rev) MZ-TH/03-17(rev) hep-ph/0312263(rev)

Unitarity, BRST Symmetry and Ward Identities in Orbifold Gauge Theories

Thorsten Ohl^{a∗}, Christian Schwinn^{b†}

aInstitut für Theoretische Physik und Astrophysik Universität Würzburg Am Hubland, D-97074 Würzburg, Germany

bInstitut für Physik Johannes-Gutenberg-Universität Mainz Staudingerweg 7, D-55099 Mainz, Germany

December 18, 2003 (revised June 3, 2004)

Abstract

We discuss the use of BRST symmetry and the resulting Ward identities as consistency checks for orbifold gauge theories in an arbitrary number of dimensions. We demonstrate that both the usual orbifold symmetry breaking and the recently proposed Higgsless symmetry breaking are consistent with the nilpotency of the BRST transformation. The corresponding Ward identities for 4-point functions of the theory engender relations among the coupling constants that are equivalent to the sum rules from tree level unitarity. We present the complete set of these sum rules also for inelastic scattering and discuss applications to 6-dimensional models and to incomplete matter multiplets on orbifold fixed points.

∗ohl@physik.uni-wuerzburg.de
†schwinn@thep.physik.uni-mainz.de

1 Introduction

Field theories on a higher dimensional space-time offer new possibilities for symmetry breaking by orbifold Boundary Conditions (BCs) (cf. e. g. [1, 2, 3, 4, 5]) that have been used to construct novel unified theories [6, 7, 8, 9, 10], avoiding common problems of 4-dimensional Grand Unified Theories (GUTs). More general BCs have been used recently in models of Higgsless Electro-Weak Symmetry Breaking (EWSB) [11, 12, 13].

Viewed as effective 4-dimensional theories, compactified higher dimensional field theories are only consistent up to a cutoff usually associated with the scale of a more fundamental theory, e. g. string theory. To make sense of such theories independently of the yet unknown underlying fundamental theory, a minimal requirement is the passing of consistency checks like tree level unitarity below the cutoff and Ward Identities (WIs). Tree level unitarity is to be understood as the requirement that the tree level matrix elements for N-particle scattering amplitudes at high energies scale at most as E^{4−N} . The more restrictive criterion of partial wave unitarity shows that (4 + N)-dimensional gauge theories are valid as effective theories below the scale of ∼ g^{−2/N}_D [14, 15], where g_D is the dimensionfull D-dimensional gauge coupling.

As long as a finite number of fields is involved, tree level unitarity of theories involving massive gauge bosons requires Spontaneous Symmetry Breaking (SSB) by the Higgs mechanism [16, 17]. This can be described by a scalar field with coupling constants satisfying appropriate Higgs sum rules [18]. In compactified higher dimensional theories, the Kaluza-Klein (KK) modes of the gauge bosons acquire masses by a geometric Higgs mechanism where the role of the GBs is played by higher dimensional components of the gauge bosons. In 5-dimensional gauge theories, tree level unitarity results from interlacing cancellations within the infinite gauge boson KK-tower [11, 14, 15, 19]. These cancellations rely on relations among the coupling constants that will be called ‘KK-sum rules’ and are helpful in constructing effective 4-dimensional models for massive gauge bosons without Higgs bosons [11]. However, the derivation of these unitarity Sum Rules (SRs) for higher dimensional gauge theories from the explicit calculation of the divergences of the amplitudes is tedious and examples of SRs have so far only been verified in specific models [4, 19] or have been used implicitly in the calculation of partial wave unitarity bounds [14, 15]. A first step toward general SRs has been taken in [11] where two simple KK-SRs for elastic gauge boson scattering have been derived and used to check the consistency of Higgsless symmetry breaking. In 6-dimensional gauge theories that have become popular for SO(10) GUT models [9, 10] and for models of gauge-Higgs unification [20], the computation of unitarity conditions is further complicated by the apparition of physical scalar components of the gauge fields. The unitarity of such models from the KK point of view has not been discussed so far.

Another example for the importance of unitarity as a consistency check is given by incomplete matter multiplets at the orbifold fixed points. These are one of the key features of orbifold-GUTs that allow to implement a natural suppression of Proton decay and to avoid the doublet-triplet splitting problem. It has been checked for the example of boundary Higgs bosons in a SU(5) theory that this explicit symmetry breaking doesn’t cause unitarity violations [4], but a more general discussion of the consistency of this setup has not been given.

However, tree level unitarity by itself is not sufficient for the consistency of the theory. In theories of vector bosons, invariance of the gauge fixed action under a nilpotent BRST transformation is crucial for a consistent quantization with a unitary S-matrix [21]. Therefore the nilpotency of the BRST transformation and checks of BRST invariance of the scattering amplitudes— i. e. checks of the appropriate WIs—are important criteria for the consistency of a theory besides the verification of tree level unitarity.

According to [16, 17], gauge invariance and tree level unitarity are equivalent in Spontaneously Broken Gauge Theories (SBGTs) with renormalizable couplings. To use the WIs as a tool for consistency checks, one should, however, determine a minimal set of amplitudes that has to be checked to ensure the consistency of the theory on tree level. In this paper, we determine a set of WIs that allows for simple, model independent and comprehensive gauge checks [22].

This result allows us to give a much simpler derivation of the conditions following from the unitarity SRs. The WIs are easier to implement both in model building and in checking numerical amplitudes for phenomenological calculations.

In section 2 we introduce the KK-decomposition of the gauge boson lagrangian in an arbitrary number of dimensions and perform the gauge fixing. We verify that both the usual orbifold BCs and the Dirichlet BCs employed in Higgsless EWSB are consistent with the nilpotency of the BRST transformation and allow to define physical states and derive WIs similar to a 4-dimensional SBGT. In section 3 we discuss the use of tree level unitarity and WIs as consistency checks. We review the SRs derived from unitarity and demonstrate that they can be equivalently obtained by imposing simple WIs on the 4-point scattering matrix elements. In section 4 we apply the SRs to unitarity cancellations in 6-dimensional gauge theories, demonstrating the important role of the physical scalar components of the gauge bosons which are a new feature compared to 5-dimensional gauge theories. In section 5 we apply our results to analyze the consistency of incomplete matter multiplets on orbifold fixed points.

2 BRST-symmetry and Ward Identities in orbifold gauge theories

To derive WIs for a KK-gauge theory that are similar to those of a 4- dimensional SBGTs, one has to choose an appropriate gauge fixing and introduce a nilpotent BRST transformation that leaves the gauge fixed KKlagrangian invariant. In KK-theories on orbifolds, care has to be taken to use consistent BCs at the orbifold fixed points. In previous discussions [3, 11], consistency with the equations of motion and unitarity has been used as a criterion. Here we will introduce the nilpotency of the BRST transformation as a practical criterion that is much easier to use than the calculation of unitarity violating terms of scattering amplitudes in [11].

2.1 Kaluza Klein decomposition of a Z^n_2 orbifold gauge theory

To establish our notation and to introduce an appropriate gauge fixing, we perform the KK-decomposition of a Z_2 orbifold gauge theory in 4 + N dimensions. Subsequently we will derive the WIs and determine BCs consistent with the nilpotency of the BRST transformation.

For definiteness, we assume a factorisable constant metric of the (4 + N)- dimensional space-time of the form g_{AB} = diag(η_{μν} , −γ_{ij} ). The generalization to a warped background metric by plugging appropriate warp factors into the formulae below is straightforward. Our notation for the Yang-Mills lagrangian in 4 + N dimensions is given in appendix A.

The KK-decomposition of the gauge fields is A^a_A(x, y) = ( A^a_μ(x, y) Φ^a_i (x, y) ) = ∑ ⃗n ( f^a_{⃗n} (y)A^a_{⃗n,μ}(x) g^a_{⃗n}(y)Φ^a_{⃗n,i}(x) ) (1) where the wavefunctions χ = f, g satisfy the differential equation

∂_i∂^iχ^a_{⃗n}(y) = −m^a_{⃗n}^2χ^a_{⃗n} (2)

They are chosen orthonormal and satisfying a completeness relation: ∫ d^N y χ^a_{⃗n}(y)χ^a_{⃗m}(y) = δ_{⃗n, ⃗m} , ∑ ⃗n χ^a_{⃗n}(x)χ^a_{⃗n}(y) = δ(y − x) (3)

(the group indices a are not summed over here). To determine the BCs imposed on the wavefunctions, let us recall some aspects of symmetry breaking on orbifolds [2, 3, 4, 5]. An orbifold C/K is obtained from a compact manifold C and a discrete group K by identifying points y ∈ C under the action of K, i. e. y ≃ P_ky, where the P_k form a representation of K on C. In an orbifold the action of K has a set of fixed points {y_f }

y_f = P_ky_f (4)

for some k ∈ K. (For more than one extra dimension, there can also be fixed lines, fixed surfaces etc.). Fields defined on an orbifold need only be invariant under K up to transformations Z_k of a symmetry group of the lagrangian that form a representation of K in field space:

Φ (P_k y) = Z_k Φ(y) (5)

For definiteness, we will discuss the most familiar example of an orbifold symmetry: the group K = Z_2 that is generated by one element P (y − y_f ) = −(y − y_f ). In this case^1 the transformations of the gauge fields take the form A^a_μ(x, P y) = η^aA^a_μ(x, y) Φ^a_i (x, P y) = −η^aΦ^a_i (x, y) (6) where the η^a are the eigenvalues of the representation matrix Z. The transformation law of the higher dimensional components is determined from the requirement of a homogeneous transformation of the covariant derivative. For η^a ≠ 1, the 4-dimensional gauge fields must vanish at the fixed points y_f , i. e. they must satisfy Dirichlet BCs. Therefore the gauge symmetry is broken to a subgroup H_k at the boundary. The different parity of the scalar components implies that they satisfy Neumann BCs. For η^a = 1 the symmetry remains unbroken and the BCs of 4-dimensional vectors and scalars are exchanged. This can be summarized as (identifying the indices corresponding to broken generators by a hat):

A^â_μ(x, y_f ) = 0 ∂_iΦ^â_j (x, y_f ) = 0 ∂_iA^a_μ(x, y_f ) = 0 Φ^a_i (x, y_f ) = 0 (7) 1For more complicated orbifold symmetries like T^2/Z_4 in 6 dimensions [20], the orbifold transformation can mix higher dimensional components, since a homogeneous transformation of the covariant derivative requires the transformation law Φ^a_i (x, P_ky) = η^a_kΦ^a_j (x, y)(P^{−1}_k )_{ji}. Therefore the BCs of the Φ_i depend on the matrix P_k and the general description of the KK-decomposition becomes more involved.

Only gauge fields that remain unbroken at every fixed point have KK-zero-modes with vanishing masses. If desired, zero-modes of the higher dimensional scalar components of the broken gauge fields that survive the orbifolding (6) can be projected out by introducing further orbifold symmetries.

The conditions (7) translate into the boundary conditions for the KKwavefunctions f^â(y_f ) = 0 ∂_ig^â(y_f ) = 0 ∂_if^a(y_f ) = 0 g^a(y_f ) = 0 (8) Because they satisfy the same BCs, the derivatives ∂_if can be expanded in the basis of the g and the ∂_ig can be expanded in the basis of the f. One can choose the g such that ∂_if_{⃗n} = m_{ni} g_{⃗n} , ∂_ig_{⃗n} = −m_{ni} f_{⃗n} (9) with ∑ i m^2_{ni} = m^2_{⃗n}. This is consistent with the equation of motion (2) and will diagonalize the gauge boson masses and coupling between the A_μ and the Φ_i. For the familiar torus compactification on orbifolds, the property (9) is obviously satisfied and a similar relation has been imposed for the warped case in [23].

The effective 4-dimensional lagrangian can now be derived using the KKdecomposition (1) and exploiting the relations (9). To avoid notational clutter, we introduce multi-indices α ≡ (a, ⃗n) and α_i ≡ (a, 0, . . . , 0, n_i, 0, . . . , 0) and use a summation convention also for the sum over the KK-states. Using the relations (9), we find the cubic interaction terms L^{KK}_{cubic} = −g^{αβγ}∂_μA^α_ν A^{β,μ}A^{γ,ν} − 1 2 T^α_{βγ} A^{α,μ}Φ^{β,i} ←→ ∂_μ Φ^γ_i + 1 2 g^{iαβγ}_{ΦAA} Φ^{α,i}A^β_μA^{μ,γ} − 1 2 T^α_{βγ} (m_{αj} Φ^α_i − m_{αi} Φ^α_j )Φ^{β,i}Φ^{γ,j} . (10)

The remaining terms in the KK-lagrangian are given in (82) in the appendix. The coupling constants are products of group theory factors and integrals over products of KK-wavefunctions, e. g.: g^{αβγ} = f^{abc} ∫ d^N y f^α(y)f^β (y)f^γ (y) (11a) T^α_{βγ} = f^{abc} ∫ d^N y f^α(y)g^β(y)g^γ (y) . (11b)

The explicit form of the other couplings is given in (83). Note that the interactions among the scalars originate from the F_{ij} components and appear only in more than one extra dimension.

The KK-decomposition yields a bilinear mixing −m_{αi} ∂_μΦ^{α,i}A^{α,μ} of 4-dimensional gauge bosons and scalars. Therefore at each KK-level the linear combination ϕ^α ≡ − m_{αi} m_α Φ^{α,i} (12)

plays the role of a geometric Goldstone boson that is eaten by the KK gauge bosons, leaving N − 1 physical scalars. The sign in (12) is chosen because of compatibility with our conventions for the WIs in 4-dimensional theories.

Accordingly, we decompose the scalars into the GBs (12) and ‘geometric Higgs’ bosons: Φ^α_i = H^α_i − m_{αi} m_α ϕ^α (13)

where H^i is defined as orthogonal to the GBs, i. e. m_{αi} H^{α,i} = 0. The mass term for the scalar obtained from the KK-decomposition of the F^2_{ij} term of the lagrangian has the form

m^2_αΦ^{α,i2} − (m_{αi} Φ^{α,i})^2 = m^2_αH^{α,i2} (14)

and the GBs are massless, as they must be. To eliminate the mixing of gauge bosons and GBs, we choose a gauge fixing function

G^a = − 1 ξ (∂_μA^{a,μ}(x, y) − ξ∂_iΦ^{a,i}(x, y)) (15) that extends the one introduced in [24, 14] to more than one extra dimension. In terms of KK-modes, the gauge fixing lagrangian takes the form L_{GF} = − ∫ d^N y 1 2ξ G^{a2} = − 1 2ξ (∂_μA^{α,μ} − ξm_αϕ^α)^2 (16)

2.2 BRST-Symmetry and consistent boundary conditions

The possible symmetry breaking patterns resulting from orbifold BCs (6) are highly constrained [3]. For example, neither EWSB nor the breaking of SO(10) to the SM is possible in 5 dimensions by abelian orbifold conditions alone. These constraints arise from the relation

f^{abc} = η^a_k η^b_kη^c_k f^{abc} (17)

following from the requirement that the field strength transforms according to F^a_{μν} → η^a_k F^a_{μν} . Because of (17), only structure constants with an even number of broken indices can be nonvanishing.

In order to liberate model builders from these constraints, mixed BCs of the form ∂_iA^a_μ(y_f ) = V^{ab}_{yf} A^b_μ(y_f ) (18)

have been proposed in [3]. They can be introduced consistently by coupling the gauge fields to a Higgs boson at the boundary [3, 11]. However, imposing such BCs without including the Higgs boson engenders unitarity violations. Taking the vacuum expectation value of the boundary Higgs to infinity, the mixed BCs turn into Dirichlet BCs

A^b_μ(y_f ) = 0 (19)

that maintain the unitarity of gauge boson scattering, while avoiding the constraints from orbifold symmetry breaking. This possibility has been utilized for Higgsless EWSB by BCs alone [11, 12, 13].

To investigate the mixed and Dirichlet BCs further, we will use the nilpotency of the BRST quantization as a consistency check. To derive the BRST transformations of the KK-modes we use that consistency of the (4 + N)- dimensional BRST transformation of the gauge boson

δ_{BRST}A^a_M (x, y) = ∂_M c^a(x, y) + f^{abc}A^b_M (x, y)c^c(x, y) (20)

demands that ghosts must satisfy the same BCs as the 4-dimensional components of the gauge bosons and therefore have a KK-decomposition in terms of the f^α. From the BRST transformation of the antighost together with the equation of motion of the auxiliary field, it can be inferred that the same wavefunctions appear also in the KK decomposition of the antighosts. The complete set of BRST transformations in (4+N)-dimensions is given in (80). The BRST transformations of the KK-modes are then given by

δ_{BRST}A^α_μ(x) = ∂_μc^α(x) + g^{αβγ} A^β_μ(x)c^γ (x) (21a) δ_{BRST}Φ^α_i (x) = m_{αi} c^α(x) + T^γ_{αβ}Φ^β_i (x)c^γ (x) (21b)

δ_{BRST}c^α(x) = − 1 2 g^{αβγ}c^β (x)c^γ (x) (21c)

δ_{BRST}c̄^α(x) = B^α(x) (21d) δ_{BRST}B^α(x) = 0 (21e)

and the gauge fixing (15) implies the equations of motion of the KK-modes of the auxiliary field B:

B^α = − 1 ξ G^α = − 1 ξ (∂_μA^{α,μ} − ξm_αϕ^α) (22)

The appearance of the inhomogeneous term in the BRST transformations (21b) of the higher dimensional components of the gauge fields supports the interpretation of (12) as GBs. The remaining transformation laws agree with those of a gauge theory with (an infinite number of) ‘structure constants’ g^{αβγ} and ‘generators’ T^γ_{αβ}.

The BRST transformations are nilpotent iff the relations

T^γ_{αβ}T^δ_{βϵ} − T^δ_{αβ}T^γ_{βϵ} = g^{βδγ} T^β_{αϵ} (23a) m_{βi} T^γ_{αβ} − m_{γi} T^β_{αγ} = m_{αi} g^{αβγ} (23b) g^{αβϵ}g^{γδϵ} + g^{γαϵ}g^{βδϵ} + g^{αδϵ}g^{βγϵ} = 0 (23c) hold. Inserting the definitions (11a) and (11b) and using the relations (9) we find that the condition (23b) (a similar relation occurs in a 4-dimensional SBGT, cf. (37a)) is equivalent to 0 = f^{abc} ∫ d^N y ∂_i(g^αf^β f^γ ) = f^{abc}[g^αf^β f^γ ]_{yf} (24)

For three unbroken indices, the boundary term vanishes, because g^α is zero on the boundary. For one broken index, the structure constants vanish, because the unbroken generators must close into an algebra. For two or three broken indices, there is at least one broken wavefunction f^{α̂}. Thus (23b) is satisfied as long as the broken wavefunctions vanish on the boundary. This shows that general Dirichlet BCs (19) are consistent, in contrast to the mixed BCs (18). This confirms the results obtained from unitarity in [11].

The ‘Lie Algebra’ (23a) and the ‘Jacobi Identity’ (23c) are satisfied automatically by the Jacobi identity of the structure constants f^{abc}. This can be seen using the completeness relations of the KK-wavefunctions (cf. also [11]). Inserting the definitions of the coupling constants (11) and suppressing the group indices for the moment, every term of (23a) and (23c) involves an expression of the form ∑ ⃗n ∫ d^N y χ_{⃗n}(y)χ_{⃗m}(y)χ_{⃗l}(y) ∫ d^N y^′ χ_{⃗n}(y^′)χ_{⃗k}(y^′)χ_{⃗p}(y^′) = ∫ d^N y χ_{⃗m}(y)χ_{⃗l}(y)χ_{⃗k}(y)χ_{⃗p}(y) (25)

Here we have used the completeness relations (3) to get rid of the sum over the KK-modes. As an example, the RHS of (23a) can be put in the form g^{βδγ} T^β_{αϵ} = f^{bdc}f^{bae} ∫ d^N y f^δ(y)f^γ (y)g^α(y)g^ϵ(y) (26)

Performing similar manipulations for the remaining terms, the same integral over the KK-wavefunctions appears everywhere and (23a) is reduced to the Jacobi Identity for the f^{abc}. The identity (23c) can be treated accordingly.

Having ensured the nilpotency of the BRST-charge, we can perform the gauge fixing as usual by adding the BRST transform of a functional of ghost number −1:

L_{GF} + L_{F P} = δ_{BRST} [ c̄_α(G^α + ξ 2 B^α) ] (27)

with the gauge fixing functional G^α as defined in (15). Having a BRST invariant gauge fixed lagrangian and a nilpotent BRST charge, the physical states can be defined as usual by the Kugo-Ojima condition

Q |ψ_{phys}⟩ = 0 (28)

Using the equation of motion for the auxiliary field B^a (22), we obtain the WI 0 = ⟨ϕ_{phys}|{Q, c̄^α}|ψ_{phys}⟩ = − 1 ξ ⟨ϕ_{phys}|(∂_μA^{α,μ} − ξm_αϕ^α)|ψ_{phys}⟩ (29)

To turn this into an identity for scattering matrix elements, one needs to amputate the external gauge boson and GB propagator. With our choice of gauge fixing, the usual R_ξ gauge tree level relation of the propagators [25]

k_μD^{μν}_A = −ξD_ϕk^ν (30)

is satisfied^2 and the amputation results in the WI for scattering matrix elements

−ip_{aμ}M^μ(A^α(p_a) . . . ) − m_αM(ϕ^α(p_a) . . . ) ≡ M(D_a(p_a) . . . ) = 0 (31)

that is similar to the WI in a 4D SBGT. This will allow us in section 3 to use the SRs obtained from the WIs in 4-dimensional theories also for KKtheories.

3 Unitarity Sum Rules and Ward Identities

The WIs (31) implied by BRST symmetry provide a powerful tool for consistency checks in gauge theories. An advantage over tree unitarity as consistency criterion is the simpler applicability due to the fact that the WIs

2In higher orders, loop corrections to (30) have to be considered similar to the 4- dimensional case [26].

hold at every point in phase space, independent of the external momenta. In contrast, tree level unitarity requires to take the high energy limit of the momenta. Therefore WIs are also more powerful as consistency checks in numerical calculations [22].

As we demonstrate in this section, the SRs of the coupling constants implied by tree level unitarity, along with additional relations for GB couplings, can also be obtained from a suitable set of WIs for 4-point functions. Our discussion is valid for general field theories with the field content of a SBGT and dimension four couplings, including orbifold gauge theories. We establish our result by computing the WIs using a general parametrisation of a lagrangian for such a theory without assuming the symmetry relations resulting from a spontaneously broken gauge symmetry. A comparison with the unitarity SRs [16, 17, 18] then shows that both approaches yield the same results. The applicability of the SRs to KK-gauge theories is discussed in subsection 3.3.

The key formula derived below and used in the discussion of unitarity in 6-dimensional gauge theories in section 4 is the SR (39). The discussion of incomplete matter multiplets on the boundary in section 5 makes use of the Lie algebra structure of the matter gauge couplings (35a). Apart from serving as consistency checks, the SRs discussed in this section provide also tools in model building. In the context of non minimal Higgs models, this has been discussed already in [18] while for models of EWSB without a Higgs, a simple SR obtained from elastic scattering has been used in [11]. As a possible future application of the SRs, it would be interesting to use the SRs to explore 4-dimensional UV completions of the Higgsless models of [11, 12], for instance by truncating the KK tower and introducing heavy scalars with approaprite couplings determined by the SRs to cancel unitarity violations in the scattering of the higher KK-levels.

3.1 A minimal set of Ward Identities

To use the WIs (31) of SBGTs as a tool for consistency checks, one should determine a minimal set of amplitudes that has to be checked to ensure the consistency of the theory. Since the Feynman rules of SBGTs are determined by tree level unitarity of 4 particle scattering amplitudes [17] (apart from the scalar self interaction that make it necessary to consider some 5-point amplitudes), it is reasonable to expect that a similar set of amplitudes is sufficient for the consistency checks using the WIs. However, this connection has never be made precise in the literature.

In an unbroken gauge theory, it is not difficult to see that the Yang-Mills structure of the lagrangian can indeed be ‘reconstructed’ by imposing the WI on the 4-point amplitudes. It is a well known textbook example, that the WI of the two quark-two gluon amplitude implies the Lie algebra relations of the quark-gluon couplings. Similarly one can show that the WI of the 4-gluon amplitude determines the quartic gluon coupling and implies the Jacobi Identity for the triple gluon coupling. As discussed in subsection 3.2, the same relations are also obtained in SBGTs.

However, in SBGTs in R_ξ gauge, the determination of the complete set of Feynman rules from WIs with one contraction is more involved, since amplitudes with external GBs have to be considered. Because of the unphysical nature of the GBs, such WIs include ghost terms in addition to (31) and further consistency checks would be required to determine the ghost Feynman rules. As we will show below, such complications can be avoided by considering the generalized WIs

M(D . . . DΦ . . . Φ) = 0 (32)

with up to 4 contractions that allow to reconstruct the Feynman rules of SBGTs (apart from quartic Higgs selfcouplings) from the limited set of WIs for the 4-point functions without external GBs. This allows for simple, model independent and comprehensive gauge checks that avoid the introduction of ghosts already on tree level.

Since the lagrangian of a KK-gauge theory has the same form as that of a SBGT and the same WIs (31) hold, we can then infere that the same SRs are also valid for a KK-theory. However, the need to truncate potentially divergenent sums over KK-modes might spoil the unitarity cancellations, this is discussed in subsection 3.3.

3.2 Unitarity sum rules from Ward Identities

To present the results of the computation of the WIs, we have to introduce a parametrization of the general renormalizable Lagrangian with the particle spectrum of a SBGT but without imposing gauge invariance. We denote gauge bosons by W^a, Goldstone bosons by ϕ_a and all other scalar fields by H_i. We will not introduce a separate notation for massless gauge bosons and take it as understood that the GBs are only associated to massive gauge bosons. The couplings that will be most relevant below are defined as L_{int} = −f^{abc}W_{b,μ}W_{c,ν} ∂^μW^ν_a + 1 2 g^{Aab}_{ϕW W} ϕ_AW_{a,μ}W^μ_b − 1 2 T^a_{AB}(ϕ_A ←→ ∂_μ ϕ_B )W^μ_a + ψ̄_i /W_a [ τ^a_{Lij} (^{1−γ5}_2 ) + τ^a_{Rij} (^{1+γ5}_2 ) ] ψ_j + ψ̄_iϕ_A [ X^A_{ij} (^{1−γ5}_2 ) + X^A_{ij}^†(^{1+γ5}_2 ) ] ψ_j (33)

Here we have collected GBs and physical scalars in a vector ϕ_A = (ϕ_a, H_i). The components of the coupling matrices of the scalars will be denoted as

T^c = ( t^c −g^c_{HϕW} (g^c_{HϕW} )^T T^c ) , X = ( g^a_ϕ g^k_H ) (34)

The complete lagrangian in this notation is given in appendix B. The translation to the notation used in the specific example of the KK-theory in (10) should be clear.

We use the lagrangian (33) without further assumptions in the evaluation of the STIs. In order to describe a SBGT, however, the couplings appearing in (33) must satisfy certain invariance conditions. Apart from the familiar Jacobi Identity of the f^{abc} and the Lie algebra of the fermion gauge couplings [τ^a_{L/R}, τ^b_{L/R}]_{ij} = if^{abc}τ^c_{L/Rij} (35a) also the gauge couplings of the scalars must satisfy a Lie algebra and the Yukawa couplings must be invariant under global transformations generated by the τ and T :

[T^a, T^b] = f^{abc}T^c (35b) −iτ^a_RX + iXτ^a_L = T^aX (35c)

There are also constraints on the quartic couplings, for instance the quartic couplings of the scalars to gauge boson in a SBGT have the form

g^{ABcd}_ϕ2_W 2 = −{T^c, T^d}_{AB} (36)

Furthermore, the condition that some of the scalars H_i aquire a vacuum expectation value that is responsible for gauge boson and fermion masses allows to express the couplings g_{ϕW W} in terms of the T and the masses and furthermore to eliminate all the GB couplings as independent parameters (cf. appendix C). With these identifications, the relations (35) and the component g_H 2_W 2 of (36) are precisely the unitarity SRs derived in [16, 17, 18].

We now demonstrate how the unitarity SRs (35) and (36) can be obtained also from WIs of four point functions. Since this requires the somewhat tedious task to expand the SRs in component form and compare to the results of the WIs, we have collected the explicit expressions in appendix D. Details on the calculation of the WIs can be found in [22].

In a first step, we evaluate the WIs for the 3-point matrix elements and find they determine the form of the cubic couplings involving GBs, reproducing the expressions in appendix C. As examples, the results of these WIs determine the GB components of the matrices (34) t^b_{ac} = − 1 2m_{Wa} m_{Wc} f^{abc}(m^2_{Wb} − m^2_{Wa} − m^2_{Wc} ) (37a) m_{Wa} g^{iab}_{HϕW} = − 1 2 g^{iab}_{HW W} (37b) m_{Wa} g^a_{ϕij} = i(m_jτ^a_{Rij} − m_iτ^a_{Lij} ) (37c)

While the same definitions appear in the unitarity approach as auxiliary quantities [16], the physical content of (37) remains, however, rather obscure in this approach because they are not identified with GB couplings. The remaining relations obtained from the 3 point WIs are given in appendix D.1 and include conditions that are a consequence of the gauge invariance of the scalar potential and haven’t been derived from unitarity in [16].

We now turn to the evaluation of WIs for 4-point scattering amplitudes with one contraction. The results can be found in appendix D.2 and include consistency relations among the coupling constants of the physical particles like the Lie algebra structure of the fermion couplings (35a), the Higgs component of the Lie algebra (35b), the invariance condition of the Higgs-Yukawa coupling contained in (35c) or the expression for the W W HH coupling in (36). As an example, the WI for the 4 gauge boson amplitude implies the Jacobi Identity of the f^{abc} and determines the quartic gauge boson coupling:

⇒ { f^{abe}f^{cde} + f^{cae}f^{bde} + f^{ade}f^{bce} = 0 g^{abcd}_{W 4} = f^{abe}f^{cde} − f^{ade}f^{bce} (38)

In the diagrammatical representation of the WIs, the insertion of the operator (∂_μW^μ − m_W ϕ) is represented by a double line.

As a general rule, the results obtained from the WIs with one contraction correspond to the SRs ensuring the cancellation of the leading divergencies in the unitarity approach [16, 17, 18]. The relations (38), for instance arise from the cancellation of the terms growing like E^4 in gauge boson scattering.

Turning to the results of the WIs with more than one contraction, it turns out that they include the remaining components of the Lie algebra (35b) and the Yukawa transformation law (35c). These are the SRs ensuring the cancellation of the subleading divergences in the unitarity approach so indeed all the SRs ensuring tree level unitarity can be obtained in a simpler way from the WIs. As an example, let us give the relation that ensures the cancellation of the subleading divergencies ∝ E^2 in gauge boson scattering [16, 17, 18] that we will verify in a 6-dimensional KK-theory in section 4. In our approach, it arises from the WI for the 4-gauge boson amplitude with three contractions and is given by

⇒

{ 1 m^2_{We} [ f^{abe}f^{ced}(m^2_{Wa} − m^2_{Wb} − m^2_{We} )(m^2_{Wc} − m^2_{We} − m^2_{Wd} ) ]

−g^{iab}_{HW W} g^{icd}_{HW W} } − a ↔ c = 2f^{ace}f^{ebd}(m^2_{We} − m^2_{Wb} − m^2_{Wd} ) (39) We take it as understood that the internal summations involving inverse gauge boson masses extend only over massive gauge bosons. The resulting equation for elastic scattering has been used in [11] to check the consistency of EWSB by Dirichlet boundary conditions in 5 dimensions. Using the result (37a) for the GB-gauge boson coupling, one can check that (39) is the ab component of the Lie-algebra of the scalar couplings (35b).

Apart from these relations ensuring unitarity of gauge boson scattering, the results of the remaining WIs of 4-point functions given in appendix D include further conditions determining the GB couplings that have not been obtained from unitarity in [16, 17, 18]. At one hand, these are the conditions T^a_{AB} g^{Bbc}_{ϕW W} − m_{Wa} g^{Aabc}_ϕ2_W 2 = f^{acd}g^{Abd}_{ϕW W} + f^{abd}g^{Acd}_{ϕW W} (40) that fix the quartic GB-gauge boson couplings. This relations follow from the graded Jacobi Identity 0 = [A, {B, C}] + {[C, A], B} − {[A, B]C} (41) and the form of the 2-gauge boson 2-scalar interaction (36).

The remaining WIs of 4 point functions imply the condition for the gauge invariance of the scalar potential:

m_{Wα} g^{ABCa}_ϕ4 + g^{DBC}_ϕ3 T^a_{DA} + g^{ADC}_ϕ3 T^a_{DB} + g^{ABD}_ϕ3 T^a_{DC} = 0 (42)

This relation determines the quartic couplings of the GBs in terms of already known quantities. Apart from the quartic Higgs selfcouplings g^{ijkl}_{ϕ4} that are not included in (42), the WIs of four point functions therfore determine the relations among the coupling constants of a SBGT and fix the GB couplings in terms of the couplings of the physical particles.

3.3 Sum rules in KK-theories

The KK-decomposition of a higher dimensional gauge theory results in an effective 4-dimensional lagrangian of the same general form (84), albeit with an infinite number of fields. As discussed in subsection 2.2, the gauge fixing function (15) and a consistent set of BCs ensures the validity of WIs similar to those of a 4-dimensional SBGT and the same SRs also hold in KK-theories. However, in calculations of scattering amplitudes, sums over KK-modes appear that can be infinite if KK-momentum conservation breaks down. For more than one extra dimension, the sums over the propagators diverge and a cutoff has to be introduced. Therefore the connection of the SRs to unitarity requires further clarification for KK-theories.

Let us first note that independently of the convergence properties of the amplitudes, no divergencies appear in the unitarity SRs, even though they involve—like the conditions (23) considered in subsection 2.2—potentially infinite sums over products of ‘generators’ and coupling constants from (11). However, just as in (26) we can use the completeness relations (3) and the sum over the KK-modes drops out of all SRs and no problems with divergences arise. To infer that the SRs obtained from the 4-point WIs also imply tree level unitarity for the scattering amplitudes of a KK-gauge theory, we have to use, however, that the sum over the KK-modes converges, since a regularization procedure can lead to a violation of the SRs. For a sharp cutoff of the sum, the SRs cannot be satisfied for the highest KK-level [11]. The introduction of a smooth regulator in the KK-sum corresponds to a modification of the KK-propagators. Because the gauge (and unitarity) cancellations rely on WIs connecting contracted vertices and inverse propagators, they can be spoiled by such a modification.

We expect however, that this poses no serious problem in realistic applications: As in 4-dimensional SBGTs, the unitarity SRs doesn’t imply partial wave unitarity. Instead of the usual 4-dimensional bound on the Higgs mass ∼ 1 TeV [27], in the 5-dimensional SM there is an upper bound of the number of KK-modes N_{KK} ∼ 10 [14] compatible with unitarity. Since this bound is rather small compared the scale where problems from diverging KK-sums arise, partial wave unitarity is expected to give a more stringent criterion for the breakdown of unitarity than the disturbance of unitarity cancellations by a cutoff.

In general, since problems with unitarity are associated with longitudinally polarized massive gauge bosons, a conflict of unitarity and regularization can arise only in models where the couplings of gauge bosons violate KK-selection rules in such a way that an infinite number of modes contributes to scattering processes with external gauge bosons. Furthermore there must be more than one extra dimension allowing the KK-sums to diverge. The models considered in sections 4 and 5 are not affected by such problems. However, these issues deserve further studies, especially because one expects that possible violations of gauge invariance by a cutoff will play a more important role in loop calculations.

4 Unitarity Sum Rules in 6 dimensions

As an application of the unitarity SRs, we will discuss gauge boson scattering in a 6-dimensional gauge theory. The new ingredients compared to the 5-dimensional theories discussed in [11, 14, 15, 19] are the physical scalar component of the bulk gauge bosons (cf. (13)) and the apparition of more than one KK-state at the same level. As we will demonstrate, these two phenomena are connected and the physical scalars play an important role in the unitarity cancellations if the initial and final state KK-momenta are not parallel.

While the SRs considered in this work only ensure the correct scaling behavior implied by unitarity, we expect our results also to be useful as a first step in a partial wave analysis along the lines of [14, 15]. Other interesting possible extensions of our work include a compactification with different radii and nontrivial shape parameters [28], the introduction of additional orbifold fixed points for the application to GUT models [9, 10] and more complicated orbifold symmetries like Z_4 [20].

4.1 Kaluza-Klein decomposition and Feynman rules

For simplicity, we consider a 6-dimensional gauge theory compactified on a torus with identical radii without symmetry breaking by orbifold BCs. Before orbifolding, the KK-decomposition of an arbitrary field Φ is given by Φ(x, y) = 1 2πR ∑ ⃗n Φ_{⃗n}(x)e^{iR (⃗n·⃗y)} (43)

where ⃗n = (n_1, n_2). The KK-modes satisfy Φ^∗_{⃗n} = Φ_{−⃗n} for hermitian fields.

According to (12), the unphysical GB and the orthogonal physical component are [9] ϕ^a_{⃗n} = − 1 Rm_{⃗n} ( n_1Φ^{a,1}_{⃗n} + n_2Φ^{a,2}_{⃗n} ) (44a)

H^a_{⃗n} = 1 Rm_{⃗n} ( −n_2Φ^{a,1}_{⃗n} + n_1Φ^{a,2}_{⃗n} ) (44b)

We will limit our discussion to a simple orbifolding [29] T^2/Z_2 with Z_2 : (y, z) → (−y, −z) where all gauge symmetries remain unbroken. This imposes the conditions Φ^+_{n1,n2} = Φ^+_{−n1,−n2} on the KK-modes with positive Z_2 parity, while the negative parity modes must satisfy Φ^−_{n1,n2} = −Φ^−_{n1,−n2}. The range of the coordinates in the orbifold can be taken as [29] −πR ≤ y_1 ≤ πR and 0 ≤ y_2 ≤ πR.

The decompositions of the vector and scalar fields become: A^{a,μ}(x, y) = 1 √ 2πR A^{a,μ}_0 (x) + 1 πR ∞∑ ⃗n cos (n_iy_i R ) A^{a,μ}_{⃗n} (x) (45) Φ^{a,i}(x, y) = 1 πR^2 ∑ ⃗n 1 m_{⃗n} sin ( − n_iy_i R ) Φ^{a,i}_{⃗n} (x) (46) Φ^{a,i}_{⃗n} (x) = [ − ( n_1 n_2 ) ϕ^a_{⃗n}(x) + ( −n_2 n_1 ) H^a_{⃗n} (x) ] (47)

with the summation range^3

n_1 ≥ 1 and |n_2| ≥ 1 or n_i = 0 and n_j ≥ 1 (48)

The sign conventions in (47) have been chosen in accordance with (9) and (12). Symmetry breaking can be introduced by imposing further Z_2 symmetries with fixed points y, z =^1_2 πR [9].

The interactions of the KK-modes involve KK-number conservation factors of the form (following the notation of [24]) δ_{⃗k,⃗l, ⃗m} = δ_{⃗k+⃗l+ ⃗m,0} + δ_{⃗k+⃗l− ⃗m,0} + δ_{⃗k−⃗l+ ⃗m,0} + δ_{⃗k−⃗l− ⃗m,0} δ̃_{⃗k,⃗l, ⃗m} = −δ_{⃗k+⃗l+ ⃗m,0} + δ_{⃗k+⃗l− ⃗m,0} − δ_{⃗k−⃗l+ ⃗m,0} + δ_{⃗k−⃗l− ⃗m,0} (49) The triple gauge boson interactions and the scalar coupling have the same form as in the 5-dimensional case [24]: g^{αβγ} = f^{abc} ( 1 √ 2 )_{(1+δ⃗n,0 +δ ⃗m,0 +δ⃗k,0 )} δ_{⃗n, ⃗m,⃗k} (50) g^{iαβγ}_{ΦAA} = gf^{abc} [ 1 √ 2^{δ⃗k,0 +1} δ̃_{⃗n, ⃗m,⃗k} m^i R − 1 √ 2^{δ ⃗m,0+1} δ̃_{⃗n,⃗k, ⃗m} k^i R ] (51)

where we have introduced the 4-dimensional coupling g = g_6/( √ 2πR). Inserting the decomposition of Φ in terms of Higgs and GBs, we find for the interaction of the Higgses

3This differs slightly from the conventions in [29] where the condition n_1 + n_2 ≥ 1 or n_1 = −n_2 ≥ 1 is used. Both conventions lead to the same degeneracies at each KK-level, e. g. our level (2, ±1), (1, ±2) corresponds to (2, ±1), (±1, 2) in the conventions of [29]. For general considerations our convention seems to be more practical because we don’t have to distinguish |n_1| < |m_1| from |n_1| > |n_2|.

g^{αβγ}_{HAA} = gf^{abc} [ 1 √ 2^{δ⃗k,0 +1} δ̃_{⃗n, ⃗m,⃗k} −m^1n^2 + m^2n^1 m_{⃗n}R^2 − 1 √ 2^{δ ⃗m,0+1} δ̃_{⃗n,⃗k, ⃗m} −k^1n^2 + k^2n^1 m_{⃗n}R^2 ] (52)

4.2 Sum rules for elastic scattering

We are now ready to investigate the SRs for gauge boson scattering. We begin with the simplest case of scattering at the same KK-level where the initial and final KK-states ⃗n are the same. Because of the KK-number conservation the contributing diagrams are

0 2⃗n

⃗n ⃗n

⃗n ⃗n 0 2⃗n ⃗n ⃗n

⃗n ⃗n 0 2⃗n ⃗n ⃗n

⃗n ⃗n n n

n n (53) From the explicit form of the Higgs couplings (52) we see that the Higgs couplings vanish for the scattering at the same KK-level. The SR (39) obtained equivalently from the M(DDDW ) WI or the cancellation of the subleading divergences in quartic gauge boson scattering then reduces to the relation discussed already in [11] 3m^2_{⃗m}g^{ace}_{⃗n,⃗n, ⃗m}g^{ebd}_{⃗m,⃗n,⃗n} = 4m^2_{⃗n}g^{ace}_{⃗n,⃗n, ⃗m}g^{bde}_{⃗n,⃗n, ⃗m} (54) where we have used the Jacobi Identity. Inserting the coupling constants (50) (note that δ_{⃗n, ⃗m,0} = 2δ_{⃗n, ⃗m}) g^{abc}_{⃗n,⃗n,0} = gf^{abc} , g^{abc}_{⃗n, ⃗m,⃗n+ ⃗m} = g √ 2 f^{abc} (55)

we find that this is indeed satisfied in the same way as in the 5-dimensional case discussed in [19].

A new phenomenon in theories with more than one extra dimension is scattering at the same KK-level, but with different KK-numbers at the initial and final state, e. g. KK-exchange ⃗n = ( n_1 n_2 ) → ⃗m = ( n_2 n_1 ) (56)

Here, because the second component of the KK-quantum numbers can take negative values, the exchange of vector bosons with the quantum numbers

⃗k_+ = ( n_1 + n_2 n_1 + n_2 ) ⃗k_− = ( |n_1 − n_2| −|n_1 − n_2| ) m_{⃗k±} = √ 2 |n_1 ± n_2| R (57)

is possible in the t-and u-channel:

0

⃗n ⃗m

⃗n ⃗m

⃗k_+ ⃗k_− ⃗n ⃗m

⃗n ⃗m

⃗k_+ ⃗k_− ⃗n ⃗m

⃗n ⃗m

⃗n ⃗m

⃗n ⃗m (58a) Compared to the simpler case discussed above, the Higgs couplings (52) to gauge bosons with different KK-quantum numbers are nonvanishing, so in the t- and u-channel also the exchange of two physical scalars contributes:

⃗k_+ ⃗k_− ⃗n ⃗m

⃗n ⃗m

⃗k_+ ⃗k_− ⃗n ⃗m

⃗n ⃗m (58b)

The explicit form of the Higgs couplings are given by g^{abc}_{HAA,⃗k+ ,⃗n, ⃗m} = −gf^{abc} (n_1 − n_2) R g^{abc}_{HAA,⃗k− ,⃗n, ⃗m} = −gf^{abc} (n_1 + n_2) R (59)

In contrast to the scattering processes involving the same initial and final KKstates, there is no contribution from the zero mode in the t- and u-channel. Since the cancellation of the unitarity violating terms in (54) relies on the different couplings of the zero mode and the KK-modes, this mechanism cannot be sufficient any more and the physical scalars are expected to play an important role.

To take the contributions from the additional physical scalars into account, the SR (54) has to be modified. From (39) we get (exchanging a ↔ d and using that all initial and final state masses are the same):

∑ ⃗k=⃗k_± − ( m^2_{⃗k}g^{bde}_{⃗n, ⃗m,⃗k} g^{ace}_{⃗n, ⃗m,⃗k} + g^{ebd}_{HW W,⃗n, ⃗m,⃗k}g^{eac}_{HW W,⃗n, ⃗m,⃗k} )

+ ( m^2_{⃗k}g^{bce}_{⃗n, ⃗m,⃗k}g^{ade}_{⃗n, ⃗m,⃗k} + g^{ebc}_{HW W,⃗n, ⃗m,⃗k}g^{ead}_{HW W,⃗n, ⃗m,⃗k} ) = −4m^2_{⃗n}g^{abe}_{⃗n,⃗n,0}g^{cde}_{⃗m, ⃗m,0} (60) Inserting the coupling constants of the Higgs bosons (59) and of the gauge bosons (55) this turns into − 2 g^2 R^2 [ (n_1 + n_2)^2 + (n_1 − n_2)^2 ] ( f^{bde}f^{ace} − f^{bce}f^{ade} )

= −4 g^2 R^2

(n^2_1 + n^2)f^{abe}f^{cde} (61)

This relation is guaranteed by the Jacobi Identity. Therefore the unitarity cancellations in scattering among different KK-states at the same mass-level take place because of an interplay of the KK-gauge bosons and the ‘geometric Higgs bosons’ with the peculiar form of the coupling (52).

4.3 Sum rules for inelastic scattering

We now turn to inelastic scattering at different KK-levels ⃗n to ⃗m. Unlike the elastic case, no general SR for inelastic scattering has been derived in [11] for a 5-dimensional gauge theory.

The contributing diagrams are the same as in (58) with the KK-momenta now given by ⃗n = ( n_1 n_2 ) , ⃗m = ( m_1 m_2 ) , ⃗k_+ = ( n_1 + m_1 n_2 + m_2 ) , ⃗k_− = ± ( (n_1 − m_1) (n_2 − m_2) ) (62)

where the sign in ⃗k_− has to be chosen so that ±(n_1 − m_1) ≥ 0.

From (39) we find the SR ∑ ⃗k=⃗k_± − ( (m^2_{⃗k} + m^2_{⃗n} − m^2_{⃗m})^2 m^2_{⃗k} g^{bde}_{⃗n, ⃗m,⃗k}g^{ace}_{⃗n, ⃗m,⃗k} + g^{ebd}_{HW W,⃗n, ⃗m,⃗k}g^{eac}_{HW W,⃗n, ⃗m,⃗k} )

+ ( (m^2_{⃗k} + m^2_{⃗n} − m^2_{⃗m})^2 m^2_{⃗k} g^{bce}_{⃗n, ⃗m,⃗k}g^{ade}_{⃗n, ⃗m,⃗k} + g^{ebc}_{HW W,⃗n, ⃗m,⃗k}g^{ead}_{HW W,⃗n, ⃗m,⃗k} )

= −4m^2_{⃗n}g^{abe}_{⃗n,⃗n,0}g^{cde}_{⃗m, ⃗m,0} (63) The combinations of the masses appearing in the SR can be simplified using the relation m^2_{⃗k±} + m^2_{⃗n} − m^2_{⃗m} = 2 R^2 ⃗n · (⃗n ± ⃗m) (64)

The Higgs coupling (52) takes the form g^{abc}_{HAA,⃗k± ⃗n, ⃗m} = √ 2gf^{abc} [ n_2m_1 − n_1m_2 R^2m_{⃗k±} ] (65)

Let us first discuss the simpler case n_2 = m_2 = 0. The Higgs couplings vanish and the situation is similar to scattering in 5 dimensions. The SR turns into − 2 g^2 R^2 [ (n^2 + nm)^2 (m + n)^2 + (n^2 − nm)^2 (m − n)^2 ] ( f^{bde}f^{ace} − f^{bce}f^{ade} )

= −4 g^2 R^2 n^2f^{abe}f^{cde} (66)

Again this is guaranteed by the Jacobi Identity.

The required cancellation for the general KK-momenta (62) is less obvious and requires to take the physical scalars into account. Using the expression (65) for the Higgs coupling, one can verify the relation

(m^2_{⃗k±} + m^2_{⃗n} − m^2_{⃗m})^2 m^2_{⃗k±} g^{bde}_{⃗n, ⃗m,⃗k}g^{ace}_{⃗n, ⃗m,⃗k} + g^{ebd}_{HW W,⃗n, ⃗m,⃗k±} g^{eac}_{HW W,⃗n, ⃗m,⃗k±} = f^{bde} f^{ace} 2g^2 R^2

⃗n^2 (67)

Inserting this result into the SR (63), the cancellation goes through as above.

Our discussion of gauge boson scattering shows that the physical scalar components play an important role in the cancellation, iff the initial and final state KK-momenta are not ‘parallel’, a situation that is a new phenomenon for gauge theories with more than one extra dimension.

5 Consistency of incomplete multiplets on the boundaries

An important ingredient of orbifold GUT models is the explicit symmetry breaking by matter on the orbifold fixed points, transforming under the unbroken subgroup alone. A consistency check of such a setup is provided by unitarity in the production of gauge bosons corresponding to broken generators. This has been investigated in [4] for boundary Higgs bosons in 5- dimensional SU(5) GUTs. In this example, the required cancellations occur between the KK-zero-mode and the first KK-level and rely on an apparent ‘conspiracy’ among the coupling constants. Here we provide a general analysis for boundary fermions (other boundary fields can be treated similarly) that shows that such cancellations are ensured by the completeness relations of the KK-wavefunctions and the vanishing wavefunctions of the broken gauge bosons on the fixed points.

5.1 Matter on the boundaries

The symmetry at the orbifold fixed points can be viewed as a restricted gauge symmetry [7], since the gauge parameters associated to the broken generators vanish on the boundary. The BRST-transformations on the boundary at y_f are therefore

δ_{BRST}A^a_μ(x, y_f ) = ∂_μc^a(x, y_f ) + f^{abc}A^b_μ(x, y_f )c^c(x, y_f ) (68a)

δ_{BRST}Φ^â_i (x, y_f ) = ∂_ic^â(x, y_f ) + f^{âb̂c}Φ^{b̂}_i (x)c^c(x, y_f ) (68b)

On the boundary, the gauge bosons only transform under the unbroken subgroup, while the higher dimensional components of the gauge bosons transform homogeneously under the unbroken subgroup and receive a ‘shift’ ∂_ic^â under the broken transformations. This symmetry prohibits brane-mass terms for the Φ_i in 5 dimensions and constrains the possible forms in 6 dimensions [30]. For symmetry breaking with mixed BCs, the structure of the transformations on the boundary is more complicated because the broken gauge (and ghost) fields are also nonvanishing at the boundary and the separation of broken and unbroken gauge transformations is lost.

On the boundaries we can add (possibly chiral) matter transforming under the unbroken subgroup with generators τ_{L/R} satisfying the Lie algebra (35a). The lagrangian for fermions on the boundary is

L_f =iψ̄_i/∂ψ + ψ̄_i /A_a(y_f )(τ^a_{Lij} (^{1−γ5}_2 ) + τ^a_{Rij} (^{1+γ5}_2 )ψ_j

=iψ̄_i/∂ψ + ψ̄_i /A_α(T^α_{Lij} (^{1−γ5}_2 ) + T^α_{Rij} (^{1+γ5}_2 )ψ_j

(69)

with T^α_{L/R} = τ^a_{L/R}f^α(y_f ) (70) It is not possible to add Yukawa-Interactions of brane fermions to the scalar components of the bulk gauge bosons, since this violates the shift-symmetry ∝ ∂_ic^â from (68). To use a component of the higher dimensional gauge fields as Higgs boson, one either has to put the fermions in the bulk or introduce a non-local coupling [20] that can be generated from mixing with bulk fermions.

The lagrangian of the KK-modes is invariant under the BRST transformations (21) and δ_{BRST}ψ_{L/R i} = ic^α(x)T^α_{L/R ij} ψ_{L/R j} (71) iff the relation [T^α_{L/R}, T^β_{L/R}] = g^{αβγ} T^γ_{L/R} (72) is satisfied, which also ensures the nilpotency of the BRST transformation. We will discuss this equation below, where the same relation appears as condition for unitarity. It should be noted that on the right hand side also the coupling constants g^{α̂β̂γ} with broken indices can appear, in contrast to the BRST transformations restricted to the brane (68). In the KK-picture the broken indices appear because the KK-modes are not localized in the extra dimension and the reduced symmetry is not apparent.

5.2 Unitarity in gauge boson production

We turn to the SRs for scattering of brane fermions into gauge bosons. For the scattering into unbroken gauge bosons, the KK-excitations can couple to the brane fermions and to an intermediate unbroken gauge boson, so that the contributing diagrams are

γ α

β α

β α

β (73)

The SR obtained from the cancellation of the leading divergences (or equivalently the WI with a single contraction) is just the Lie algebra (72). Inserting the definitions (11a) and (70), we find that this relation is satisfied because of the completeness of the KK-wavefunctions and the Lie algebra (35a). Explicitly, the RHS becomes g^{αβγ}T^γ_{L/R} = f^{abc}τ^c_{L/R} ∑ γ f^γ (y_f ) ∫ d^N y f^α(y)f^β(y)f^γ (y)

= f^{abc}τ^c_{L/R}f^α(y_f )f^β (y_f )

(74)

Thus the same KK-wavefunctions appear as on the left hand side and (72) is reduced to the simple Lie algebra of the τ^a_{L/R}.

Only the s-channel diagrams contribute to the production of broken gauge bosons, since the boundary fermions completely decouple from the broken gauge bosons:

γ α̂

β̂ (75)

Therefore the SR (72) reduces to

g^{α̂β̂γ} T^γ_{L/R} = 0 . (76)

Exploiting the completeness relation of the KK-wavefunctions once more, we see that this relation is indeed satisfied because the broken wavefunctions vanish on the boundary: g^{α̂β̂γ} T^γ_{L/R} = f^{âb̂c}τ^c_{L/R} ∑ γ f^γ (y_f ) ∫ d^N y f^{α̂}(y)f^{β̂}(y)f^γ (y)

= f^{âb̂c}τ^c_{L/R}f^{α̂}(y_f )f^{β̂} (y_f ) = 0

(77)

For massive chiral fermions, subleading divergences appear whose cancellation requires the SR (104). Masses of the chiral brane-fermions are not included in our present setting and have to be generated by a further breaking of the unbroken subgroup, e. g. by a Higgs boson localized on the brane. The investigation of such constructions is beyond the scope of the present work.

6 Summary and outlook

We have performed the KK-decomposition of a general gauge theory on an C/Z^n_2 orbifold and determined consistent boundary conditions that allow BRST quantization and to derive WIs. This yields a new demonstration of the consistency of orbifold symmetry breaking and of the Dirichlet boundary conditions currently employed for models of EWSB without Higgs bosons [11, 12]. On the other hand, mixed boundary conditions turn out to be inconsistent without the introduction of a Higgs multiplet on the boundary. In the presence of such a brane Higgs multiplet, the GBs are a mixture of the unphysical components of the boundary Higgs with the higher dimensional components of the gauge bosons [24]. Dirichlet BCs arise from the limit of an infinite vacuum expectation value of a boundary Higgs. As an extension of our work, the consistency of such a setup could be further clarified by quantizing such theories including the boundary Higgs, taking the limit v → ∞ at the end.

Recently, a Higgsless mechanism has also been proposed for the generation of fermion masses by BCs [13]. The application of the approach presented here to this construction is given elsewhere [31].

In section 3 we have shown that on tree level the structure of the lagrangian of a SBGT is fixed by imposing a finite set of WIs for 4-point functions without external goldstone bosons. The conditions derived from the

WIs include the unitarity-SRs derived from tree level unitarity in [16, 17, 18]. The same SRs are also valid in compactified higher dimensional gauge theories broken by orbifold BCs, provided the sum over the KK-tower converges. The introduction of a cutoff or regularization of the KK-sums can upset gauge invariance and requires further considerations.

In section 4 the SRs have been applied to a 6-dimensional gauge theory. We have shown that the physical scalar components of the gauge bosons play an important role in ensuring the unitarity cancellations in gauge boson scattering where the final state KK-momenta are not parallel to that of the initial state gauge bosons. The clarification of this mechanism should prove useful in extending the discussion of partial wave unitarity in KK-theories [14, 15] to 6-dimensional models. In section 5 we have demonstrated the consistency of placing reduced multiplets at the orbifold fixed points.

After this work was completed, a discussion of unitarity in the Higgsless models of [12] appeared [32], where it is pointed out that partial wave unitarity might be violated at a scale of √ s ∼ 2 TeV despite the fulfillment of the unitarity sum rules if the mass of the first KK-excitation is too large. This poses a problem for the warped version of the model while in a flat space model no such problems have been found. While the present work was concerned with gauge theories on separable background metrics, our approach will also be useful for studying unitarity of gauge boson scattering in a warped background and for answering open questions.

Acknowledgments

We thank A. Mück for useful discussions. This work has been supported by the Bundesministerium für Bildung und Forschung of Germany, grant 05HT1RDA/6. C. S. is supported by the Deutsche Forschungsgemeinschaft through the Graduiertenkolleg ‘Eichtheorien’ at Mainz University.

A Kaluza-Klein lagrangian and couplings

The (4 + N)-dimensional Yang Mills lagrangian is

L_{4+N} = − 1 4 F^a_{AB}(x, y)F^{a,AB}(x, y) (78) with the field strength F^a_{AB} (x, y) = ∂_AA^a_B(x, y) − ∂_BA^a_A(x, y) + f^{abc}A^b_A(x, y)A^c_B(x, y) (79)

Here we include the higher dimensional gauge coupling g_D in the structure constants. The BRST transformations are δ_{BRST}A^a_A(x, y) = ∂_Ac^a(x, y) + f^{abc}A^b_A(x, y)c^c(x, y) δ_{BRST}c^a(x, y) = − 1 2 f^{abc}c^b(x, y)c^c(x, y) δ_{BRST}c̄^a(x, y) = B^a(x, y) δ_{BRST}B^a(x, y) = 0

(80)

where the equation of motion of the auxiliary field B^a is

B^a = − 1 ξ G^a = − 1 ξ (∂_μA^{a,μ}(x, y) − ξ∂_iΦ^{a,i}(x, y)) (81) The complete lagrangian of the KK-modes is L_{KK} = − 1 4 (∂_μA^α_ν − ∂_ν A^α_μ)(∂^μA^{α,ν} − ∂^ν A^{α,μ}) + 1 2 m^2_αA^α_μA^{α,μ} − m_{αi} ∂_μΦ^{α,i}A^{α,μ} − g^{αβγ} ∂_μA^α_ν A^{β,μ}A^{γ,ν} − 1 4 g^{αβγδ}A^α_μA^β_ν A^{γ,μ}A^{δ,ν} + 1 2 ∂_μΦ^α_i ∂^μΦ^{α,i} − 1 2 [ m^2_αΦ^α_i Φ^{α,i} − (m_{αi} Φ^{α,i})^2 ] − 1 2 T^α_{βγ} A^{α,μ}Φ^β_i ←→ ∂_μ Φ^{γ,i} + 1 2 g^{iαβγ}_{ΦAA} Φ^{α,i}A^β_μA^{μ,γ} + 1 4 g^{αβγδ}_{A2 Φ2} A^α_μA^β_ν Φ^{γ,i}Φ^δ_i − 1 2 T^α_{βγ}(m_{αj} Φ^α_i − m_{αi} Φ^α_j )Φ^{β,i}Φ^{γ,j} − 1 4 g^{αβγδ}_{Φ4} Φ^α_i Φ^β_j Φ^{γ,i}Φ^{δ,j}

(82)

with the coupling constants defined in (11) and g^{αβγδ} = f^{abe}f^{cde} ∫ d^N y f^α(y)f^β (y)f^γ (y)f^δ(y) (83a)

g^{iαβγ}_{ΦAA} = m_{βi} T^γ_{βα} + m_{γi} T^β_{γα} (83b) g^{αβγδ}_{A2 Φ2} = 2f^{abe}f^{cde} ∫ d^N y f^α(y)f^β(y)g^γ (y)g^δ(y) (83c) g^{αβγδ}_{Φ4} = f^{abe}f^{cde} ∫ d^N y g^α(y)g^β(y)g^γ (y)g^δ(y) (83d)

B Parameterization of the general lagrangian

We give our parameterization of the general lagrangian with the particle spectrum of a SBGT used in the calculation of the WIs. Apart from terms

∝ ϵ^{μνρσ} W_μW_ν W_ρW_σ , the most general renormalizable interaction lagrangian for these fields is L_{int} = − f^{abc}W_{b,μ}W_{c,ν} ∂^μW^ν_a − 1 4 g^{abcd}_W 4 W_{a,μ}W_{b,ν} W^μ_c W^ν_d − 1 2 t^c_{ab}(ϕ_a ←→ ∂_μ ϕ_b)W^μ_c + g^{abc}_{ϕW W} 2 ϕ_aW^μ_b W_{c,μ} − 1 2 T^a_{ij} (H_i ←→ ∂_μ H_j )W^μ_a + g^{iab}_{HϕW} (ϕ_a ←→ ∂_μ H_i)W^μ_b + 1 2 g^{iab}_{HW W} H_iW_{a,μ}W^μ_b + 1 4 g^{abcd}_ϕ2_W 2 ϕ_aϕ_bW_{c,μ}W^μ_d + 1 4 g^{abij}_{H 2W 2} H_iH_j W^μ_a W_{b,μ} + 1 2 g^{abci}_{HϕW} 2 H_iϕ_aW_{b,μ}W^μ_c + 1 2 g^{abi}_ϕ2_H ϕ_aϕ_bH_i + 1 2 g^{aij}_{ϕH 2} ϕ_aH_iH_j + 1 3! g^{abc}_ϕ3 ϕ_aϕ_bϕ_c + 1 3! g^{ijk}_{H 3} H_iH_j H_k + quartic scalar interactions (84a) The lagrangian of the fermions is parametrized by

L_f = iψ̄_i/∂ψ + ψ̄_i /W_a(τ^a_{Lij} (^{1−γ5}_2 ) + τ^a_{Rij} (^{1+γ5}_2 )ψ_j + ψ̄_iϕ_a(g^a_{ϕij} (^{1−γ5}_2 ) + g^{a†}_{ϕij} (^{1+γ5}_2 ))ψ_j + ψ̄_iH_k (g^k_{Hij} (^{1−γ5}_2 ) + g^{k†}_{Hij} (^{1+γ5}_2 ))ψ_j (84b)

This can be compared with the lagrangian of a SBGT L = − 1 4 F^{μν}_a F_{aμν} + 1 2 D_μϕ_AD^μϕ_A − V (ϕ) + iψ̄_i /Dψ_i + ψ̄_iϕ_A ( X^A_{ij} (^{1−γ5}_2 ) + X^A_{ij}^†(^{1+γ5}_2 ) ) ψ_j (85)

with F_{aμν} = ∂_μA_{a,ν} − ∂_ν A_{a,μ} + f^{abc}A_{b,ν} A_{c,ν} (86) D_μϕ_A = ∂_μϕ_A + T^a_{AB}W_{a,μ}ϕ_B (87)

V (ϕ) = g^{AB}_2 2 ϕ^Aϕ^B + g^{ABC}_3 3! ϕ^Aϕ^Bϕ^C + g^{ABCD} 4 4! ϕ^Aϕ^Bϕ^C ϕ^D (88)

D_μψ_i = ∂_μψ_i − iW_{a,μ}(τ^a_{Lij} (^{1−γ5}_2 ) + τ^a_{Rij} (^{1+γ5}_2 ))ψ_j (89)

Inserting the parameterization (34) for the generators in the representation of the scalars, we find that the definitions of T^a_{ij} , t^c_{ab} and g_{HϕW} agree with those in the lagrangian (84a). The 2 scalar-2 gauge boson coupling is given by the anticommutator of representation matrices:

g^{ABcd}_ϕ2_W 2 = −{T^c, T^d}_{AB} (90)

The cubic scalar gauge boson couplings originate from the contraction of the anticommutator {T^a, T^b} with a vacuum expectation value ϕ_0:

g^{Abc}_{ϕW W} = g^{ABbc}_ϕ2_W 2 ϕ_{0B} (91)

The triple scalar couplings can be expressed through the terms in the scalar potential by g^{ABC}_Φ3 = −g^{ABC}_3 − g^{iABC}_4 v_i (92)

C Form of the Goldstone boson couplings

The relations (37) follow from the condition that the gauge transformation of the vacuum expectation value must be in the Goldstone boson direction

T^a_{bc}ϕ_{0c} = ( m_{Wa} 0 ) δ_{a,b} (93)

Using (91) this implies

g^{Abc}_{ϕW W} = (m_bT^c_{bA} + m_cT^b_{cA}) (94)

Acting on the vacuum expectation value ϕ_0 with a commutator of two generators in the representation of the scalars results in: ( [T^a, T^b] ) ϕ_0 = f^{abc} ( m_{Wc} 0 ) ⇒ { t^a_{cb}m_{Wb} − t^b_{ca}m_{Wa} = f^{abc}m_{Wc} m_ag^{iab}_{HϕW} − m_bg^{iba}_{HϕW} = 0 (95)

Together with (94), the first relation implies the relation (37a) [22] while the second one implies (37b) . Similarly, contracting the transformation law of the Yukawa couplings (35c) with the vacuum expectation value ϕ_{0A} and using the condition that the fermions get their masses from the coupling to the scalars X^A_{ij} ϕ_{0A} = X^A_{ij}^†ϕ_{0A} = −δ_{ij}m_i (96)

one can derive the fermion-Goldstone boson coupling (37c).

The remaining relations on the cubic GB couplings (99c), (100a) and (100c) are consequences of the invariance of the scalar potential ∂V (ϕ) ∂ϕ_A T^a_{AB}ϕ_B = 0 (97)

as can be seen by taking two derivatives with respect to ϕ and setting ϕ = ϕ_0.

D Results from the WIs

In this appendix we collect the results of the WIs for the 3- and 4-point functions with up to 4 contractions. In the calculations the general lagrangian (84) has been used. No symmetry relations among the coupling constants have been assumed, but only results of previously evaluated WIs have been used to simplify the calculations. The SRs obtained in this way allow to express all coupling constants in terms of the input parameters f^{abc} , τ^a_{L/R ij} , g^h_{Hij} , g^{iab}_{HW W} , T^a_{ij} , g^{ijk}_{H 3} , g^{ijkl}_{H 4} (98) This is not a minimal set of input parameters since they are subject to constraints arising from the Lie algebra, the Jacobi Identities and other symmetry relations. The detailed calculations of the WIs can be found in [22].

D.1 Cubic Goldstone boson couplings

The couplings of one Goldstone boson to two physical particles are determined by the WIs with one contraction. = 0 ⇒ g^{iab}_{HϕW} = − 1 2m_{Wa} g^{iab}_{HW W} (99a)

= 0 ⇒ g^a_{ϕij} = − i m_{Wa} (m_{fi} τ^a_{Lij} − m_{fj} τ^a_{Rij} ) (99b)

= 0 ⇒ g^{aij}_{ϕH 2} = 1 m_{Wa} T^a_{ij} (m^2_i − m^2_j ) (99c)

= 0 ⇒ g^{abc}_{ϕW W} = 1 m_{Wa} f^{abc}(m^2_{Wb} − m^2_{Wc} ) (99d)

(in all diagrams, the insertion of the operator (∂_μW^μ − m_W ϕ) is represented by a double line). To obtain the relations for the couplings of 2 Goldstone bosons to one physical particle, one has to consider the WIs (32) with two contractions

= 0 ⇒ g^{abi}_ϕ2_H = − m^2_{Hi} 2m_{Wa} m_{Wb} g^{iab}_{HW W} (100a)

= 0 ⇒ m_{Wa} m_{Wc} t^b_{ac} = 1 2 f^{bac}(m^2_{Wb} − m^2_{Wa} − m^2_{Wc} ) (100b)

= 0 ⇒ g^{abc}_ϕ3 = 0 (100c)

D.2 Gauge couplings of physical particles

The Lie algebra structure of the couplings of the physical particles, i. e. the Higgs bosons, gauge bosons and fermions, arises from WIs for 4-point functions with one contraction, together with the quartic gauge couplings and the 2W 2H coupling:

f_j W_b f_i ⇒ { [τ^a_L, τ^b_L]_{ij} − if^{abc}τ^c_{Lij} = 0 [τ^a_R, τ^b_R]_{ij} − if^{abc}τ^c_{Rij} = 0

(101)

W_b H_i H_j ⇒ { [T^a, T^b]_{ij} − [^{gaHW W}_{2mWc} ,^{gbHW W}_{2mWc} ]_{ij} = f^{abc}T^c_{ij} {T^a_{ik}, T^b_{kj} } − {^{gaHW W}_{2mWc} ,^{gbHW W}_{2mWc} }_{ij} = −g^{abij}_{H 2W 2} (102)

D.2.1 Yukawa couplings

The symmetry conditions of the Yukawa couplings (35c) can be obtained from the WI for 2 fermions, one gauge boson and one Higgs boson and the WI for two fermions and 2 contractions:

f_j H_h f_i ⇒ 0 = −i g^{hba}_{HW W} 2m_{Wa} g^a_{ϕij} − i(g^h_{Hij}T^b_{hk}) − g^k_{Hil}τ^b_{Llj} + τ^b_{Ril}g^k_{Hlj} (103)

f_j f_i ⇒ ig^b_{ϕil}τ^a_{Llj} − iτ^a_{Ril}g^b_{ϕlj} = g^c_{ϕij} t^a_{cb} − g^k_{Hij} g^{kab}_{HW W} 2m_{Wb} (104)

D.3 Goldstone-gauge boson couplings

The components of the graded Jacobi Identity (40) are reproduced by the the WI for the 3W H amplitude with one contraction and the 4W WI with 2 contractions: H_i W_b W_c ⇒ m_{Wa} g^{abci}_{HϕW} 2 = − g^{icd}_{HW W} f^{abd} − g^{ibd}_{HW W} f^{acd} − g^{iad}_{HW W} 2m_{Wd} g^{dbc}_{ϕW W} + T^a_{ij} g^{jbc}_{HW W} (105)

W_c W_d ⇒ m_{Wa} m_{Wb} g^{abcd}_ϕ2_W 2 − 1 2 g^{iab}_{HW W} g^{icd}_{HW W} = m_{Wb} g^{ecd}_{ϕW W} t^a_{be} +f^{ace}f^{dbe}(m^2_{Wd} − m^2_{We} ) − f^{cbe}f^{dae}(m^2_{Wc} − m^2_{We} ) (106)

The ia component of the Lie algebra (35b) follows from the 3W H WI with two contractions:

⇒ − 1 2m^2_{We} g^{ice}_{HW W} f^{bae}(m^2_{Wb} − m^2_{Wa} − m^2_{We} ) + 1 2m^2_{We} g^{ieb}_{HW W} f^{cae}(m^2_{Wc} − m^2_{Wa} − m^2_{We} ) −g^{jab}_{HW W} T^c_{ji} + T^b_{ji}g^{jac}_{HW W} = −f^{bce}g^{iae}_{HW W} (107)

The ab component results from the the 4W WI with 3 contractions given in the main text in (39).

D.4 Scalar potential

The components of the invariance condition (42) of the scalar potential are obtained by the WIs with external Higgs bosons and the WI with 4 contractions: H_i H_k H_j H_i H_j H_i (108)

Since the components of (42) written in terms of the input parameters (98) are somewhat involved and not needed in this work we refer the reader to [22] for the explicit expressions.

References

[1] I. Antoniadis, Phys. Lett. B 246, 377 (1990); I. Antoniadis and K. Benakli, Phys. Lett. B 326 (1994) 69 [hep-th/9310151]; K. R. Dienes, E. Dudas and T. Gherghetta, Phys. Lett. B 436, 55 (1998) [hep-ph/9803466]; Nucl. Phys. B 537, 47 (1999) [hep-ph/9806292].

[2] M. Quiros, New ideas in symmetry breaking, TASI lectures 2002, [hep-ph/0302189].

[3] A. Hebecker and J. March-Russell, Nucl. Phys. B625 128 (2002), [hep-ph/0107039].

[4] L. J. Hall, H. Murayama, and Y. Nomura, Nucl. Phys. B645 85 (2002), [hep-th/0107245]

[5] R. Barbieri, L. J. Hall, and Y. Nomura, Nucl. Phys. B624 63 (2002), [hep-th/0107004]; G. von Gersdorff and M. Quiros, Phys. Rev. D 68, 105002 (2003), [hep-th/0305024].

[6] Y. Kawamura, Prog. Theor. Phys. 103 613 (2000), [hep-ph/9902423];

Prog. Theor. Phys. 105 999 (2001), [hep-ph/0012125].

[7] L. J. Hall and Y. Nomura, Phys. Rev. D64 055003 (2001), [hep-ph/0103125].

[8] G. Altarelli and F. Feruglio, Phys. Lett. B 511, 257 (2001) [arXiv:hep-ph/0102301]; A. Hebecker and J. March-Russell, Nucl. Phys. B 613, 3 (2001) [arXiv:hep-ph/0106166]; R. Dermisek and A. Mafi, Phys. Rev. D 65, 055002 (2002) [arXiv:hep-ph/0108139].

[9] T. Asaka, W. Buchmuller, and L. Covi, Phys. Lett. B523 199 (2001), [hep-ph/0108021].

[10] L. J. Hall, Y. Nomura, T. Okui, and D. R. Smith, Phys. Rev. D65 035008 (2002), [hep-ph/0108071]; N. Haba, T. Kondo, and Y. Shimizu, Phys. Lett. B531 245 (2002), [hep-ph/0112132].

[11] C. Csaki, C. Grojean, H. Murayama, L. Pilo, and J. Terning, Phys. Rev.

D69, 055006 (2004) [hep-ph/0305237].

[12] C. Csaki, C. Grojean, L. Pilo, and J. Terning, Phys. Rev. Lett.

92, 101802 (2004) [hep-ph/0308038]; Y. Nomura, JHEP 0311 050 (2003), [hep-ph/0309189]; R. Barbieri, A. Pomarol, and R. Rattazzi, [hep-ph/0310285]; G. Burdman, Y. Nomura, [hep-ph/0312247].

[13] C. Csaki, C. Grojean, J. Hubisz, Y. Shirman, and J. Terning, [hep-ph/0310355].

[14] R. Chivukula, D. A. Dicus, and H.-J. He, Phys. Lett. B525 175 (2002), [hep-ph/0111016]; R. S. Chivukula, D. A. Dicus, H.-J. He, and S. Nandi, Phys. Lett. B562 109 (2003), [hep-ph/0302263].

[15] S. De Curtis, D. Dominici, and J. R. Pelaez, Phys. Lett. B554 164 (2003), [hep-ph/0211353]; Phys. Rev. D67 076010 (2003), [hep-ph/0301059].

[16] C. H. Llewellyn Smith, Phys. Lett. B46 233 (1973).

[17] J. M. Cornwall, D. N. Levin, and G. Tiktopoulos, Phys. Rev. Lett. 30 1268 (1973); Erratum ibid. 31 233; Phys. Rev. D10 1145 (1974).

[18] J. F. Gunion, H. E. Haber, and J. Wudka, Phys. Rev. D43 904 (1991). [19] Y. Abe, N. Haba, Y. Higashide, K. Kobayashi, and M. Matsunaga, Prog.

Theor. Phys. 109 831 (2003), [hep-th/0302115].

[20] C. Csaki, C. Grojean, and H. Murayama, Phys. Rev. D67 085012 (2003), [hep-ph/0210133].

[21] T. Kugo and I. Ojima, Prog. Theor. Phys. Suppl. 66 1 (1979). [22] C. Schwinn, PhD thesis, Darmstadt University of Technology, 2003, [hep-ph/0307057].

[23] L. Randall and M. D. Schwartz, JHEP 11 003 (2001), [hep-th/0108114]. [24] A. Mück, A. Pilaftsis, and R. Rückl, Phys. Rev. D65 085037 (2002), [hep-ph/0110391].

[25] M. S. Chanowitz and M. K. Gaillard, Nucl. Phys. B261 379 (1985); G. J.

Gounaris, R. Kögerler, and H. Neufeld, Phys. Rev. D34 3257 (1986). [26] Y.-P. Yao and C. P. Yuan, Phys. Rev. D38 2237 (1988); J. Bagger and C. Schmidt, Phys. Rev. D41 264 (1990).

[27] B. W. Lee, C. Quigg, and H. B. Thacker, Phys. Rev. D16 1519 (1977). [28] K. R. Dienes, Phys. Rev. Lett. 88 011601 (2002), [hep-ph/0108115]. [29] T. Appelquist, H.-C. Cheng, and B. A. Dobrescu, Phys. Rev. D64 035002 (2001), [hep-ph/0012100].

[30] G. von Gersdorff, N. Irges, and M. Quiros, [hep-ph/0206029]; Phys. Lett.

B551 351 (2003), [hep-ph/0210134].

[31] C. Schwinn, [hep-ph/0402118], accepted for publication in Phys. Rev. D [32] H. Davoudiasl, J. L. Hewett, B. Lillie, and T. G. Rizzo, [hep-ph/0312193].