Published by Institute of Physics Publishing for SISSA/ISAS Received: March 10, 2004 Accepted: March 30, 2004

Chiral compactification on a square

Bogdan A. Dobrescu and Eduardo Pontón

Fermi National Accelerator Laboratory Batavia, IL 60510, U.S.A.

E-mail: bdob@fnal.gov, eponton@fnal.gov

Abstract: We study quantum field theory in six dimensions with two of them compactified on a square. A simple boundary condition is the identification of two pairs of adjacent sides of the square such that the values of a field at two identified points differ by an arbitrary phase. This allows a chiral fermion content for the four-dimensional theory obtained after integrating over the square. We find that nontrivial solutions for the field equations exist only when the phase is a multiple of π/2, so that this compactification turns out to be equivalent to a T^2/Z_4 orbifold associated with toroidal boundary conditions that are either periodic or anti-periodic. The equality of the lagrangian densities at the identified points in conjunction with six-dimensional Lorentz invariance leads to an exact Z_8 × Z_2 symmetry, where the Z_2 parity ensures the stability of the lightest Kaluza-Klein particle.

Keywords: Field Theories in Higher Dimensions, Space-Time Symmetries.

© SISSA/ISAS 2004 http://jhep.sissa.it/archive/papers/jhep032004071 /jhep032004071 .pdf

Contents

1. Introduction 1

2. Compactification on a square 2

3. Fermions on a square: chiral boundary conditions 8

4. Symmetries 14 4.1 Z_8 × Z^{AP}_2 invariance 14 4.2 Kaluza-Klein parity 17

5. Interactions of the Kaluza-Klein modes 18

6. Connection to orbifold theories 20

7. Summary 21

1. Introduction

Quantum field theory in six dimensions has been studied in connection to various alternatives for physics beyond the standard model, and was shown to provide explanations for proton stability [1], the origin of electroweak symmetry breaking [2]–[5], the number of fermion generations [6]–[11], and the breaking of grand unified gauge groups [12, 13, 14].

An important question is how are the two extra dimensions compactified. If any of the standard model fermions propagate in the extra dimensions, a restriction on the compactification comes from the requirement of having chiral fermions in the four-dimensional low-energy theory. Only few examples of compactifications with this property have been analyzed in detail so far. The T^2/Z_2 orbifold is a a parallelogram folded once onto itself (see, e.g., [15]). The field decomposition in Kaluza-Klein (KK) modes is given in [16] for the case where the parallelogram is a rectangle. The T^2/Z_4 orbifold, which is a compactification on a square, has the merit of automatically preserving a Z_8 subgroup of the six-dimensional Lorentz symmetry [1] which ensures a long proton lifetime, and forces the neutrino masses to be of the Dirac type [17]. In a different context, the T^2/Z_4 orbifold was shown to allow the Higgs doublet be part of a G_2 gauge field [4]. A discussion of T^2/Z_N orbifolds in general can be found in [5] while more general manifolds with conical singularities were considered in [18].

– 1 –

In the case of five-dimensional theories, any orbifold compactification is equivalent to a set of chiral boundary conditions (see, e.g., [19]), while the reverse is not true [20, 21]. For six-dimensional theories, however, neither the boundary conditions associated with various orbifolds nor the general restrictions imposed by the action principle on the boundary conditions have been presented in the literature.

In this paper we explore a chiral compactification on a square. We derive a simple set of boundary conditions, and prove that it allows nontrivial solutions to the field equations only when it is equivalent to the T^2/Z_4 orbifold. We also determine the KK wave functions for scalars and fermions, and identify the unbroken subgroup of the six-dimensional Lorentz symmetry.

The boundary conditions and the solutions to the field equations for free scalar and fermion fields are analyzed in sections 2 and 3. Section 4 is devoted to the symmetries of the action. Interactions among KK modes are studied in section 5, while the connection to orbifolds is presented in section 6. A summary of results is given in section 7.

2. Compactification on a square

The spacetime considered in this paper is six-dimensional: four spacetime dimensions of coordinates x^μ, μ = 0, 1, 2, 3, form the usual Minkowski spacetime, and two transverse spatial dimensions of coordinates x^4 and x^5 are flat and compact. We analyze a simple compactification: a square with 0 ≤ x^4, x^5 ≤ L.

In this section we study the behavior of free scalar fields, Φ(x^μ, x^4, x^5), described by the following action:

S_Φ = ∫ d^4x ∫_L 0 dx^4 ∫_L 0 dx^5 ( ∂_αΦ^†∂^αΦ − M^2_0 Φ^†Φ ) . (2.1)

We use letters from the beginning of the Greek alphabet to label the six-dimensional coordinates α, β, . . . = 0, 1, . . . , 5, and letters from the middle of the Greek alphabet to label the Minkowski coordinates μ, ν, . . . = 0, 1, 2, 3.

Under a variation of the field, δΦ(x^μ, x^4, x^5), the variation of the action is given by

δS_Φ = δS^v_Φ + δS^s_Φ , (2.2)

where the first term is a “volume” integral,

δS^v_Φ = − ∫ d^4x ∫_L 0 dx^4 ∫_L 0 dx^5 ( ∂^α∂_αΦ^† − M^2_0 Φ^† ) δΦ , (2.3)

and the second term is a “surface” integral,

δS^s_Φ = ∫ d^4x [ ∫_L 0 dx^4 ( ∂_5Φ^†δΦ | |_{x5=L} − ∂5Φ^†δΦ | |_{x5=0} ) +

+ ∫_L 0 dx^5 ( ∂_4Φ^†δΦ | |_{x4=L} − ∂4Φ^†δΦ | |_{x4=0} ) ] . (2.4)

Here we have assumed as usual that the field vanishes at x^μ → ±∞.

– 2 –

Given that the action has to be stationary with respect to any variation of the field, the volume and surface terms must vanish independently. Requiring δS^v_Φ = 0 implies that Φ is a solution to the six-dimensional Klein-Gordon equation, while δS^s_Φ = 0 forces the boundary conditions that can be imposed on Φ to obey a certain restriction. To derive it, we rewrite the surface integral as

δS^s_Φ = ∫ d^4x ∫_L 0 dy ( ∂Φ^† ∂y δΦ | | (x^4,x^5)=(L,y) + ∂Φ^† ∂y δΦ | | (x^4,x^5)=(y,L) −

− ∂Φ^† ∂y δΦ | | (x^4,x^5)=(0,y) − ∂Φ^† ∂y δΦ | | (x^4,x^5)=(y,0) ) = 0 . (2.5)

The requirement that the action be stationary for arbitrary variations of the field satisfying certain boundary conditions implies that the integrand vanishes point by point:

∂_4Φ^†δΦ | |_{(x4,x5)=(L,y)} + ∂5Φ^†δΦ | |_{(x4,x5)=(y,L)} = ∂4Φ^†δΦ | |_{(x4,x5)=(0,y)} + ∂5Φ^†δΦ | |_{(x4,x5)=(y,0)} (2.6) for any y ∈ [0, L].

Even with this restriction, there are many possible boundary conditions. Identifying the opposite sides of the square, which produces a torus, is an obvious example. However, it is well known that the toroidal compactification does not allow chiral fermions in the four-dimensional effective theory. A particular class of boundary conditions which allows four-dimensional chiral fermions (as shown later, in section 3) is presented next.

Consider the identification of two pairs of adjacent sides of the square: (y, 0) ≡ (0, y) , (y, L) ≡ (L, y) , ∀y ∈ [0, L] . (2.7) Topologically, this is equivalent to folding the

x^4 x^5

0

L

L Figure 1: Square compactification with identified pairs of adjacent sides.

square along a diagonal and gluing the boundary. Note though that we choose the metric on the square to be flat. There are two points (see figure 1) that remain invariant under the folding operation (2.7): (0, 0) and (L, L).

We interpret the identification of different sides of the square as the requirement that the lagrangian density at points identified by the folding operation (2.7) is the same: L(x^μ, y, 0) = L(x^μ, 0, y) , L(x^μ, y, L) = L(x^μ, L, y) , (2.8) where L is the integrand shown in eq. (2.1). This ensures that the physics at identified points is the same. On the other hand, the field at two identified points does not need to be the same. The global U(1) symmetry of the lagrangian suggests that the field values at two identified points may differ by a constant phase:

Φ(x^μ, y, 0) = e^{iθ}Φ(x^μ, 0, y) , (2.9)

– 3 – for any y ∈ [0, L]. Taking the derivative with respect to y in the above equations we find that ∂_4Φ|_{(x}4_{,x}5_{)=(y,0)} = e^{iθ} ∂_5Φ|_{(x}4_{,x}5_{)=(0,y)} . (2.10) Using these conditions we obtain

L(x^μ, 0, y) − L(x^μ, y, 0) = ∂_5Φ^†∂_5Φ | | (x^4,x^5)=(y,0)

− ∂_4Φ^†∂_4Φ | | (x^4,x^5)=(0,y)

. (2.11)

Therefore, the lagrangian is the same at two identified points only if, in addition to eq. (2.9), the following condition on the derivatives is satisfied:

∂_5Φ|_{(x}4_{,x}5_{)=(y,0)} = e^{iθ′} ∂_4Φ|_{(x}4_{,x}5_{)=(0,y)} . (2.12)

This has a simple geometrical interpretation: the folding of the square is smooth, i.e., the derivative of the field in the direction perpendicular to the identified boundaries is continuous up to a phase.

Conditions analogous to (2.9) and (2.12) have to be imposed on the other two sides of the square, but the phases may be different both for the fields,

Φ(x^μ, y, L) = e^{iθ̃}Φ(x^μ, L, y) , (2.13)

and for the derivatives,

∂_5Φ|_{(x}4_{,x}5_{)=(y,L)} = e^{iθ̃′} ∂_4Φ|_{(x}4_{,x}5_{)=(L,y)} . (2.14)

Although the phases θ, θ̃, θ^′ and θ̃^′ may be different in general, there are certain constraints on them. Most importantly, the boundary conditions must be consistent with the stationarity of the action, i.e., the general condition (2.6). Given that the variation δΦ on the boundary has to obey the same constraints as Φ, namely eqs. (2.9) and (2.13), we can use eqs. (2.12) and (2.14) to write eq. (2.6) as [ e^{i(θ̃′−θ̃)} + 1 ] ∂_5Φ^†δΦ | |_{(x4,x5)=(y,L)} = [ e^{i(θ′−θ)} + 1 ] ∂_5Φ^†δΦ | |_{(x4,x5)=(y,0)} . (2.15)

This condition must be satisfied for any field variation δΦ, so that the left- and right-handed sides of eq. (2.15) must vanish independently. Hence, two constraints can be derived:

e^{iθ′} = −e^{iθ} , or δΦ ∂_5Φ|_{(x}4_{,x}5_{)=(y,0)} = 0 , (2.16) and e^{iθ̃′} = −e^{iθ̃} , or δΦ ∂_5Φ|_{(x}4_{,x}5_{)=(y,L)} = 0 . (2.17) We now solve the six-dimensional Klein-Gordon equation, ( ∂^μ∂_μ − ∂^2_4 − ∂^2_5 + M^2_0 ) Φ = 0 , (2.18)

subject to the “folding boundary conditions” (2.9), (2.12), (2.13), (2.14), with the restrictions (2.16) and (2.17). Since the boundary conditions are independent of x^μ, then Φ can be decomposed in Fourier modes as follows:

Φ(x^μ, x^4, x^5) = 1 L ∑ j,k Φ^{(j,k)}(x^μ)f^{(j,k)}(x^4, x^5) . (2.19)

– 4 –

The four-dimensional scalar fields Φ^{(j,k)} satisfy ( ∂^μ∂_μ + M^2_0 + M^2_{j,k} ) Φ^{(j,k)}(x^μ) = 0 , (2.20)

where M^2_{j,k} is a positive eigenvalue. The f^{(j,k)} functions are solutions to the two-dimensional equation, ( ∂^2_4 + ∂^2_5 + M^2_{j,k} ) f^{(j,k)}(x^4, x^5) = 0 . (2.21)

A general solution to the above equation is a linear combination of eight position-dependent phases,

f^{(j,k)} = C^+_1 e^i(^{jx4+kx5})^{/R}+C^−_1 e^{−i}(^{jx4+kx5})^{/R}+C^+_2 e^i(^{jx4−kx5})^{/R}+C^−_2 e^{−i}(^{jx4−kx5})^{/R}+ +C^+_3 e^i(^{kx4+jx5})^{/R}+C^−_3 e^{−i}(^{kx4+jx5})^{/R}+C^+_4 e^i(^{kx4−jx5})^{/R}+C^−_4 e^{−i}(^{kx4−jx5})^{/R} , (2.22)

where j and k are real numbers such that

M^2_{j,k} = j^2 + k^2

R^2

, (2.23)

and we defined the “compactification radius” R ≡ L π . (2.24)

The eight unknown coefficients, C^±_i , i = 1, 2, 3, 4, that appear in the general solution, are constrained by the folding boundary conditions. Eq. (2.9), which relates the field values on the x^4 = 0 and x^5 = 0 sides of the square, is satisfied for arbitrary j and k if and only if

C^±_3 + C^∓_4 = e^{−iθ} ( C^±_1 + C^±_2 ) , C^±_3 + C^±_4 = e^{iθ} ( C^±_1 + C^∓_2 ) . (2.25)

The boundary condition (2.12) that relates the field derivatives at x^4 = 0 and x^5 = 0 is satisfied for arbitrary j and k provided

C^±_3 − C^∓_4 = e^{−iθ′} ( C^±_1 − C^±_2 ) , C^±_3 − C^±_4 = e^{iθ′} ( C^±_1 − C^∓_2 ) . (2.26)

For j = ±k, these eight equations are replaced by only four linear combinations of them, but in the end no new solution is allowed.

The set of eight equations (2.25) and (2.26) has to be solved subject to the constraint (2.16). For e^{iθ′} = −e^{iθ} , (2.27)

eqs. (2.25) and (2.26) have nontrivial solutions only if

e^{4iθ} = 1 . (2.28)

This is an important restriction on the phase that relates the field values on the x^4 = 0

– 5 – and x^5 = 0 boundaries. Six of the unknown coefficients are determined in terms of the remaining two, chosen to be C^+_{1,2}:

C^±_3 = C^+_2 e^{∓iθ} , C^±_4 = C^+_1 e^{±iθ} , C^−_{1,2} = C^+_{1,2}e^{2iθ} . (2.29)

If eq. (2.27) is not satisfied, then the constraint (2.16) implies that δΦ or ∂_5Φ vanish at (y, 0), so that f^{(j,k)} or ∂_5f^{(j,k)} vanish at that point. Eqs. (2.25) and (2.26) then have nontrivial solutions only if e^{2iθ} = 1 and C^±_2 = ±C^±_1 , so that the solutions in this case are subsets of the solutions allowed by eq. (2.27). Thus, the most general solution to the two-dimensional equation (2.21) subject to the boundary conditions (2.9) and (2.12) is given by

f^{(j,k)}(x^4, x^5) = 2C^+_1 [ e^{−iθ} cos ( jx^4 + kx^5 R + θ ) + cos ( kx^4 − jx^5 R + θ )] + +2C^+_2 [ e^{−iθ} cos ( jx^4 − kx^5 R + θ ) + cos ( kx^4 + jx^5 R − θ )] . (2.30)

Next, we impose the other two boundary conditions, which relate the x^4 = L and x^5 = L boundaries, and the constraint (2.17). Applying the boundary condition for Φ, eq. (2.13), to the solution (2.30), we find an equation that has to hold for any y ∈ [0, L] and arbitrary j and k. Therefore, the coefficients of cos ky/R, sin ky/R, cos jy/R and sin jy/R must vanish independently: ( C^+_1 + C^+_2 ) ( e^{i(θ̃+θ)} − 1 ) cos(jπ + θ) = 0 , ( C^+_1 − C^+_2 ) ( e^{i(θ̃+θ)} + 1 ) sin(jπ + θ) = 0 , ( C^+_1 + e^{2iθ}C^+_2 ) ( e^{i(θ̃+θ)} − 1 ) cos(kπ + θ) = 0 , ( C^+_1 − e^{2iθ}C^+_2 ) ( e^{i(θ̃+θ)} + 1 ) sin(kπ + θ) = 0 . (2.31)

Here we have used the restriction on θ, eq. (2.28). Following the same procedure, the boundary condition for the derivatives of Φ, eq. (2.14), leads to four more equations which can be obtained from eqs. (2.31) by substituting θ̃^′ for θ̃ and interchanging cos and sin. Thus, there are eight equations altogether. We have to find a solution to this set of equations with at least one of C^+_1 and C^+_2 being nonzero, and which is subject to the constraint (2.17). This is possible only if θ̃, θ̃^′, j and k satisfy certain conditions. For

e^{iθ̃′} = −e^{iθ̃} (2.32)

we obtain that either e^{iθ̃} = e^{iθ} and j, k ∈ Z , (2.33) or e^{iθ̃} = −e^{iθ} and j + 1 2 , k + 1 2 ∈ Z . (2.34)

For f(y, L) ∂_5f|_{(x}4_{,x}5_{)=(y,L)} = 0, the solutions are again just a subset of the solutions obtained when eq. (2.33) is satisfied, with e^{2iθ} = 1 and C^±_2 = ±C^±_1 .

– 6 –

The conclusion so far is that the most general folding boundary conditions that allow a nontrivial solution to the six-dimensional Klein-Gordon equation are given by Φ(x^μ, y, 0) = e^{inπ/2}Φ(x^μ, 0, y) , Φ(x^μ, y, L) = (−1)^le^{inπ/2}Φ(x^μ, L, y) , ∂_5Φ|_{(x}4_{,x}5_{)=(y,0)} = −e^{inπ/2} ∂_4Φ|_{(x}4_{,x}5_{)=(0,y)} , ∂_5Φ|_{(x}4_{,x}5_{)=(y,L)} = −(−1)^le^{inπ/2} ∂_4Φ|_{(x}4_{,x}5_{)=(L,y)} , (2.35)

where l, n are integers that can be restricted to n = 0, 1, 2, 3 and l = 0, 1. It is interesting that the folding boundary conditions do not depend on a continuous parameter, but rather there are only eight self-consistent choices.

Although two coefficients, C^+_{1,2}, remain unknown in the solution (2.30), they multiply two functions of x^4 and x^5 that either differ only by an interchange of j and k and a factor of e^{−iθ}, or are identical when k = 0. It turns out that we can keep only one of these two coefficients, and still form a complete set of functions on the square, which is the necessary and sufficient condition for having a general Fourier decomposition as in eq. (2.19). Furthermore, the normalization condition, 1 L^2 ∫_L 0 dx^4 ∫_L 0 dx^5 [ f^{(j,k)}(x^4, x^5) ]_∗ f^{(j′,k′)}(x^4, x^5) = δ_{j,j}′ δ_{k,k}′ , (2.36) determines the last coefficient up to a phase factor which we choose to be one. Explicitly, the solutions to eq. (2.21) can be written as

f^{(j,k)}_n (x^4, x^5) = 1 1 + δ_{j,0}δ_{k,0} [ e^{−inπ/2} cos π ( jx^4 + kx^5 L + n 2 ) + cos π ( kx^4 − jx^5 L + n 2 )] , (2.37) with j + l/2 and k + l/2 integers.

The functions f^{(j,k)}_n form a complete orthonormal set on the square if 1 L^2 ∑ j,k [ f^{(j,k)}_n (x^4, x^5) ]_∗ f^{(j,k)}_n (x^{′4}, x^{′5}) = δ(x^{′4} − x^4) δ(x^{′5} − x^5) . (2.38)

The allowed values for j and k must be chosen such that the above completeness condition is satisfied. In practice it is easier to observe first that f^{(−j,k)} n = (−1)^nf^{(j,−k)}_n = e^{inπ/2}f^{(k,j)}_n , (2.39)

so that it is sufficient to take j > 0, k ≥ 0 and j = k = 0.

Thus, for the boundary conditions with l = 0, j and k take all integer values with

j ≥ 1 − δ_{n,0}δ_{k,0} , k ≥ 0 . (2.40)

One can check that the completeness condition eq. (2.38) is then satisfied. We have obtained a tower of four-dimensional fields Φ^{(j,k)} labeled by two integers, with masses

M^{(j,k)} = √ M^2_0 + j^2 + k^2

R^2

. (2.41)

– 7 –

(j, k) (1,0) (1,1) (2,0)

(2, 1) (1, 2)

(2,2) (3,0)

(3, 1) (1, 3)

(3, 2) (2, 3)

(4,0) M_{j,k}R 1 √ 2 2 √ 5 2 √ 2 3 √ 10 √ 13 4

(j, k) (4, 1) (1, 4)

(3,3)

(4, 2) (2, 4)

(4, 3) (3, 4) (5, 0)

(5, 1) (1, 5)

(5, 2) (2, 5)

(4,4)

(5, 3) (3, 5)

(6,0)

M_{j,k}R √ 17 3 √ 2 2 √ 5 5 √ 26 √ 29 4 √ 2 √ 34 6

Table 1: KK modes with M_{j,k} ≤ 6M_{1,0}, obtained for folding boundary conditions with l = 0.

(j, k) (^1_2 ,^1_2 )

(^3_2 ,^1_2 ) (^1_2 ,^3_2 )

(^3_2 ,^3_2 )

(^5_2 ,^1_2 ) (^1_2 ,^5_2 )

(^5_2 ,^3_2 ) (^3_2 ,^5_2 )

(^5_2 ,^5_2 ) (^7_2 ,^1_2 ) (^1_2 ,^7_2 )

(^7_2 ,^3_2 ) (^3_2 ,^7_2 ) √ 2M_{j,k}R 1 √ 5 3 √ 13 √ 17 5 √ 29 Table 2: KK modes with M_{j,k} ≤ 6M 1_{2 ,} 1_2 , obtained for folding boundary conditions with l = 1.

As usual, we will refer to these fields as KK modes. The KK numbers, j and k, of the lightest KK modes are shown in table 1. For n = 0, there is an additional state: j = k = 0. This is a state of zero momentum (“zero mode”) along both compact dimensions.

For the boundary conditions with l = 1, j and k take all half-integer values satisfying j ≥ 1 2 , k ≥ 1 2 . (2.42)

In table 2 are listed the KK numbers and masses of the lightest KK modes in this case.

All the results obtained in this section for a complex scalar with n = 0 or n = 2 apply to the case of a real scalar field as well (note that f^{(j,k)}_n are complex functions for n = 1, 3).

3. Fermions on a square: chiral boundary conditions

We now turn to free spin-1/2 fields in six dimensions. The Clifford algebra is generated by six anti-commuting matrices: Γ^α, α = 0, 1, . . . , 5. The minimal dimensionality of these matrices is 8 × 8. The Γ matrices can be used to construct a spinor representation of the SO(1, 5) Lorentz symmetry, with the generators explicitly given by Σ^{αβ} 2 = i 4 [Γ^α, Γ^β ] . (3.1)

This Lorentz representation is reducible and contains two irreducible Weyl representations, which have different eigenvalues of the chirality operator. The two six-dimensional chiralities, labeled by + and −, are projected by the operators

P_± = 1 2 ( 1 ± Γ̄ ) , (3.2)

– 8 – where the six-dimensional chirality operator

Γ̄ = 1 6! ϵ_{α0α1···α5} Γ^{α0} Γ^{α1} · · · Γ^{α5}

= Γ^0Γ^1Γ^2Γ^3Γ^4Γ^5 (3.3)

is a self-adjoint matrix that anticommutes with all Γ^α’s. The chiral fermions in six dimensions have four components.

Upon compactification in the x^4, x^5 plane, the SO(1, 3) Lorentz symmetry generated by Σ^{μν} /2, μ, ν = 0, 1, 2, 3, remains unbroken. There are two chiralities under SO(1, 3), labeled as usual by L and R. These are projected by P_{L,R} = 1 2 ( 1 ± iΓ^0Γ^1Γ^2Γ^3 ) . (3.4)

A six-dimensional chiral fermion, Ψ_± ≡ P_±Ψ, decomposes into two fermions of definite chirality under SO(1, 3):

Ψ_±(x^μ, x^4, x^5) = Ψ_{±L} (x^μ, x^4, x^5) + Ψ_{±R} (x^μ, x^4, x^5) , (3.5)

where Ψ_{±L,R} ≡ P_{L,R}P_±Ψ . (3.6) As in section 2, we consider the compactification on a square: 0 ≤ x^4, x^5 ≤ L. For definiteness, we analyze the case of a chirality + fermion. At the end of this section we briefly comment on the differences for the − chirality. The action for a free six-dimensional chiral fermion is

S_Ψ = ∫ d^4x ∫_L 0 dx^4 ∫_L 0 dx^5 i 2 [ Ψ_+Γ^α∂_αΨ_+ − ( ∂_αΨ_+ ) Γ^αΨ_+ ] . (3.7)

Under an arbitrary variation of the field, δΨ_+(x^μ, x^4, x^5), the action has to be stationary both inside the square and on its boundary:

δS^v_Ψ = − ∫ d^4x ∫_L 0 dx^4 ∫_L 0 dx^5i ( ∂_αΨ_+ ) Γ^αδΨ_+ = 0 ,

δS^s_Ψ = i 2 ∫ d^4x [ ∫_L 0 dx^4 ( Ψ_+Γ^5δΨ_+ | |_{x5=L} − Ψ_+Γ^5δΨ_+ | |_{x5=0}) +

+ ∫_L 0 dx^5 ( Ψ_+Γ^4δΨ_+ | |_{x4=L} − Ψ_+Γ^4δΨ_+ | |_{x4=0}) ] = 0 . (3.8)

The first equation implies that Ψ_+ is a solution to the six-dimensional Weyl equation, which can be decomposed into two equations:

Γ^μ∂_μΨ_{+L} = − ( Γ^4∂_4 + Γ^5∂_5 ) Ψ_{+R} , Γ^μ∂_μΨ_{+R} = − ( Γ^4∂_4 + Γ^5∂_5 ) Ψ_{+L} . (3.9)

– 9 –

The second equation (3.8) restricts the values of Ψ_+ on the boundary:

Ψ_+Γ^4 δΨ_+ | (x^4,x^5)=(L,y) + Ψ+Γ

5 δΨ_+ | (x^4,x^5)=(y,L) −

− Ψ_+Γ^4 δΨ_+ | |_{(x4,x5)=(0,y)} − Ψ_+Γ^5 δΨ_+ | |_{(x4,x5)=(y,0)} = 0 , (3.10)

for any y ∈ [0, L].

We consider “folding” boundary conditions analogous to those imposed on the scalar field in section 2. The important feature of these boundary conditions is that they distinguish the four-dimensional chiralities. Explicitly, the phases that relate the fields on adjacent sides of the square are different for left- and right-handed fermions: Ψ_{+L,R} (x^μ, y, 0) = e^{iθL,R} Ψ_{+L,R} (x^μ, 0, y) , Ψ_{+L,R} (x^μ, y, L) = e^{iθ̃L,R} Ψ_{+L,R} (x^μ, L, y) , (3.11) for any y ∈ [0, L]. As in the case of scalars, the above equations imply that

∂_4Ψ_{+L,R} | (x^4,x^5)=(y,0) = e iθ_{L,R} ∂ 5Ψ_{+L,R} | (x^4,x^5)=(0,y) ,

∂_4Ψ_{+L,R} | (x^4,x^5)=(y,L) = e iθ̃_{L,R} ∂ 5Ψ_{+L,R} | (x^4,x^5)=(L,y) . (3.12)

The study of complex scalars presented in section 2 has shown that additional boundary conditions, eqs. (2.12), must be imposed on the field derivatives in order to have the same lagrangians at the identified points. We now show that in the case of fermions the boundary conditions eqs. (3.11) are sufficient to ensure the equality of the lagrangians at the identified points. To this end, we write the first equation of motion (3.9) at (x^4, x^5) = (0, y), multiply it by e^{iθL} , and subtract the same equation evaluated at (x^4, x^5) = (y, 0). Using then eqs. (3.12) and the identities

Γ^4P_LP_± = ∓iΓ^5P_LP_± , Γ^4P_RP_± = ±iΓ^5P_RP_± , (3.13)

we obtain

∂_4Ψ_{+R} |_{(x}4_{,x}5_{)=(0,y)} + ie^{−iθL} ∂_5Ψ_{+R} |_{(x}4_{,x}5_{)=(y,0)} = i [ 1 − ie^{i(θR−θL)} ] ∂_5Ψ_{+R} |_{(x}4_{,x}5_{)=(0,y)} . (3.14) Writing the second equation of motion (3.9) at (x^4, x^5) = (0, y), multiplying it by e^{iθR} , and subtracting the same equation evaluated at (x^4, x^5) = (y, 0) gives

∂_4Ψ_{+L} |_{(x}4_{,x}5_{)=(0,y)} − ie^{−iθR} ∂_5Ψ_{+L} |_{(x}4_{,x}5_{)=(y,0)} = i [ 1 + ie^{−i(θR −θL)} ] ∂_5Ψ_{+L} |_{(x}4_{,x}5_{)=(0,y)} . (3.15) Based on the above two equations, one can check that the lagrangian at (x^4, x^5) = (y, 0) is equal to the one at (x^4, x^5) = (0, y).

The same procedure gives two equations for the derivatives at (x^4, x^5) = (L, y) and (y, L) which are analogous to eqs. (3.14) and (3.15), except for the replacement of θ_{L,R} by θ̃_{L,R}. As a result, the lagrangians at (x4, x5) = (L, y) and (y, L) are also equal.

– 10 –

The boundary conditions (3.11) must satisfy the stationarity condition (3.10). Given that the field variations on opposite sides of the square are independent, and that the variations of Ψ_{+L} and Ψ_{+R} are independent at any point, eqs. (3.10) are satisfied if and only if [ 1 − ie^{i(θR−θL)} ] Ψ_{+L} (x^μ, 0, y)Γ^4Ψ_{+R} (x^μ, 0, y) = 0 , [ 1 − ie^{i(θ̃R−θ̃L)} ] Ψ_{+L} (x^μ, L, y)Γ^4Ψ_{+R} (x^μ, L, y) = 0 . (3.16)

We now show that eqs. (3.11), (3.14), (3.15) and (3.16) imply that both Ψ_{+L} and Ψ_{+R} satisfy the same boundary conditions as in the scalar case of section 2. To see this, note first that for e^{i(θL−θR)} = i (3.17) eqs. (3.14) and (3.15) take the form

∂_4Ψ_{+L,R} | |_{(x4,x5)=(0,y)} = −e^{−iθ}L,R ∂_5Ψ_{+L,R} | |_{(x4,x5)=(y,0)} , (3.18)

which is the same as the boundary condition for the scalar derivatives, eq. (2.12), with the identification e^{iθ′} = −e^{iθL,R} . Therefore, in this case we automatically obtain the restriction given by the relation (2.27) between θ and θ^′.

If eq. (3.17) is not assumed, then eq. (3.16) requires that either Ψ_{+R} or Ψ_{+L} vanish at the (0, y) points. These two cases yield the same result, so we present here only the Ψ_{+R} (0, y) = 0 case. Then, Ψ_{+R} (y, 0) = 0 due to the folding boundary condition eq. (3.11). The six-dimensional Dirac equation (3.9), together with the identity eq. (3.13), implies that (∂_4 + i∂_5)Ψ_{+L} |_{(x}4_{,x}5_{)=(y,0)} = (∂_4 + i∂_5)Ψ_{+L} |_{(x}4_{,x}5_{)=(0,y)} = 0 . (3.19) These two equations together with the folding boundary condition for Ψ_{+L} lead again to eq. (3.18) for Ψ_{+L} . Using eq. (3.18) to eliminate ∂_5Ψ_{+L} at (y, 0) in favor of ∂_4Ψ_{+L} at (0, y) on the left-hand side of eq. (3.15), then using eq. (3.19) to eliminate ∂_5Ψ_{+L} at (0, y) in favor of ∂_4Ψ_{+L} at (0, y) on its right-hand side, and observing that there are always values of y such that ∂_4Ψ_{+L} |_{(0,y)} ≠ 0, we recover eq. (3.17). Hence, the boundary condition (3.18) for Ψ_{+R} is also satisfied.

Similar conclusions (with θ_{L,R} replaced by θ̃_{L,R}) apply at (L, y) and (y, L):

e^{i(θ̃L−θ̃R)} = i , (3.20)

and the boundary conditions are those encountered in the scalar case.

We can now solve the six-dimensional Weyl equation. First we observe that the coupled first-order equations (3.9) imply that both Ψ_{+L} and Ψ_{+R} obey the six-dimensional Klein-Gordon equation for a massless field. Therefore, similarly to the case of a scalar discussed in section 2, Ψ_{+L} and Ψ_{+R} can be decomposed in Fourier modes. However, further complications arise because the Weyl fermions in six dimensions have four components, while in four dimensions they have two components. The Γ matrices can be written as the direct product of the usual four-dimensional γ matrices with the Pauli matrices:

Γ^μ = γ^μ ⊗ σ^0 , Γ^{4,5} = iγ_5 ⊗ σ^{1,2} , (3.21)

– 11 – where σ^0 is the 2 × 2 unit matrix. Note that Γ = γ_5 ⊗ σ^3. The KK decomposition can then be written as follows:

Ψ_{+L} (x^μ, x^4, x^5) = 1 L ∑ j,k f^{(j,k)}_{+L} (x^4, x^5)Ψ^{(j,k)}_{+L} (x^μ) ⊗ ( 1 0 ) ,

Ψ_{+R} (x^μ, x^4, x^5) = 1 L ∑ j,k f^{(j,k)}_{+R} (x^4, x^5)Ψ^{(j,k)}_{+R} (x^μ) ⊗ ( 0 1 ) , (3.22)

where f^{(j,k)}_{+L,R} are scalar functions of x^4 and x^5, while Ψ^{(j,k)}_{+L,R} are Weyl fermions in four dimensions. The γ matrices act on Ψ^{(j,k)}_{+L,R} , and the Pauli matrices act on the 2-columns shown in the above equation. The Ψ^{(j,k)}_{+L} and Ψ^{(j,k)}_{+R} fields form a Dirac fermion in four dimensions (iγ^μ∂_μ − M_{j,k}) ( Ψ^{(j,k)}_{+L} + Ψ^{(j,k)}_{+R} ) = 0 , (3.23) which explains why the real numbers j and k are the same for the KK decompositions of both Ψ^{(j,k)}_{+L} and Ψ^{(j,k)}_{+R} shown in eq. (3.22). The mass M_{j,k} turns out to be the same as in the scalar case, i.e., it is given by eq. (2.23).

Inserting the KK decomposition in the first-order equations (3.9) we obtain that f^{(j,k)}_{+L,R} must be solutions to

(∂_4 − i∂_5) f^{(j,k)}_{+R} = M_{j,k}f^{(j,k)}_{+L} , (∂_4 + i∂_5) f^{(j,k)}_{+L} = −M_{j,k}f^{(j,k)}_{+R} . (3.24)

Acting on the first equation with ∂_4 + i∂_5 and then using the second equation we find that f_{+R} satisfies the second-order equation encountered in the scalar case, eq. (2.21). Having also the same boundary conditions as for the scalars, as we discussed above, implies that f^{(j,k)}_{+R} is given by the right-hand side of eq. (2.37). Therefore, f^{(j,k)}_{+R} depends on an integer that can take four values, n^+_R = 0, 1, 2, 3, and for each of these cases there is a solution where j and k are integers (a case labeled by l^+ = 0), and a different solution (l^+ = 1) where they are half-integers. Given one of these solutions for f^{(j,k)}_{+R} , the first equation in (3.24) determines f^{(j,k)}_{+L} and gives a solution of the same form except for a shift by one in n^+_R and an overall phase factor: f^{(j,k)}_{+R} = f^{(j,k)}_{n+R} , f^{(j,k)}_{+L} = k + ij √ j^2 + k^2 f^{(j,k)}_{1+n+R} , (3.25)

where f^{(j,k)}_n is given by eq. (2.37).

To summarize, a chirality + fermion with an expansion in terms of the above KK wavefunctions, as in eq. (3.22), satisfies the boundary conditions

Ψ_{+R} (x^μ, y, 0) = e^{in+Rπ/2}Ψ_{+R} (x^μ, 0, y) , Ψ_{+R} (x^μ, y, L) = (−1)^{l+} e^{in+Rπ/2}Ψ_{+R} (x^μ, L, y) , ∂_5Ψ_{+R} |_{(x}4_{,x}5_{)=(y,0)} = −e^{in+Rπ/2} ∂_4Ψ_{+R} |_{(x}4_{,x}5_{)=(0,y)} ,

∂_5Ψ_{+R} |_{(x}4_{,x}5_{)=(y,L)} = −(−1)^{l+} e^{in+Rπ/2} ∂_4Ψ_{+R} |_{(x}4_{,x}5_{)=(L,y)} , (3.26)

– 12 – for the right-handed component, while for the left-handed component the same boundary conditions apply, except for n^+_R being replaced by

n^+_L = n^+_R + 1 mod 4 . (3.27)

The − chirality can be treated in an analogous fashion. The only difference compared to the + chirality discussed above arises from eq. (3.13), and leads to the interchange of L and R in the equations following eq. (3.13). Thus, Ψ_{−L} and Ψ_{−R} have folding boundary conditions characterized by two integers each, n^−_L , l^− and n^−_R, l^−, respectively, with n^−_L , n^−_R = 0, 1, 2, 3, l^− = 0, 1, and

n^−_L = n^−_R − 1 mod 4 . (3.28)

Their KK wave functions are related as follows: f^{(j,k)}_{−L} = f^{(j,k)}_{n−L} , f^{(j,k)}_{−R} = k + ij √ j^2 + k^2 f^{(j,k)}_{1+n−L} , (3.29)

where β is some arbitrary phase.

The KK spectrum of a six-dimensional chiral fermion consists of four-dimensional vector-like fermions of masses M_{jk}, as in tables 1 and 2. Only the zero-modes are fourdimensional chiral fermions. It is interesting that there are two kinds of zero-modes for each four-dimensional chirality: depending on whether the six-dimensional fermion has chirality + or −, the tower of KK modes that includes a left-handed zero-mode is paired with a tower of KK modes with wavefunctions of the f_3 or f_1 type, and vice-versa for a right-handed zero-mode.

The discussion in this section has been restricted so far to chiral six-dimensional fermions. It is also useful to analyze the case of a vector-like six-dimensional fermion, Ψ, of mass M_0. The boundary conditions and solutions to the field equations for Ψ_+ and Ψ_−, obtained independently above, continue to apply when both chiralities are present, provided the equality of lagrangians at identified points is satisfied. Therefore, the presence in the lagrangian of the mass term

−M_0ΨΨ = −M_0 ( Ψ_{+L} Ψ_{−R} + Ψ_{+R} Ψ_{−L} ) + h.c. (3.30)

relates the KK wave functions of the Ψ_+ and Ψ_− components of Ψ. The mass term is the same at identified boundary points when n^±_L = n^∓_R. Another implication of the sixdimensional mass term is that the M_{j,k} mass of a KK mode is now replaced by a matrix: ( Ψ^{(j,k)}_{+L} , Ψ^{(j,k)}_{−L} ) ( M_{j,k} M_0 M^∗_0 −M_{j,k} ) ( Ψ^{(j,k)}_{+R} Ψ^{(j,k)}_{−R} ) . (3.31)

Both eigenvalues are equal to (M^2_0 + M^2_{j,k})^{1/2}, which is the same as the mass of the (j, k) mode of a scalar with bulk mass M_0. Thus, a vector-like six-dimensional fermion includes two degenerate towers of vector-like KK modes, and at most a single vector-like j = k = 0 state of mass M_0 (when n^+_L n^−_L = 0). Note that this is also the case for the T^2/Z_2 orbifold [16], and that the degeneracy is lifted by loops if Ψ_+ and Ψ_− have different interactions [22].

– 13 –

4. Symmetries

So far we have analyzed free scalar and fermion fields, and found that the equations of motion have nontrivial solutions only if the phases associated with the folding boundary conditions are restricted to a discrete set of values. In this section we show that those restrictions lead to the existence of certain symmetries that are obeyed in theories with any number of scalar and fermion fields, and with any type of local six-dimensional Lorentzinvariant interactions.

4.1 Z_8 × Z^{AP}_2 invariance

Consider a theory with a number of six-dimensional complex scalar fields, Φ_i(x^μ, x^4, x^5) with i = 1, . . . , p. By studying the free part of the lagrangian, as we did above, each of these is subject to folding boundary conditions as in eq. (2.35), but the integers n_i = 0, 1, 2, 3 and l_i = 0, 1 that determine the boundary conditions may differ for different fields, and are therefore labeled by a flavor index i.^1 The most general interactions involving these fields which do not involve derivatives are of the type p∏ i=1 (Φ_i)^{mi} (Φ^†_i )^{m′i} , (4.1)

where m_i, m^′_i ≥ 0 are integers. The key fact, which follows from the form of the folding boundary conditions, eq. (2.35), is that equality of the lagrangians at the identified boundary points (y, 0) and (0, y) requires that the overall phase difference is a multiple of 2π:_p ∑ i=1 n_i(m_i − m^′_i) = 0 mod 4 . (4.2)

This equation implies that all such interaction terms are invariant under the Z_4 transformations Φ_i(x^μ, x^4, x^5) → e^{−iniπ/2}Φ_i(x^μ, x^4, x^5) . (4.3)

Furthermore, equality of the lagrangians at the identified boundary points (y, L) and (L, y) requires in addition_p ∑ i=1 l_i(m_i − m^′_i) = 0 mod 2 , (4.4)

so that the operators (4.1) are invariant under the additional Z_2 transformations

Φ_i(x^μ, x^4, x^5) → (−1)^{li} Φ_i(x^μ, x^4, x^5) . (4.5)

We will refer to this Z_2 symmetry as Z^{AP}_2 .

1If the Φi span a representation of a non-abelian internal symmetry, it may be possible to impose eqs. (2.9) and (2.13) with Φ = (Φ1, . . . , Φp) and the phase e^{iθ} replaced by a matrix. This may be interesting as a higher dimensional mechanism for symmetry breaking [23], but we do not consider this possibility here.

– 14 –

The six-dimensional Lorentz invariance ensures that the operators that include derivatives in the most general way are also invariant under the above Z_4 and Z^{AP}_2 transformations. To see this, recall first that only the derivatives of a field along the compact dimensions have boundary conditions with an n integer different than for the field itself:

(∂_4 ± i∂_5) Φ_i|_{(x}4_{,x}5_{)=(y,0)} = e^{−i(ni∓1)π/2} (∂_4 ± i∂_5) Φ_i|_{(x}4_{,x}5_{)=(0,y)} . (4.6)

Six-dimensional Lorentz invariance allows only two types of combinations of derivatives,

∂^αΦ_1∂_αΦ_2 = ∂^μΦ_1∂_μΦ_2 + 1 2 [(∂_4 + i∂_5) Φ_1 (∂_4 − i∂_5) Φ_2 + + (∂_4 − i∂_5) Φ_1 (∂_4 + i∂_5) Φ_2]

ϵ^{α1···α6} ∂_{α1} Φ_1 · · · ∂_{α6} Φ_6 = i 2 ∑ ϵ^{μ1···μ4} ∂_{μ1} Φ_{i1} · · · ∂_{μ4} Φ_{i4} × (4.7) × [(∂_4 + i∂_5) Φ_{i5} (∂_4 − i∂_5) Φ_{i6} − (∂_4 − i∂_5) Φ_{i5} (∂_4 + i∂_5) Φ_{i6} ] ,

where the sum in the right-hand side of the second equation is over the permutations of the set of indices {i_1, . . . , i_6} = {1, . . . , 6}. From eq. (4.6) then follows that even in the presence of derivatives the equality of the lagrangians at the identified boundary points requires that eqs. (4.2) and (4.4) be satisfied. Therefore, the scalar action is invariant under a Z_4 × Z^{AP}_2 symmetry defined by eqs. (4.3) and (4.5). We will refer to the n_i and l_i that characterize the folding boundary conditions of Φ_i as the Z_4 × Z^{AP}_2 charges of Φ_i.

In the case of fermions, the same results clearly apply to operators where all the derivatives have Lorentz indices contracted among themselves. However, the gamma matrices also carry Lorentz indices, and when these are contracted with the indices of the derivatives the equality of the lagrangians at (y, 0) and (0, y) leads to additional constraints. For example, a kinetic term iΨ^i_+Γ^α∂_αΨ^i_+, where the upper index i labels different flavors, includes a piece iΨ^i_{+L} ( Γ^4 + iΓ^5 ) (∂_4 − i∂_5) Ψ^i_{+R} (4.8) which is consistent with the folding boundary conditions only if n^+_{Ri} − n^+_{Li} = −1 [see eq. (3.26)]. Thus, for fermions, the naive Z_4 transformation eq. (4.3) is not a symmetry.

However, the fermion kinetic term is invariant under the Z_8 transformations Ψ^i_{±R}(x^μ, x^4, x^5) → e^{−i(±1/2+n±Ri)π/2}Ψ^i_{±R}(x^μ, x^4, x^5) , Ψ^i_{±L}(x^μ, x^4, x^5) → e^{−i(∓1/2+n±Li )π/2}Ψ^i_{±L}(x^μ, x^4, x^5) , (4.9)

where we also included the transformations for the − chirality. To see that the above transformation is a symmetry of a theory with any interactions, we first note that it can be written as

Ψ^i(x^μ, x^4, x^5) → Ψ^{′i}(x^μ, x^4, x^5) ≡ e^{−i(π/2)Σ45 /2}Ψ^i(x^μ, −x^5, x^4) , (4.10)

where Ψ^i is a six-dimensional spinor and we used the fact that the fermion fields on the folded square satisfy

Ψ^i_{±R}(x^μ, −x^5, x^4) = e^{−in±Riπ/2}Ψ^i_{±R}(x^μ, x^4, x^5) , Ψ^i_{±L}(x^μ, −x^5, x^4) = e^{−in±Liπ/2}Ψ^i_{±L}(x^μ, x^4, x^5) , (4.11)

– 15 – which follow from the corresponding property of the KK wavefunctions in eq. (2.37),

f^{(j,k)}_n (−x^5, x^4) = e^{−inπ/2}f^{(j,k)}_n (x^4, x^5) . (4.12)

It is now clear that the transformations (4.9) correspond to a rotation by π/2 in the plane of the compact dimensions around the point (x^4, x^5) = (0, 0), given that the fields initially defined on the square 0 < x^4, x^5 < L can be analytically continued to the whole plane.

All local operators in the (compactified) six-dimensional theory are restricted by the six-dimensional Lorentz symmetry and in particular by the transformations (4.10). More precisely, such operators satisfy O [ Ψ^{′i1} (x^α), Ψ^{′i2} (x^α), ∂ ∂x^α ] = O [ Ψ^{i1} (x^{′α}), Ψ^{i2} (x^{′α}), ∂ ∂x^{′α} ] ≡ O(x^′) (4.13)

where Ψ^{′i}(x^α) are the Lorentz transformed fields. Equation (4.13) is the statement that the local operators that may appear in the six-dimensional lagrangian are Lorentz scalars. The six-dimensional Lorentz symmetry is broken by compactification, but this does not relax the restriction (4.13) on local operators. For the transformation (4.10), the left-hand side in eq. (4.13) can be written as O [ Ψ^{′i1}_{±R,L}(x^α), Ψ^{′i2}_{±R,L}(x^α), ∂ ∂x^α ] = e^{i(π/2)} (∑ i2 q_{i2} − ∑ i1 q_{i1} ) O(x) , (4.14)

where q_i = ±1/2 + n_i are the appropriate charges as defined in eq. (4.9). In addition, the equality of the lagrangians at (0, y) and (y, 0) implies that O(x^′) | |_{(x′4,x′5)=(0,y)} = O(x)|_{(x4,x5)=(y,0)} , (4.15)

which together with eqs. (4.13) and (4.14) requires ∑ i_2 q_{i2} − ∑ i_1

q_{i1} = 0 mod 4 . (4.16)

Therefore, imposing the equality of the lagrangians at (y, 0) and (0, y) relates the integers n_i that characterize the boundary conditions for the various fields in such a way that the theory is invariant under (4.9).

Finally, as in the scalar case, equality of the lagrangians at the (y, L) and (L, y) boundaries implies that the theory is invariant under the Z^{AP}_2 transformation

Ψ^i_±(x^μ, x^4, x^5) → (−1)^{l±} Ψ^i_±(x^μ, x^4, x^5) , (4.17)

where the same l^± applies to both four-dimensional chiralities L and R belonging to a given six-dimensional fermion Ψ^i_±.

In general, quantum loops contain divergences which correspond to localized counterterms at the points (0, 0) and (L, L). This is similar to the situation of a fifth dimension compactified on the interval (the S^1/Z_2 orbifold), where localized operators are generated at the boundaries [24]. Furthermore, the six-dimensional theory could include such localized operators at tree level, with coefficients determined by the matching, at the six-dimensional

– 16 – cutoff scale Λ, between the compactified six-dimensional theory and its UV completion. One may worry that such operators could violate the symmetries discussed above. We note, however, that by virtue of their locality such operators are still tightly constrained by the six-dimensional spatial symmetries. What is special about the “fixed points” (0, 0) and (L, L) is that they correspond to the location of physical objects, or “branes”, with attributes such as tension, etc. In particular, their presence allows to distinguish the four dimensions parallel to the brane from the two dimensions transverse to it, breaking the sixdimensional Lorentz invariance.^2 The key point, however, is that in our compactification the space in the vicinity of the “branes” has a rotational symmetry in the transverse dimensions. In fact, the brane locations correspond to conical singularities, with deficit angles of 3π/2. Thus, the brane-localized operators should be explicitly SO(3, 1) × SO(2) invariant. Since our argument above, eqs. (4.13)–(4.16), was based only on the SO(2) rotational symmetry, we conclude as before that its Z_8 subgroup is an exact symmetry of the compactified theory. The Z^{AP}_2 symmetry associated with fields with l^± = 1 is clearly also a symmetry of the localized operators. The other corners of the square, (L, 0) and (0, L), which are identified, have a conical singularity with a deficit angle of π, and the SO(2) rotational symmetry also ensures that any operators localized there are invariant under Z_8.

We have shown that the fact that there are eight possible boundary conditions that allow a nontrivial solution to the equation of motion leads to a Z_8 × Z^{AP}_2 symmetry. Under the Z_8 symmetry a fermion of chirality +_R or −_L has charge 1/2 + n, a fermion of chirality −_R or +_L has charges −1/2 + n, and a scalar has charge n, where n = 0, 1, 2, 3 defines the boundary conditions (2.35) on two adjacent sides of the square. Any operator is Z_8 invariant if the total charge is a multiple of four. Under the Z^{AP}_2 symmetry, any field has a charge l = 0, 1, where l fixes the relative sign between the boundary conditions on the two pairs of identified sides of the square, as in eq. (2.35).

4.2 Kaluza-Klein parity

Next we will show that besides the Z_8 × Z^{AP}_2 symmetry discussed so far there is another discrete symmetry that restricts the interactions among KK modes.

Let us first concentrate on theories where all fields have l = 0 (but with no restriction on n). Under reflections (or, equivalently, rotations by π) about the center of the square (L/2, L/2), (x^4, x^5) → (L − x^4, L − x^5) , (4.18)

the folding boundary conditions [see eqs. (2.35) and (3.26)] are invariant because the conditions that relate l = 0 fields at (0, y) and (y, 0) are interchanged with the ones at (L, y) and (y, L). Furthermore, the six-dimensional lagrangian is invariant under

Φ(x^μ, x^4, x^5) → Φ(x^μ, L − x^4, L − x^5) (scalars) , Ψ_±(x^μ, x^4, x^5) → e^{−iπΣ45 /2} Ψ_±(x^μ, L − x^4, L − x^5) (fermions) , (4.19)

2The branes, and the operators localized on them, should be reparametrization invariant under both six-dimensional coordinate, as well as brane (“worldsheet”) coordinate transformations. This is simply the statement that the brane, as a physical object, should have a geometric description. Therefore, there is a sense in which these operators are still constrained by local six-dimensional Lorentz transformations.

– 17 – where the phases are given by ∓i for Ψ_{±R} and ±i for Ψ_{±L}. Thus, the six-dimensional action is also invariant under the above transformations. Consequently, the KK wavefunctions of type n are mapped into fields of the same type n. Explicitly, eq. (2.37) implies

f^{(j,k)}_n (L − x^4, L − x^5) = (−1)^{j+k+n}f^{(j,k)}_n (x^4, x^5) . (4.20)

It follows that all bulk interactions, when decomposed into KK modes, give rise to interaction terms invariant under

Φ^{(j,k)}(x^μ) → (−1)^{j+k+n} Φ^{(j,k)}(x^μ) , (4.21) Ψ^{(j,k)}_{±R,L}(x^μ) → (−1)^{j+k+q} Ψ^{(j,k)}_{±R,L}(x^μ) , (4.22) where Φ^{(j,k)}(x^μ), Ψ^{(j,k)}_{±R,L}(x^μ) are the KK modes as defined in eqs. (2.19) and (3.22), and the charges for the fermions, q = ±1/2 + n, are as given in eq. (4.9). Since the Z_8 symmetry discussed in the previous subsection requires that ∑ i n_i and ∑ i q_i are even for all interactions, the theory is actually invariant under the Z_2 transformation

Υ^{(j,k)}(x^μ) → (−1)^{j+k} Υ^{(j,k)}(x^μ) , (4.23)

where Υ stands for either scalars or fermions. Due to the dependence on KK numbers of the above transformation, we refer to this symmetry as KK-parity, and we denote it by Z^{KK}_2 .

We should note that operators localized at the points (0, 0) and (L, L) can potentially spoil this KK parity, unless they appear symmetrically on the two branes. The loop induced localized operators automatically satisfy this requirement, and therefore it is natural for the above theories to contain the KK-parity symmetry eq. (4.23), which implies that the lightest KK mode, with (j, k) = (1, 0), is stable, and a good dark matter candidate [25, 26].

When fields with l = 1 are present, the folding boundary conditions (2.35) for l = 1 imply that under the reflection eq. (4.18), fields of type (n, l = 1) are mapped into fields of type (n + 2, l = 1). Explicitly,

f^{(j,k)}_{n,l=1}(L − x^4, L − x^5) = (−1)^{j+k+n}f^{(j,k)}_{n+2,l=1}(x^4, x^5) . (4.24)

Therefore, in order for the transformation (4.18) to be a symmetry of a theory containing l = 1 fields, it is necessary that both (n, l = 1) and (n + 2, l = 1) fields be present. We note, however, that independently of whether the transformation (4.18) is a symmetry of the theory, when fields with l = 1 are present the lightest KK mode is a (j, k) = (1/2, 1/2) state, which due to the Z^{AP}_2 symmetry discussed in the previous subsection [see eqs. (4.5) and (4.17)] is stable and can only be pair produced.

5. Interactions of the Kaluza-Klein modes

It is instructive to analyze how the symmetries discussed in the previous section are realized in the KK picture. To this end, one has to integrate products of KK wave-functions over the square. Recall that the KK wave-functions for both scalars and fermions, f^{(j,k)}_n (x^4, x^5),

– 18 – are given by eq. (2.37), with j = 0 only if n = k = 0, and j > 0 otherwise. These have the property (∂_4 ± i∂_5) f^{(j,k)}_n (x^4, x^5) = iπ L (j ± ik)f^{(j,k)}_{n∓1} (x^4, x^5) , (5.1)

and therefore, whether or not an operator involves derivatives, its integral over the square is of the type 1 L^2 ∫_L 0 dx^4 ∫_L 0 dx^5 f^{(j1,k1)} n_1 · · · f (j_r,k_r) n_r = 2^{2−r}Δ^{(j1,k1)···(jr,kr)} n_1···n_r (1 + δ_{j1,0}) · · · (1 + δ_{jr,0})

(5.2)

where r is the total number of fields that appear in the operator. The Z_8 symmetry restricts the products of KK wave-functions to satisfy

n_1 + · · · + n_r = 0 mod 4 . (5.3)

In what follows we restrict attention only to fields with folding boundary conditions of the type l = 0, for which j and k are integers. In order to compute Δ^{(j1,k1)···(jr,kr)}_{n1···nr} it is convenient to observe that the basic integral is I(j, k) ≡ 1 L^2 ∫_L 0 dx^4 ∫_L 0 dx^5 e^{iπ(jx4+kx5)/L} , (5.4) which satisfies I(j, k) + I(−j, −k) + I(k, −j) + I(−k, j) = 4δ_{j,0}δ_{k,0} . (5.5) This property follows from the analytical continuation of the I(j, k) integrals to the −L < x^4, x^5 < L region.

For a trilinear interaction (r = 3) the result is Δ^{(j1,k1)(j2,k2)(j3,k3)} n_1,n_2,n_3 = 7δj1,0δj2,0δj3,0 + δj1+j2,j3 δk1+k2,k3 e in_3π + (5.6) +δ_{j2+j3,j1} δ_{k2+k3,k1} e^{in1π} + δ_{j3+j1,j2} δ_{k3+k1,k2} e^{in2π} + +δ_{j1+k2,j3} δ_{j2+k3,k1} e^{i(n2/2+n3)π} + δ_{j1+k3,j2} δ_{j3+k2,k1} e^{i(n3/2+n2)π} + +δ_{j2+k3,j1} δ_{j3+k1,k2} e^{i(n3/2+n1)π} + δ_{j2+k1,j3} δ_{j1+k3,k2} e^{i(n1/2+n3)π} + +δ_{j3+k2,j1} δ_{j2+k1,k3} e^{i(n2/2+n1)π} + δ_{j3+k1,j2} δ_{j1+k2,k3} e^{i(n1/2+n2)π} . Note that the first term is nonzero only when all the KK modes are (0,0), while the other nine terms are generic, describing interactions of various KK modes. In general, for an interaction involving r fields, there are t_r = (2^{r−1} − 1)^2 generic terms and a term applying only to zero-modes of coefficient 4^{r−1} − t_r.

A particular case of interest for phenomenological applications is the interaction of a number of zero modes with two higher modes. The integral over the square gives simply 1 L^2 ∫_L 0 dx^4 ∫_L 0 dx^5 f^{(j1,k1)} n f^{(j2,k2)}_{−n} f^{(0,0)}_0 · · · f^{(0,0)}_0 = δ_{j1,j2} δ_{k1,k2} e^{−inπ} . (5.7)

– 19 –

(2j, 2k) , (j + k, −j + k) , (j − k, j + k) , (0, 0) (j, k)

(j, k) (j, k)

(0, 0)

(0, 0)

Figure 2: Effective interaction of two zero modes with a higher KK mode.

Eq. (5.6) provides the tree-level selection rules for a trilinear interaction. Given the KK numbers of two of the fields, (j_1, k_1) and (j_2, k_2), the KK numbers of the third field are given by one of the following pairs:

(j_3, k_3) = (j_1 + j_2 , k_1 + k_2) , (j_1 − j_2 , k_1 − k_2) , (−j_1 + j_2 , −k_1 + k_2) , (j_1 + k_2 , k_1 − j_2) , (j_1 − k_2 , k_1 + j_2) , (k_1 + j_2 , −j_1 + k_2) , (−k_1 + j_2 , j_1 + k_2) , (k_1 − k_2 , −j_1 + j_2) , (−k_1 + k_2 , −j_1 + j_2) . (5.8)

All these choices are consistent with the KK parity discussed in the previous section, as they satisfy the condition that both j_1 + j_2 + j_3 and k_1 + k_2 + k_3 are even. However, not all values for (j_3, k_3) allowed by KK parity are generated by the bulk interactions at tree level. As in the five-dimensional case discussed in ref. [22], the other values for (j_3, k_3) are generated by loops. For example, there is no tree-level coupling of two zero modes to a higher mode, while at one loop there is a coupling of two zero modes to the (2j, 2k), (j + k, −j + k) and (j − k, j + k) modes of n = 0 fields, for any integer values of j, k, as shown in figure 2.

6. Connection to orbifold theories

We now mention the relation between the compactification on the folded square that we are studying and orbifold compactifications. As has become clear from the discussion in subsection 4.1 there is a close connection between the theory on the folded square and rotations by π/2 in an extended theory valid on the larger square −L ≤ x^4, x^5 ≤ L (or even the full plane). In fact, the theories we are studying can be obtained by starting from fields defined on the whole six-dimensional space subject to periodic or anti-periodic boundary conditions

Φ^{[p]}(x^μ, x^4 + 2L, x^5) = Φ^{[p]}(x^μ, x^4, x^5 + 2L) = Φ^{[p]}(x^μ, x^4, x^5) , (6.1) or Φ^{[a]}(x^μ, x^4 + 2L, x^5) = Φ^{[a]}(x^μ, x^4, x^5 + 2L) = −Φ^{[a]}(x^μ, x^4, x^5) . (6.2)

Fields that satisfy the periodic boundary condition are identified with our l = 0 fields, while those that satisfy the anti-periodic one correspond to our l = 1 fields. In order to

– 20 – consistently impose the anti-periodic boundary condition, eq. (6.2), it is necessary that the underlying lagrangian has a parity symmetry Φ^{[a]} → −Φ^{[a]}, which corresponds to the Z^{AP}_2 parity found in subsection 4.1 [see eqs. (4.5) and (4.17)].

Next, one can use the fact that the theory so defined has a symmetry under rotations by π/2 about (x^4, x^5) = (0, 0) to perform a further “orbifold” projection. For scalars it reads Φ(x^μ, −x^5, x^4) = e^{iθ}Φ(x^μ, x^4, x^5) , (6.3)

where an internal U(1) symmetry has been assumed that allows us to identify fields at rotated points up to a phase. For fermions, the orbifold projection is

e^{−i(π/2)Σ45 /2}Ψ(x^μ, −x^5, x^4) = e^{iθ}Ψ(x^μ, x^4, x^5) . (6.4)

We have explicitly shown in our derivation in sections 2 and 3 that from all possible phases that are allowed a priori, only those satisfying θ = nπ/2 with n = 0, 1, 2, 3 allow for nontrivial solutions. The above comments further show that the compactification on the folded square is equivalent to a T^2/Z_4 field-theory orbifold, where the Z_4 corresponds to rotations by π/2 in the plane of the compactified dimensions and the fields on the torus T^2 may be periodic (l = 0) or anti-periodic (l = 1). Consequently, the KK wave-functions for scalars^3 and fermions shown in eqs. (2.37) and (3.25), as well as the symmetries discussed in section 4 are identical with the ones that can be derived by starting from the T^2/Z_4 compactification.

7. Summary

We conclude with a recapitulation of our main results regarding six-dimensional field theories with two dimensions compactified on a square. The boundary conditions prescribe the identification of two pairs of adjacent sides of the square, and the equality of lagrangian densities at identified points.

A field has values at pairs of identified points which may differ by a symmetry transformation. In the case of a complex scalar there is a U(1) symmetry, so that the field values may differ by a phase. In general, the phase difference of a pair of adjacent sides need not be equal to the phase difference of the other pair. We refer to these as the “folding” boundary conditions, and to the compactification in general as the “folded square”. We have shown that the compactification is smooth everywhere, in the sense that the derivative of the field in the direction perpendicular to the identified boundaries is continuous up to a phase.

The field equation has nontrivial solutions only if the phase that relates field values at identified points is nπ/2, n = 0, 1, 2, 3. In addition, the phases associated with the two pairs of identified sides may differ by lπ, l = 0, 1. The most general folding boundary conditions that allow solutions to the field equation for a complex scalar, labeled by the two integers n and l, is given by eq. (2.35).

3The KK wave-functions derived in section 2 [see eq. (2.37)] agree with the ones given in eq. (3.12) of ref. [4] except for a typo in that equation (t^3fp_y ,−p_z should read t^3fp_z ,−p_y , and t^3fp,0 should read t^3f0,p).

– 21 –

It turns out that a folded square of size L is equivalent to the compactification on a T^2/Z_4 orbifold where the T^2 is a torus of size 2L. For a theory involving arbitrary interactions, the Z_4 symmetry is a requirement for the theory on the orbifold, whereas on the folded square the same symmetry arises from the equality of the lagrangian densities at identified points, combined with local six-dimensional Lorentz invariance. The four values of n are the possible values of the charge of the scalars under the Z_4 symmetry, while the two values of l correspond to periodic (l = 0) and anti-periodic (l = 1) boundary conditions on T^2. The equality of the lagrangian densities at identified points also implies the existence of a Z_2 symmetry, which we label Z^{AP}_2 , under which the fields have charge l.

The wave functions of the KK modes, f^{(j,k)}_n (x^4, x^5), can be written as the sum of two cosines, as in eq. (2.37). They depend on two KK numbers, j, k ≥ 0, which are integers for l = 0 and half-integers for l = 1. Only the fields with n = l = 0 have a zero mode, i.e., j = k = 0. The completeness condition allows all the k = 0 states but none of the j = 0 ones, except for the zero-mode.

Most of the above conclusions apply to fermions as well, with additional intricacies related to chirality. In the case of a six-dimensional chiral fermion, the Dirac equation has non-trivial solutions only if the folding boundary conditions for the left- and right-handed four-dimensional chiralities are different. This is a key property that allows the embedding of a four-dimensional chiral theory, such as the standard model, into a six-dimensional theory with bulk fermions. Specifically, the left- and right-handed components of a fermion of six-dimensional chirality ± have folding boundary conditions with values for n that differ by ±1 mod 4. In particular, if the +_L or −_R (−_L or +_R) chirality has a zero mode, then the +_R or −_L (+_L or −_R) chirality has a wave function of type n = 3 (n = 1). The phases of the KK wave functions for the left- and right-handed components are also correlated, their difference being given by the complex phase of k ± ij in the case of six-dimensional chirality ±.

One difference compared to scalar theories is that in the presence of fermions the Z_4 symmetry of the action is promoted to a Z_8 symmetry. This is a consequence of the sixdimensional Lorentz symmetry, or more precisely of the invariance under rotations by π/2 in the (x^4, x^5) plane. In the context of the T^2/Z_4 orbifold [1], the Z_8 symmetry is the group of rotations by π/2 around the center of T^2. From the point of view of the folded square, Z_8 is an internal symmetry, with fermions carrying discrete charge q = Σ_{45}/2 + n, where Σ_{45} has eigenvalue ∓1 for the ±_L chiralities, and ±1 for the ±_R chiralities. For a scalar with folding boundary conditions of type n, the Z_8 charge is n. The Z_8 symmetry requires that all operators in the four-dimensional effective theory have a Z_8 charge given by 0 mod 4. In ref. [1], it has been shown that for the standard model in six dimensions the Z_8 symmetry ensures a lifetime for the proton longer than the current experimental bounds, even in the presence of baryon number violation at the TeV scale. Another implication is that Majorana masses are forbidden (the implications for neutrino masses are discussed in ref. [17]). Although we restricted attention in this paper only to fermions and scalars, the derivation of the Z_8 symmetry is based on general arguments regarding the six-dimensional Lorentz symmetry, which hold in the presence of fields of any spin. The interesting case of gauge fields will be analyzed in ref. [27].

– 22 –

In theories where all fields satisfy boundary conditions with l = 0, the above Z^{AP}_2 symmetry becomes trivial. In this situation, however, the folded square compactification has one more symmetry, namely invariance under reflection with respect to the center of the square. In contrast to the above Z_8 × Z^{AP}_2 symmetry, which assigns a unique charge to the whole tower of KK modes belonging to a six-dimensional field (of given fourdimensional chirality, in the case of fermions), the symmetry under reflection distinguishes between KK modes. Therefore, this symmetry is a KK parity, and we label it by Z^{KK}_2 . A (j, k) mode changes sign (remains invariant) under reflection if j + k is odd (even). The Z^{KK}_2 symmetry is similar to the KK parity of five-dimensional theories compactified on the S^1/Z_2 orbifold, which is invariance under reflection with respect to the center of the interval. In six dimensions, however, reflection is part of the Lorentz symmetry, namely it is a rotation by π. Therefore, any field theory on the folded square has an exact Z_8 × Z_2 symmetry, as a consequence of the equality of lagrangian densities at identified points and of the six-dimensional Lorentz symmetry. If fields that satisfy boundary conditions with l = 1 are present, then Z_2 = Z^{AP}_2 . When all fields satisfy boundary conditions with l = 0, then Z_2 = Z^{KK}_2 . In either case, the Z_2 symmetry guarantees the stability of the lightest Kaluza-Klein mode, which may play the role of dark matter [25, 26].

The KK parity has important consequences on theories defined on the folded square, since it provides a selection rule for any interaction: the sum of all KK numbers entering a vertex should be even. The bulk interactions generate at tree level only a subset of these vertices [see eq. (5.8) for the case of a trilinear interaction], but quantum loops generate the other ones, similarly to the five-dimensional case studied in [22].

In the compactification on the folded square, the corners of the square correspond to conical singularities. Two of the points are identified, while the other two points are the fixed points of the T^2/Z_4 orbifold. Typically, loops generate operators localized at these points with divergent coefficients. This suggests that physics at the cut-off scale could generate additional contributions to the operators localized at these points. Nevertheless, such contributions are expected to be Z_8 invariant because the space in the vicinity of the corners has rotational symmetry. Moreover, as long as the underlying dynamics that induces contributions at the cut-off scale does not distinguish between the fixed points, the Z^{KK}_2 symmetry is also preserved by any localized operators. When fields satisfying boundary conditions with l = 1 are present, the Z^{KK}_2 parity is generically broken by their boundary conditions, but a new Z_2 = Z^{AP}_2 symmetry emerges, as mentioned above.

On the other hand, operators localized at the fixed points may perturb the KK spectrum. At tree level, the squared KK masses are given by (j^2 + k^2)(π/L)^2 plus the squared mass of the six-dimensional field. Further contributions induced by loops include both finite pieces due to bulk kinetic terms and divergent pieces due to kinetic terms localized at the fixed points, as shown in [22]. Likewise, contributions from physics above the cut-off scale to kinetic terms localized at the fixed points would modify the KK masses.

The folded square is a simple compactification of two extra dimensions that allows the existence of chiral fermions in the four-dimensional effective theory. Topologically, the boundary reduces to only a couple of points, and therefore this compactification has good

– 23 – prospects for being the low energy behavior of some underlying dynamics. Furthermore, the folded square has an intriguing symmetry structure. It would therefore be interesting to compactify various six-dimensional extensions of the standard model on the folded square.

Acknowledgments

We would like to thank Gustavo Burdman for collaboration during earlier stages of this work, and for many insightful conversations. This work was supported by DOE under contract DE-FG02-92ER-40704.

References

[1] T. Appelquist, B.A. Dobrescu, E. Ponton and H.-U. Yee, Proton stability in six dimensions, Phys. Rev. Lett. 87 (2001) 181802 [hep-ph/0107056].

[2] N. Arkani-Hamed, H.-C. Cheng, B.A. Dobrescu and L.J. Hall, Self-breaking of the standard model gauge symmetry, Phys. Rev. D 62 (2000) 096006 [hep-ph/0006238].

[3] M. Hashimoto, M. Tanabashi and K. Yamawaki, Top mode standard model with extra dimensions, Phys. Rev. D 64 (2001) 056003 [hep-ph/0010260].

[4] C. Csáki, C. Grojean and H. Murayama, Standard model Higgs from higher dimensional gauge fields, Phys. Rev. D 67 (2003) 085012 [hep-ph/0210133].

[5] C.A. Scrucca, M. Serone, L. Silvestrini and A. Wulzer, Gauge-Higgs unification in orbifold models, J. High Energy Phys. 02 (2004) 049 [hep-th/0312267].

[6] B.A. Dobrescu and E. Poppitz, Number of fermion generations derived from anomaly cancellation, Phys. Rev. Lett. 87 (2001) 031801 [hep-ph/0102010].

[7] M. Fabbrichesi, M. Piai and G. Tasinato, Axion and neutrino physics from anomaly cancellation, Phys. Rev. D 64 (2001) 116006 [hep-ph/0108039].

[8] N. Borghini, Y. Gouverneur and M.H.G. Tytgat, Anomalies and fermion content of grand unified theories in extra dimensions, Phys. Rev. D 65 (2002) 025017 [hep-ph/0108094].

[9] M. Fabbrichesi, R. Percacci, M. Piai and M. Serone, Cancellation of global anomalies in spontaneously broken gauge theories, Phys. Rev. D 66 (2002) 105028 [hep-th/0207013].

[10] J.M. Frere, M.V. Libanov and S.V. Troitsky, Neutrino masses with a single generation in the bulk, J. High Energy Phys. 11 (2001) 025 [hep-ph/0110045].

[11] T. Watari and T. Yanagida, Higher dimensional supersymmetry as an origin of the three families for quarks and leptons, Phys. Lett. B 532 (2002) 252 [hep-ph/0201086].

[12] A. Hebecker and J. March-Russell, The structure of GUT breaking by orbifolding, Nucl. Phys.

B 625 (2002) 128 [hep-ph/0107039].

[13] L.J. Hall, Y. Nomura, T. Okui and D.R. Smith, SO(10) unified theories in six dimensions, Phys. Rev. D 65 (2002) 035008 [hep-ph/0108071].

[14] T. Asaka, W. Buchmuller and L. Covi, Bulk and brane anomalies in six dimensions, Nucl.

Phys. B 648 (2003) 231 [hep-ph/0209144]; Quarks and leptons between branes and bulk, Phys. Lett. B 563 (2003) 209 [hep-ph/0304142].

– 24 –

[15] E. Ponton and E. Poppitz, Casimir energy and radius stabilization in five and six dimensional orbifolds, J. High Energy Phys. 06 (2001) 019 [hep-ph/0105021].

[16] T. Appelquist, H.-C. Cheng and B.A. Dobrescu, Bounds on universal extra dimensions, Phys.

Rev. D 64 (2001) 035002 [hep-ph/0012100].

[17] T. Appelquist, B.A. Dobrescu, E. Ponton and H.-U. Yee, Neutrinos vis-a-vis the six-dimensional standard model, Phys. Rev. D 65 (2002) 105019 [hep-ph/0201131].

[18] A. Hebecker and M. Ratz, Group-theoretical aspects of orbifold and conifold GUTs, Nucl.

Phys. B 670 (2003) 3 [hep-ph/0306049];

A. Hebecker, Grand unification in the projective plane, J. High Energy Phys. 01 (2004) 047 [hep-ph/0309313].

[19] H.-C. Cheng, B.A. Dobrescu and C.T. Hill, Electroweak symmetry breaking and extra dimensions, Nucl. Phys. B 589 (2000) 249 [hep-ph/9912343].

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

unitarity without a Higgs, hep-ph/0305237.

[21] C. Csáki, C. Grojean, J. Hubisz, Y. Shirman and J. Terning, Fermions on an interval: quark and lepton masses without a Higgs, hep-ph/0310355.

[22] H.-C. Cheng, K.T. Matchev and M. Schmaltz, Radiative corrections to Kaluza-Klein masses, Phys. Rev. D 66 (2002) 036005 [hep-ph/0204342].

[23] M. Quiros, New ideas in symmetry breaking, hep-ph/0302189.

[24] H. Georgi, A.K. Grant and G. Hailu, Brane couplings from bulk loops, Phys. Lett. B 506 (2001) 207 [hep-ph/0012379].

[25] G. Servant and T.M.P. Tait, Is the lightest Kaluza-Klein particle a viable dark matter candidate?, Nucl. Phys. B 650 (2003) 391 [hep-ph/0206071]; Elastic scattering and direct detection of Kaluza-Klein dark matter, New J. Phys. 4 (2002) 99 [hep-ph/0209262].

[26] H.-C. Cheng, J.L. Feng and K.T. Matchev, Kaluza-Klein dark matter, Phys. Rev. Lett. 89 (2002) 211301 [hep-ph/0207125].

[27] G. Burdman, B. A. Dobrescu, E. Pontón, in preparation.

– 25 –