arXiv:hep-ph/0410061 v2 1 Dec 2004

TUM-HEP-560/04

Wilson Lines in Warped Space: Dynamical Symmetry Breaking and Restoration

Kin-ya Oda Physikalisches Institut der Universität Bonn, D-53115 Bonn, Germany Andreas Weiler Physik Department, Technische Universität München, D-85748 Garching, Germany

odakin@th.physik.uni-bonn.de
  Andreas.Weiler@ph.tum.de

Abstract

The dynamics of Wilson lines integrated along a warped extra dimension has been unknown. We study a five dimensional SU(N) pure gauge theory with Randall-Sundrum warped compactification on S^1/Z_2. We clarify the notion of large gauge transformations that are non-periodic on the covering space for this setup. We obtain Kaluza-Klein expansions of gauge and ghost fields for the most general twists and background gauge field configurations, which break the gauge symmetry at classical level in general. We calculate the one-loop effective potential and find that the symmetry corresponding to the subgroup allowing continuous Wilson lines is dynamically restored. The presented method can be directly applied to include extra fields. The connection to dynamical Scherk-Schwarz supersymmetry breaking in warped space is discussed.

1 Introduction

Warped compactification not only provides a beautiful explanation how the large hierarchy m_{weak}/M_{Planck} is generated from the exponential profile of its metric [1] but also is itself a quite general consequence of string theory due to the fact that D-branes generically provide sources for warping (See [2] and references therein). In the original Randall- Sundrum model [1], five dimensional spacetime is compactified on the orbifold S^1/Z_2, along which the normalization of the four dimensional metric is exponentially scaled. Orbifold compactification is a powerful tool in string theory to get three generations and especially to reduce the rank of the gauge group when combined with continuous Wilson lines [3]. The values of these Wilson lines and the resulting gauge symmetry breaking pattern must be determined dynamically via the Hosotani mechanism [4] when supersymmetry breaking is taken into account. Studies of Wilson line dynamics on simpler orbifolds have been started recently [5, 6]. These are also applied to gauge-Higgs unification models [7].

The orbifold compactification on S^1/Z_2 with radius R = M^{−1}_{GUT} provides a simple mechanism to solve the doublet-triplet splitting problem in SU(5) grand unified theories (GUT’s) [8]. Realistic models along this line have been proposed to implement low energy supersymmetry (SUSY) that is broken at the weak scale [9]. Once one considers an orbifold GUT, it is tempting to think that SUSY is also broken by the compactification via the Scherk-Schwarz mechanism [10]. However, in such an orbifold model the Scherk-Schwarz parameter, the amount of SU(2)_R twist, must be put to an extremely small value of order m_{weak}/M_{GUT} at the classical level [11]. Furthermore, quantum corrections lead either to restored supersymmetry m_{SUSY} = 0 or to its violation of the order of m_{SUSY} ≃ R^{−1}, unless one introduces an extra source of supersymmetry breaking at the orbifold fixed point [12]. This is generally true for symmetry breaking via the Hosotani mechanism in flat space.

Therefore it is natural to generalize the above considerations to a gauge theory in the bulk of the Randall-Sundrum geometry where one can make use of the exponential hierarchy in its metric. Warped SUSY GUT’s are constructed in Refs. [13, 14] with SUSY breaking assumed to be by boundary conditions or by an extra source at the orbifold fixed point, respectively. Recently, it has been proposed in the framework of superconformal gravity that supersymmetry breaking by boundary conditions can be consistently defined and equivalent to Wilson line breaking, if the compensator multiplet has vanishing gauge coupling and the warping is generated from the vacuum configuration of the bulk scalars [15].^1 Eventually, the vacuum expectation value (vev) of the SU(2) gauge field

1See also Ref. [16] for discussions on the Scherk-Schwarz breaking in the usual warped setup.

that is related to the Scherk-Schwarz twist must be determined dynamically by quantum corrections to the effective potential. To that end, it is important to solve the dynamics of Wilson lines in warped space, which has not been explored so far.^2

In this paper we study the dynamics of Wilson lines of SU(N) pure gauge theory in the bulk of Randall-Sundrum geometry. In the course of this calculation, we derive for the first time Kaluza-Klein expansions for the most general twists and background gauge field configurations and calculate the corresponding one-loop effective potential. In Section 2, we briefly review the Hosotani mechanism on the orbifold S^1/Z_2. In Section 3, we obtain the Kaluza-Klein (KK) expansions of the five dimensional gauge and ghost fields with most general twists in the presence of a gauge field background. In Section 4, we calculate the effective potential for the extra dimensional component of the background gauge field. In the last section we summarize and discuss our result.

2 Wilson lines on flat S^1/Z_2

We briefly review how twists and background gauge field configurations are related by large gauge transformations. We consider a five dimensional SU(N) gauge theory compactified on the orbifold S^1/Z_2, which is obtained from the simply-connected space R^1 : −∞ < y < ∞ by modding with S^1 and Z_2 identifications y ∼ y + 2πR and y ∼ −y, where R is the compactification radius. Under these identifications, the gauge fields A_M (M = 0, . . . , 3; 4) are in general twisted by global SU(N) transformations

A_M (−y) = ±P_0A_M (y)P^{−1}_0 , A_M (πR + y) = ±P_1A_M (πR − y)P^{−1}_1 , A_M (y + 2πR) = UA_M (y)U^{−1}, (1)

where the extra ± sign is positive for four dimensions and negative for the extra dimension.^3 (We use μ for 0, . . . , 3 and y for both x^4 and index “4” such as A_y = A_4.) Note that the consistency conditions U = P_1P_0 and P^2_0 = P^2_1 = 1 are imposed. Starting from the most general twists we can always choose the following basis [6]

P_0 = blockdiag (σ_3, . . . , σ_3, I_r, I_s, −I_t, −I_u), P_1 = blockdiag (σ_{θ1} , . . . , σ_{θq} , I_r, −I_s, I_t, −I_u), (2) 2In Ref. [17] a Wilson line in warped space is considered in the context of the AdS/Conformal Field Theory (CFT) correspondence, where the analysis is confined to a (potentially false) vacuum that corresponds to imposing both diagonal twists and vanishing background field configurations. See Ref. [24] for further discussions.

3In principle local identifications are possible but we assume them global for simplicity in this paper.

where I_r is r×r unit matrix, σ_a (a = 1, 2, 3) are Pauli matrices, and σ_θ = σ_3 cos θ+σ_1 sin θ = e^{−iθσ2} σ_3 = σ_3e^{iθσ2} . (2q+r+s+t+u = N.) The A^a_y either within a block of ±I or connecting different blocks does not have a zero-mode, a mode having vanishing KK mass, and the dynamics of the corresponding Wilson line is trivial [18].^4 Therefore we can concentrate on a SU(2) subblock with twists P_0 = σ_3 and P_1 = σ_θ without loss of generality. In general, only A^{(2)}y (A_M = A^{(a)}_M σ_a/2) has even Z_2 parities, hence a zero mode background: gA^{(2)}y^c ≡ v. The KK expansions are given by

A^{(2)}_μ (x, y) = ∞∑ n=1 A^{(2)}_{μn} (x) sin^{ny}_R √ πR , A^{(2)}_y (x, y) = A^{(2)}_{y0} (x) 1 √ 2πR + ∞∑ n=1 A^{(2)}_{yn} (x) cos^{ny}_R √ πR , (3)

A^±_μ (x, y) = ∞∑ n=−∞ A_{μn}(x) e^{±i(mn+v)y} N_n , A^±_y (x, y) = ±i ∞∑ n=−∞ A_{yn}(x) e^{±i(mn+v)y} N_n , (4)

where A^±_M =^{A(3)M ±iA(1)M√}_2 , A_{M n}(x) are real fields, m_n =^n_R +^θ_{πR} − v are KK masses, and N_n = √ 2πR m_n are normalization constants. (Here we present a different form from literature in Eq. (4) to make the orthogonality of wave functions transparent.)

Consider the following large gauge transformation that is non-periodic on the covering space R^1: igA_M (y) → ig ~A_M (y) = [ Ω ( igA_M − ←− ∂_M ) Ω^{−1} ] (y) with Ω(y) = exp [ iφy σ_2 2 ] , (5)

which results in g ~A^{(2)}y^c = v − φ/πR. We find that the shift of the background is canceled by the transformation of A^±_M → ~A^±_M = e^{∓iφy/πR}A^±_M leaving its KK masses invariant: ~m_n = m_n. Now the new fields are twisted by matrices ~P_0 = σ_3 and ~P_1 = σ_{θ−φ} ≡ σ~_θ. Above, the two sets of twists P_i and ~P_i with the corresponding backgrounds are equivalent under the large gauge transformation, by which one may e.g. diagonalize the twist θ̃ = 0 or remove the background ~A^{(2)}_y^c = 0, but not both. If we choose to take the former (or latter) gauge, different values of ~A^{(2)}y^c (or θ̃) correspond to physically different vacua which are degenerate at the classical level. Quantum corrections determine whether the symmetry is dynamically broken or restored, depending on the matter content [5, 6].

3 Kaluza-Klein expansions

We consider a SU(N) gauge theory in the bulk of the Randall-Sundrum geometry [1], which is a five dimensional Anti de Sitter (AdS) space compactified on S^1/Z_2 with the

4Of course when, say, r < u, we can combine I_r and a part of −I_u to form r additional σ_θ blocks with θ = 0.

metric: G_{M N} dx^M dx^N = e^{−2σ(y)}η_{μν} dx^μdx^ν + dy^2, (6) where η_{μν} is the Lorentzian metric and σ(y) is defined by σ(y) = k|y| at −πR < y ≤ πR, with k being the inverse AdS curvature radius. Elsewhere on the covering space R^1, we define σ by the periodicity condition σ(y + 2πR) = σ(y). For later use we also define^5 ϵ(y) = σ^′(y)/k and z(y) = e^{σ(y)}. We call the orbifold fixed points at y = 0 and y = πR ultraviolet (UV) and infrared (IR) branes, respectively, and write z_0 = z(0) = 1 and z_1 = z(πR) = e^{πkR}. In this paper we assume that the radion is already stabilized e.g. by the Goldberger-Wise mechanism [19].

We employ the background field method, separating the gauge field into classical and quantum parts A_M = A^c_M + A^′_M , and take the following gauge fixing^6

S_f = − 1 ξ ∫ d^4x ∫_{πR} −πR dy √ −G tr [ff] , with f = z^2η^{μν} D^c_μA^′_ν + ξz^tD^c_y z^{−t}A^′_y, (7)

where D_M is the gauge covariant derivative and the superscript c indicates that the gauge field is replaced by its classical part, e.g. D^c_M A^′_N = ∂_M A^′_N + ig[A^c_M , A^′_N ]. We consider the pure gauge background F^c_{M N} = 0, being a classical potential minimum, and assume A^c_μ = 0 since it can be gauged away towards spatial infinity. When we choose ξ = 1 and t = 2, the quadratic terms for the gauge and ghost fields simplify: S = ∫ d^4x ∫_{πR} −πR dy tr [ η^{μν} A^′_μ(□ + P_4)A^′_ν + A^′_yz^{−2}(□ + P_y)A^′_y + 2z^{−2}ω^′(□ + P_4)ω^′ ] , (8)

where P_4 = D^c_y z^{−2}D^c_y , P_y = D^c_y D^c_y z^{−2}, and we have put ω^c = ω^c = 0. (The surface terms vanish consistently for the given boundary conditions below.)

Following the same argument as in the flat case, we concentrate on a SU(2) subblock with twists P_0 = σ_3 and P_1 = σ_θ, without loss of generality. Again a zero mode resides only in A^{(2)}y and we can write gA^{(2)}y^c(y) = vz^2. (The derivation of the form of zero mode z^2 is given below.) To obtain the KK expansions, we follow the strategy of Ref. [20]. First, we solve the bulk KK equations at 0 < y < πR in terms of z neglecting all the boundary effects. Second, we put the boundary conditions at z = z_0 and z_1 on the obtained “downstairs”

5When there arises an ambiguity at the orbifold fixed point, say, around y = 0, we can use the regularized form σ(y) = kδ log cosh(y/δ) with an infinitesimal δ = +0 to check the expression. For our purpose we can use ϵ(y) = θ(y) − θ(−y), ϵ^′(y) = 2 [δ(y) − δ(y − πR)] and ϵ(y)^2 = 1 at −πR < y ≤ πR.

6The choice t = 4 and ξ = 1 makes f manifestly invariant under five dimensional diffeomorphisms.

solution to make it consistent with the Z_2 twists so that the “upstairs” field on the covering space is well-defined, i.e. continuous everywhere.

Let us start with A^{(2)}μ and A^{(2)}y which have definite odd and even Z_2 parities. We obtain the following KK expansions

A^{(2)}_μ (x, y) = ∞∑ n=1 A^{(2)}_{μn} (x)ϵ z[J_1(M̂_nz) + B_nY_1(M̂_nz)] N_n , A^{(2)}_y (x, y) = ∞∑ n=0 A^{(2)}_{yn} (x) f_n(z) N_n , (9)

where N_n, N_n are normalization constants, B_n = −^{J1(M̂nz0 )}_{Y1 (M̂nz0)} = −^{J1(M̂nz1 )}_{Y1(M̂nz1 )} , and the downstairs KK wave functions for vectoscalar f_n(z) = z^2[J_0(M̂_nz) + B_nY_0(M̂_nz)] are defined for later use. The KK masses M_n = kM̂_n are determined by zeros of the KK mass function: J_1(M̂z_1)Y_1(M̂ z_0) − Y_1(M̂z_1)J_1(M̂z_0), which we find is exactly the same for both A^{(2)}μ and A^{(2)}_y .

In order to get the KK expansions of A^±_M , it is convenient to perform the large (background) gauge transformation (5), which again results in the new twists ~P_0 = σ_3, ~P_1 = σ_{θ−φ} ≡ σ~_θ and the background

g ~A^{(2)}_y^c = vz^2 − φ πR = ( v − 2ka^2φ 1 − a^2 ) z^2 − φ πR ∞∑ n=1 (1, f_n) N^2_n f_n(z), (10)

where a = z_0/z_1 = e^{−kπR} ≪ 1 and (1, f_n) = ∫_{z1} z_0 2 dz kz z^{−2}f_n(z). Unlike in the flat case, all the higher KK modes are generated, as can be seen in the last step of Eq. (10). However, these higher modes all vanish when integrated along the extra dimension in the Wilson line due to the orthogonality conditions of KK wave functions and one would expect that these modes can be gauged away.

To see this, consider the following background gauge transformation Ω̌(y) = exp [ iF(y)^{σ2}_2 ] , which we require to be normal in the sense that F(y) is continuous everywhere and periodic F(y + 2πR) = F(y). When F(y) is odd F(−y) = −F(y), twists P_i are left invariant under this transformation, while gauge fields transform as gA^{(2)}y → g ~A^{(2)}y = gA^{(2)}y − F^′(y). Again, this shift is canceled by the transformation of A^±_M in its KK mass. Let us take F(y) = k ∞∑ n=1 φ_nF_n(y), with F_n(y) = ∫_y 0 dy^′f_n (z(y^′)) , (11)

where the summation is over all the non-zero modes. By definition, F_n(y) is odd and its derivative is f_n(y). Due to the downstairs boundary conditions, we find that F_n(y) vanishes at both boundaries, i.e., the transformation Ω̌(y) is continuous everywhere on the covering space as well as periodic, as promised. To summarize, all the non-zero mode can always be removed by taking φ_n appropriately, without changing the twists P_i.

Now we choose φ = θ to diagonalize the twist θ̃ = 0 and gauge away all the resulting non-zero mode background. We then have definite Z_2 parity for all ~A^{(a)}_M . Hereafter we omit the tilde for notational simplicity. The KK expansions are obtained as^7 A^±_μ (x, y) = ∞∑ n=0 A_{μn}(x)E^{±iϵv̂z2 /2} χ^±_{1,n}(z) N_n , A^±_y (x, y) = ∞∑ n=0 A_{yn}(x)ϵE^{±iϵv̂z2 /2} χ^±_{0,n}(z) N_n , (12)

where A_{M n}(x) are real fields, v̂ = v/k − 2θa^2/(1 − a^2) is the dimensionless vev, E^{±iϵw} ≡ cos w ± iϵ sin w, N_n and N_n are normalization constants, and χ^±_{ν,n}(z) = z^{2−ν} [α^±_n J_ν (m̂_nz) + β^±_n Y_ν (m̂_nz)] are the downstairs KK wave functions with m̂_n ≡ m_n/k and α^±_n , β^±_n being dimensionless KK masses and complex constants, respectively. (Note α^±_n =^{α(3)n ±iα(1)n√}_2 etc.) The boundary conditions on the downstairs fields can be summarized as

M(m̂_n)⃗V = 0, (13)

with ⃗V = (α^{(3)}n β^{(3)}n α^{(1)}n β^{(1)}n )^T for A_μ, ⃗V = (α^{(1)}n β^{(1)}n α^{(3)}n β^{(3)}n )^T for A_y, and

M(m̂_n) =

J_C (1) Y_C (1) ∓J_S (1) ∓Y_S (1) J_C (0) Y_C (0) ∓J_S (0) ∓Y_S (0) ± sin^{v̂z21}_2 J_ν (m̂_nz_1) ± sin^{v̂z21}_2 Y_ν (m̂_nz_1) cos^{v̂z21}_2 J_ν (m̂_nz_1) cos^{v̂z21}_2 Y_ν (m̂_nz_1) ± sin^{v̂z20}_2 J_ν (m̂_nz_0) ± sin^{v̂z20}_2 Y_ν (m̂_nz_0) cos^{v̂z20}_2 J_ν (m̂_nz_0) cos^{v̂z20}_2 Y_ν (m̂_nz_0) ,

where upper and lower signs as well as ν = 1 and 0 are for A_μ and A_y, respectively, ( J_C (i) J_S (i) ) = ( cos^{v̂z2i}_2 − sin^{v̂z2i}_2 sin^{v̂z2i}_2 cos^{v̂z2i}_2 ) ( νJ_ν (m̂z_i) + m̂_nz_iJ^′_ν (m̂z_i) v̂z^2_i J_ν (m̂z_i) ) , and Y_C and Y_S are defined

similarly to J_C and J_S with J replaced by Y . (J_ν and Y_ν are Bessel functions of order ν.) The KK mass function for A^± is obtained from the determinant of the boundary condition matrix:

N(m̂) = det M(m̂), (14)

and N(m̂) = 0 determines the KK masses. We find that the N’s are exactly the same for A_μ and A_y and that its dependence on v̂ is only through the term^2_{π2} cos[v̂(z^2_1 − z^2_0 )]. The

7To derive Eq. (12) we have used ϵ^2 = 1 in A^{(1)}_y , which can be justified similarly as above.

Figure 1: KK mass function N(ax) vs x with a = 10^{−15} for v̂/a^2 = 0,^π_2 , π. The zeros of N correspond to the KK masses. Note that a massless mode appears only for v̂ = 0 mod 2π.

KK expansions for the ghost field is obtained similarly to A_μ. (Recall that the antighost field ω is not necessarily the complex conjugate of the ghost field ω.)

In Fig. 1 we plot N(ax) as a function of x = m̂/a within half a period of v̂, i.e. for v̂(z^2_1 − z^2_0 ) = 0, π/2, π from above to below when a = 10^{−15}. The points where the curve crosses the x-axis give the values of the corresponding KK masses, with even and odd modes appearing in alternating order. We can see that there appears an extra massless mode for v̂ = 0, as expected, and that the dependence on the variation of v̂ is strongest for this would-be zero mode, whose mass can be easily determined from Eq. (14) to be

m_0 = ka √ 1 − cos(v̂/a^2) kπR , (15)

in the approximation a ≪ 1. For the maximal breaking with cos(v̂/a^2) = −1, we find m_0 ≈ 0.24 ka for a = 10^{−15}.

4 One loop effective potential

Following convention, we perform the dimensional reduction in the coordinate frame where the warp factor is unity at the UV brane.^8 The contribution of a pair of Z_2 even and odd

8The physical effective potential from the point of view of the IR brane will be enhanced by a^{−4} [21].

gauge fields A^{(3)}_M and A^{(1)}_M is

V_{eff} = μ^{4−d} 2 ∫ d^dp (2π)^d ∞∑ n=0 log(p^2 + m^2_n) = − 1 2 (ka)^4 (4π)^2 ( 4πμ^2 k^2a^2 )_{ε/2} Γ ( −2 + ε 2 )^∞∑ n=0 x^{4−ε}_n , (16)

per degree of freedom, where d = 4 − ε is the number of dimensions with ε being infinitesimal, μ is an arbitrary scale, and x_n = m_n/ka is the dimensionless KK mass. The infinite sum over KK masses can be evaluated utilizing zeta function regularization techniques [21, 22, 23]

v_{eff}(v̂) ≡ −Γ ( −2 + ε 2 )^∞∑ n=0 x^{4−ε}_n = −Γ ( −2 + ε 2 ) ∫ C dx 2πi x^{4−ε} N^′(ax) N(ax) , (17)

where C is a contour encircling all the poles on the positive real axis counter-clockwise. Note that these are the only poles in the right half plane since there is a one-to-one correspondence between the zeros of the KK mass function (14) and the eigenvalues of the operators P_4 and P_y in Eq. (8) which are Hermitian with respect to our boundary conditions.

After a few manipulations, we find

v_{eff}(v̂) = I_{IR} +

I_{UV} a^{4−ε} + 2 ∫_∞ 0 dx x^{3−ε} log [

1 − 1 2 ( K_0(x)I_0(ax) I_0(x)K_0(ax) + K_1(x)I_1(ax) I_1(x)K_1(ax) − K_0(x)I_1(ax) I_0(x)K_1(ax) − K_1(x)I_0(ax) I_1(x)K_0(ax) )

+ K_0(x)K_1(x)I_0(ax)I_1(ax) I_0(x)I_1(x)K_0(ax)K_1(ax) − cos (_{v̂} a^2 (1 − a 2) ) 2ax^2I_0(x)I_1(x)K_0(ax)K_1(ax) ] , ≃ I_{IR} +

I_{UV} a^{4−ε} + 2 ∫_∞ 0 dx x^{3−ε} log [ 1 − I_0(x)K_1(x) − K_0(x)I_1(x) −^1_x cos^{v̂}_{a2} 2I_0(x)I_1(x) ( γ + log^{ax}_2 ) ] , (18)

where divergent integrals I_{IR} and I_{UV} are independent of v and a and can be absorbed in the renormalization of the IR- and UV-brane tensions, respectively, as in Ref. [23]. (I_ν and K_ν are the modified Bessel functions.) We find that the effective potential is a periodic function of v̂ with the period 2πa^2/(1 − a^2) as is expected from the shape of the KK mass function. In the last line of Eq. (18), the small a limit is taken, assuming that v̂ is within the first period, i.e. v̂/a^2 = O(1), without loss of generality.^9 (One might find it suggestive that the scale of the period of v is of the order of ka^2, which roughly corresponds to the order of the observed value of the cosmological constant ≃ meV.)

Figure 2: Normalized effective potential v_{eff} vs v̂/a^2 with a = 10^{−15}.

In Fig. 2, we plot v_{eff} as a function of v̂/a^2 when a = 10^{−15}. Contribution from the ghost loop is equal to Eq. (18) multiplied by −2. The final result including gauge and ghost field contributions is therefore:

V_{eff} = 3 32π^2

(ka)^4v_{eff}. (19)

Note that if we include extra adjoint bulk fermions, they would contribute with opposite signs to Eq. (18) and that if we add more than required to make the theory supersymmetric, the potential of Fig. 2 would be flipped upside down, realizing a dynamical symmetry breaking vacuum which corresponds to the maximal twist θ = π/2 in the A^c_y = 0 gauge. This vacuum breaks SU(2) completely and hence provides a rank reduction of the gauge symmetry. We find that the symmetry breaking scale is of the order of ka ≃ TeV for this case.

5 Summary and discussions

We have studied the SU(N) pure gauge theory in the bulk of the Randall-Sundrum geometry and have obtained Kaluza-Klein expansions of gauge and ghost fields under the presence of the gauge field background with most general twists P_i. We find that four dimensional gauge, vectoscalar and ghost fields have exactly the same KK masses. During

9For large x, the integrand goes to zero and a small a expansion can be performed with converging coefficients.

the course of this calculation we have clarified the notion of a large gauge transformation that is non-periodic on the covering space and how it is consistently realized in the warped background. The effective potential for the background A^c_y is obtained. We find that a gauge symmetry corresponding to a continuous Wilson line, i.e. a SU(2) subgroup of Eq. (2), which is completely broken for finite θ at the classical level, is dynamically restored to U(1).

It is straightforward to apply our method to include other fields with or without extra boundary masses and especially to supersymmetrize our setup, where the symmetry breaking scales due to continuous Wilson lines will be of the order of ka ≃ TeV according to the analysis presented here. Since we find that the dynamics of Wilson lines in warped space can be controlled in quite a parallel manner to that in flat space if one treats the large gauge transformation carefully, we expect that the Hosotani mechanism will lead to a dynamical supersymmetry breaking of the order of weak scale in the setup discussed in the introduction. It is also interesting to pursue the AdS/CFT correspondence generalizing the analysis of Ref. [17] to our setup, as the Wilson line on the AdS side will correspond to a quantity that is integrated all the way from UV to IR on the CFT side. The techniques developed here can also be applied to the gauge-Higgs unification models in warped space. These points will be presented in separate publications [24].

Acknowledgments: We wish to acknowledge the helpful communication with H. Abe, A. J. Buras, M. Drees, D. Ida, T. Kobayashi, A. Pomarol, A. Poschenrieder, M. Quiros, Y. Sakamura and A. Wingerter. K.O. thanks N. Haba, Y. Hosotani and S. Komine for useful discussions. The work of K.O. is partly supported by the SFB375 of the Deutsche Forschungsgemeinschaft and A.W. is partly supported by the German Bundesministerium für Bildung und Forschung under the contract 05HT4WOA/3 and the DFG Project Bu. 706/1-2.

References

[1] L. Randall and R. Sundrum, “A large mass hierarchy from a small extra dimension,” Phys. Rev. Lett. 83 (1999) 3370–3373, hep-ph/9905221.

[2] H. Verlinde, “Holography and compactification,” Nucl. Phys. B580 (2000) 264–274,

hep-th/9906182;

S. B. Giddings, S. Kachru, and J. Polchinski, “Hierarchies from fluxes in string compactifications,” Phys. Rev. D66 (2002) 106006, hep-th/0105097.

[3] L. E. Ibanez, H. P. Nilles, and F. Quevedo, “Orbifolds and Wilson lines,” Phys. Lett.

B187 (1987) 25–32;

L. E. Ibanez, H. P. Nilles, and F. Quevedo, “Reducing the rank of the gauge group in orbifold compactifications of the heterotic string,” Phys. Lett. B192 (1987) 332.

[4] Y. Hosotani, “Dynamical mass generation by compact extra dimensions,” Phys. Lett.

B126 (1983) 309;

Y. Hosotani, “Dynamical gauge symmetry breaking as the Casimir effect,” Phys. Lett. B129 (1983) 193;

Y. Hosotani, “Dynamics of nonintegrable phases and gauge symmetry breaking,” Ann. Phys. 190 (1989) 233.

[5] M. Kubo, C. S. Lim, and H. Yamashita, “The Hosotani mechanism in bulk gauge theories with an orbifold extra space S^1/Z_2,” Mod. Phys. Lett. A17 (2002) 2249–2264, hep-ph/0111327;

N. Haba, M. Harada, Y. Hosotani, and Y. Kawamura, “Dynamical rearrangement of gauge symmetry on the orbifold S^1/Z_2,” Nucl. Phys. B657 (2003) 169–213,

hep-ph/0212035;

N. Haba and T. Yamashita, “The general formula of the effective potential in 5D SU(N) gauge theory on orbifold,” JHEP 02 (2004) 059, hep-ph/0401185; Y. Hosotani, S. Noda, and K. Takenaga, “Dynamical gauge symmetry breaking and mass generation on the orbifold T^2/Z_2,” Phys. Rev. D69 (2004) 125014,

hep-ph/0403106.

[6] N. Haba, Y. Hosotani, and Y. Kawamura, “Classification and dynamics of equivalence classes in SU(N) gauge theory on the orbifold S^1/Z_2,” Prog. Theor. Phys. 111 (2004) 265–289, hep-ph/0309088.

[7] N. Haba and Y. Shimizu, “Gauge-Higgs unification in the 5 dimensional E_6, E_7, and E_8 GUTs on orbifold,” Phys. Rev. D67 (2003) 095001, hep-ph/0212166; C. A. Scrucca, M. Serone, L. Silvestrini, and A. Wulzer, “Gauge-Higgs unification in orbifold models,” JHEP 02 (2004) 049, hep-th/0312267;

N. Haba, Y. Hosotani, Y. Kawamura, and T. Yamashita, “Dynamical symmetry breaking in gauge-Higgs unification on orbifold,” Phys. Rev. D70 (2004) 015010,

hep-ph/0401183;

N. Haba and T. Yamashita, “Dynamical symmetry breaking in gauge-Higgs unification of 5D N = 1 SUSY theory,” JHEP 04 (2004) 016, hep-ph/0402157; C. Biggio and M. Quiros, “Higgs-gauge unification without tadpoles,”

hep-ph/0407348.

[8] Y. Kawamura, “Gauge symmetry reduction from the extra space S^1/Z_2,” Prog.

Theor. Phys. 103 (2000) 613–619, hep-ph/9902423;

Y. Kawamura, “Split multiplets, coupling unification and extra dimension,” Prog. Theor. Phys. 105 (2001) 691–696, hep-ph/0012352.

[9] Y. Kawamura, “Triplet-doublet splitting, proton stability and extra dimension,” Prog. Theor. Phys. 105 (2001) 999–1006, hep-ph/0012125; G. Altarelli and F. Feruglio, “SU(5) grand unification in extra dimensions and proton decay,” Phys. Lett. B511 (2001) 257–264, hep-ph/0102301; L. J. Hall and Y. Nomura, “Gauge unification in higher dimensions,” Phys. Rev. D64 (2001) 055003, hep-ph/0103125;

A. Hebecker and J. March-Russell, “A minimal S^1/(Z_2 × Z^′_2) orbifold GUT,” Nucl. Phys. B613 (2001) 3–16, hep-ph/0106166;

L. J. Hall and Y. Nomura, “A complete theory of grand unification in five dimensions,” Phys. Rev. D66 (2002) 075004, hep-ph/0205067.

[10] J. Scherk and J. H. Schwarz, “Spontaneous breaking of supersymmetry through dimensional reduction,” Phys. Lett. B82 (1979) 60.

[11] R. Barbieri, L. J. Hall, and Y. Nomura, “Softly broken supersymmetric desert from orbifold compactification,” Phys. Rev. D66 (2002) 045025, hep-ph/0106190.

[12] G. von Gersdorff, M. Quiros, and A. Riotto, “Radiative Scherk-Schwarz supersymmetry breaking,” Nucl. Phys. B634 (2002) 90–104, hep-th/0204041.

[13] A. Pomarol, “Grand unified theories without the desert,” Phys. Rev. Lett. 85 (2000) 4004–4007, hep-ph/0005293.

[14] W. D. Goldberger, Y. Nomura, and D. R. Smith, “Warped supersymmetric grand unification,” Phys. Rev. D67 (2003) 075021, hep-ph/0209158.

[15] H. Abe and Y. Sakamura, “Superfield description of 5d supergravity on general warped geometry,” hep-th/0408224.

[16] T. Gherghetta and A. Pomarol, “A Stückelberg formalism for the gravitino from warped extra dimensions,” Phys. Lett. B536 (2002) 277–282, hep-th/0203120; L. J. Hall, Y. Nomura, T. Okui, and S. J. Oliver, “Explicit supersymmetry breaking on boundaries of warped extra dimensions,” Nucl. Phys. B677 (2004) 87–114,

hep-th/0302192;

J. Bagger and M. Redi, “Supersymmetry breaking by Wilson lines in AdS_5,” Phys. Lett. B582 (2004) 117–120, hep-th/0310086;

Z. Lalak and R. Matyszkiewicz, “Singular gauge transformations and supersymmetry breakdown on warped orbifolds,” Phys. Lett. B583 (2004) 364–372,

hep-th/0310269.

[17] R. Contino, Y. Nomura, and A. Pomarol, “Higgs as a holographic pseudo-Goldstone boson,” Nucl. Phys. B671 (2003) 148–174, hep-ph/0306259.

[18] L. J. Hall, H. Murayama, and Y. Nomura, “Wilson lines and symmetry breaking on orbifolds,” Nucl. Phys. B645 (2002) 85–104, hep-th/0107245.

[19] W. D. Goldberger and M. B. Wise, “Modulus stabilization with bulk fields,” Phys.

Rev. Lett. 83 (1999) 4922–4925, hep-ph/9907447.

[20] T. Gherghetta and A. Pomarol, “Bulk fields and supersymmetry in a slice of AdS,” Nucl. Phys. B586 (2000) 141–162, hep-ph/0003129.

[21] J. Garriga, O. Pujolas, and T. Tanaka, “Radion effective potential in the brane-world,” Nucl. Phys. B605 (2001) 192–214, hep-th/0004109.

[22] D. J. Toms, “Quantised bulk fields in the Randall-Sundrum compactification model,” Phys. Lett. B484 (2000) 149–153, hep-th/0005189.

[23] W. D. Goldberger and I. Z. Rothstein, “Quantum stabilization of compactified AdS_5,” Phys. Lett. B491 (2000) 339–344, hep-th/0007065.

[24] K. Oda and A. Weiler, in preparation.