Published by Institute of Physics Publishing for SISSA/ISAS Received: December 3, 2003 Revised: January 16, 2004 Accepted: January 16, 2004

Anomalies and Fayet-Iliopoulos terms on warped orbifolds and large hierarchies

Takayuki Hirayama

Department of Physics, University of Toronto Toronto, Ontario, M5S1A7, Canada E-mail: hirayama@physics.utoronto.ca

Koichi Yoshioka

Department of Physics, Kyushu University Fukuoka 812-8581, Japan E-mail: yoshioka@higgs.phys.kyushu-u.ac.jp

Abstract: The anomalies in five-dimensional orbifold theories are examined in a generic type of non-factorizable geometries. In spite of complicated fermion wavefunctions, the shape of anomaly is found to be identical to that of flat theories. In particular it is split evenly on the orbifold fixed points. This result also follows from the arguments on the AdS/CFT correspondence and an anomaly cancellation mechanism. The cancellation with Chern-Simons term works if the four-dimensional effective theory is free from chiral anomalies. We also discuss the Fayet-Iliopoulos (FI) term in warped supersymmetric theories. Unlike the gauge anomaly, radiatively-generated FI terms reside not only on the orbifold fixed points but also in the whole five-dimensional bulk. This bulk FI term is necessary to have unbroken supersymmetry. The effect of FI term is to generate supersymmetric masses for charged hypermultiplets, which are no longer constant but have metric factor dependence. We calculate the spectrum and wavefunctions of Kaluza-Klein modes in the presence of the FI term and discuss phenomenological implications to quark-lepton masses and large scale hierarchies.

Keywords: Field Theories in Higher Dimensions, Anomalies in Field and String Theories, Supersymmetric Standard Model.

© SISSA/ISAS 2004 http://jhep.sissa.it/archive/papers/jhep012004032 /jhep012004032 .pdf

Contents

1. Introduction 1

2. Gauge anomaly in curved spacetime 2

3. The Fayet-Iliopoulos term in warped geometry 8 3.1 Superspace action 8 3.2 One-loop FI tadpoles 10

4. Phenomenology of the FI terms 13 4.1 Bulk field propagators 13 4.2 KK spectrum and wavefunction profiles 15 4.2.1 Φ^{(++)} and Φ^{(−−)} : a massless mode 15 4.2.2 Φ^{(+−)} and Φ^{(−+)} : a pair of almost massless modes 17 4.3 Effective theory and physical implications 19

5. Conclusions and discussions 22

1. Introduction

In these years, much progress has been made with theories in higher dimensions. The geometries of extra dimensional spacetime have been playing an essential role for explaining various unresolved problems in particle physics, e.g. the hierarchy problem. Among them, a model which realizes a large mass hierarchy is presented [1] by use of a non-factorizable form of five dimensional metric.

In the model of ref. [1], all the standard model fields are confined on a brane. The possibilities that some of matter and gauge fields propagate in the bulk space has also been pursued in [2]. There orbifold projections are imposed on the fields at the boundaries in order to realize chiral spectrum in effective four-dimensional theories. An orbifold theory is often chiral and may become an anomalous gauge theory. To be a consistent theory, such anomaly should be canceled. Although a higher-dimensional field theory is apparently not renormalizable and a cutoff scale is not so high compared with the compactification scale, one can discuss quantities of higher-dimensional theories, such as anomalies and renormalization of couplings up to the cutoff scale. The gauge anomaly in an orbifold field theory has been calculated for the flat extra dimensions and found that the anomaly is localized on the orbifold fixed points [3, 4]. Even when the low-energy effective theory has vector-like mass spectrum, gauge anomalies are induced by one-loop fermion diagrams in higher dimensions. In this case, however, the total anomaly is canceled out by adding a Chern-Simons term to the action [5, 6]. Keeping in mind phenomenological interests

– 1 – of non-factorizable geometries, in the first half of this paper we study gauge anomalies of orbifold theories in a generic type of non-factorizable geometries (including the metric of [1]). We will find that the anomaly is localized in the exactly same way as in flat theories and is canceled if the effective four-dimensional theory is vector like. It might be difficult to understand this evenly-split anomaly because wavefunctions of fermions are highly complicated depending on five-dimensional metrics. We will show that the anomaly should be split equally on the fixed points from the theoretical arguments on the AdS/CFT correspondence and an anomaly cancellation mechanism.

When one considers a supersymmetric U(1) gauge theory, the Fayet-Iliopoulos (FI) term is important for studying the vacuum and low-energy spectrum of the system. The appearance of FI term is deeply connected to gravitational anomalies in supergravity theories. For flat supersymmetric orbifold theories, it is known that quantum effects induce non-vanishing FI terms on the fixed points [7, 4] and hence a condition for supersymmetric vacuum is modified [8, 6]. In the second half of this paper, we investigate the structure of FI term in supersymmetric five-dimensional theory on the warped background. Unlike the flat background, we find that FI terms are induced not only on the fixed points but also in the whole five-dimensional bulk. When the effective theory is free from gravitational anomalies, the five-dimensional theory has a supersymmetric vacuum even in the presence of the bulk and boundary FI terms. In this vacuum, bulk masses for charged hypermultiplets are generated which depend on the warped metric factor and are proportional to the coefficients of FI terms. We discuss the Kaluza-Klein (KK) mass spectrum in the presence of such bulk mass terms and study characteristic behavior of wavefunction profiles. In particular, the localization of light modes in the extra dimension is important for fourdimensional phenomenology. As typical examples, several realistic models are constructed in this framework to realize Yukawa and Planck/weak mass hierarchies.

2. Gauge anomaly in curved spacetime

For later comparison, we first review the gauge anomaly in flat five-dimensional orbifold theories. The fifth dimension parameterized by y is compactified on the S^1/Z_2 orbifold with two fixed points y = 0 and πR. The appropriate boundary conditions at the fixed points are introduced for a bulk gauge field A_M (x, y) and a Dirac spinor Ψ(x, y). They are defined so as to be consistent with the Z_2 orbifold: A_μ(x, y) = +A_μ(x, −y) , A_μ(x, y − πR) = +A_μ(x, −(y − πR)) , A_5(x, y) = −A_5(x, −y) , A_5(x, y − πR) = −A_5(x, −(y − πR)) , Ψ(x, y) = +γ_5Ψ(x, −y) , Ψ(x, y − πR) = +γ_5Ψ(x, −(y − πR)) . (2.1)

The indices of Roman letters M, N, . . . , run over all dimensions and the Greek letter indices μ, ν, . . . , run only over the first four dimensions. The 4 × 4 matrix γ_5 is diag (−1, −1, +1, +1). With these boundary conditions, A_μ and the right-handed component (^{1+γ5}_2 )Ψ have four-dimensional massless modes. Due to the fermion boundary conditions, the theory is chiral on the fixed points and the gauge anomaly might be present in the divergence of gauge current J^M = Ψ̄Γ^M Ψ. Since the anomaly is a low-energy effect, its form can be

– 2 – calculated via Kaluza-Klein reduction procedure and is found [3]

∂_M J^M = g^2 32π^2 ϵ^{μνρσ}F_{μν} F_{ρσ} [δ(y) + δ(y − πR)] . (2.2) The delta function is defined as ∫_{πR} 0 f(y)δ(y)dy = f(0)/2. The anomaly coefficient g^2/32π^2 is proportional to the chiral anomaly for a four-dimensional Weyl fermion. In the effective theory viewpoint, the anomaly (2.2) comes from the zero-mode contribution and a Chern- Simons term which is generated by integration of heavy KK fermions.

Several interesting properties are in the form of gauge anomaly (2.2); (i) there is no anomaly in the bulk. It is localized at the fixed points as expected from the chiral boundary conditions, (ii) the anomaly is equally split between the two fixed points, and (iii) the integration of the anomaly over y direction is nonzero which is understood from the fact that there is a chiral zero mode. For different boundary conditions of fermions that do not leave any chiral zero modes, the integrated anomalies in effective theories vanish [4, 6]. Various other aspects of localized anomalies in flat spacetime have been studied [9].

Now let us consider five-dimensional gauge theories in curved spacetime and present the possible form of one-loop gauge anomalies. Throughout this paper, the gravity is treated as a background as we are interested in consistency of field theory. We particularly focus on the following non-factorizable background metric:

ds^2 = a^2(y)η_{μν} dx^μdx^ν + dy^2 , (2.3)

where η_{μν} is the four-dimensional flat Minkowski metric, and we normalize the factor a(y) so that a(0) = 1. A phenomenologically interesting example is the anti de-Sitter (AdS) geometry where a(y) is given by the warp factor e^{−k|y|} (k is the AdS curvature). In this section, however, we do not specify the metric factor, and will see that the gauge anomaly on the background (2.3) does not depend on the form of a(y).

We consider the action for a gauge field A_M (x, y) and a Dirac spinor Ψ(x, y) on the background (2.3) S = ∫ d^4xdy √ −g [ − 1 4 F_{MN} F^{MN} + Ψ̄iΓ^M D_M Ψ − m(y)Ψ̄Ψ ] , (2.4)

where Γ_M are the gamma matrices in five dimensions and D_M is the covariant derivative including the spin connection and the gauge field; D_M = ∂_M − igA_M +^1_8 ω^{P Q}_M [Γ_P , Γ_Q]. The bulk mass parameter m(y) must obey the condition m(−y) = −m(y) consistent with the Z_2 orbifolding. We will consider the Abelian example and the extension to non-Abelian gauge theory is straightforward. The action is classically invariant under the gauge transformation with a gauge parameter Λ(x, y) A^′_M (x, y) = A_M (x, y) + ∂_M Λ(x, y) , Ψ^′(x, y) = e^{iΛ(x,y)}Ψ(x, y) . (2.5)

The corresponding conserved current (η^{MN} ∂_M J_M = 0) is

J_M = √ −gΨ̄Γ_M Ψ = { a^3(y)Ψ̄γ_μΨ M = μ a^4(y)Ψ̄(iγ_5)Ψ M = 5 ,

(2.6)

where γ_μ are the gamma matrices in four dimensions.

– 3 –

As in the flat case, we compactify the fifth dimension on a line segment y = [0, πR] and introduce a brane at each boundary.^1 The orbifold boundary conditions for bulk fields at y = 0 and y = πR are also similar to the flat case. In particular, the Dirac fermion is subject to the following parity conditions: Ψ(x, y) = γ_5Ψ(x, −y) , Ψ(x, y − πR) = ηγ_5Ψ(x, −(y − πR)) . (2.7) For the conditions consistent with the Z_2 orbifold, η has to satisfy η^2 = 1. For η = +1, we have a massless right-handed chiral fermion in the low-energy effective theory. On the other hand, for η = −1, all KK fermions become massive, and massless modes are projected out. A five-dimensional gauge theory is expected to have no chiral anomaly because of its vector-like nature. However, with the chiral boundary conditions (2.7), the gauge current (2.6) suffers from chiral anomalies at quantum level. In particular, although the effective theory is vector-like for the η = −1 case, we will see the anomalies are induced onto the boundaries.

Now we calculate the chiral anomaly on the curved background metric (2.3) via the KK point of view. We decompose Ψ into the four-dimensional KK modes Ψ(x, y) = ∑ ψ^+_n (x)χ^+_n (y) + ψ^−_n (x)χ^−_n (y) , (2.8)

where ψ^{+(−)}_n (x) are four-dimensional right-(left-) handed fermions. The equations of motion are given by [ ∂_y + 2 ∂_ya a − m(y) ] χ^+_n = + m_n a χ^−_n , [ ∂_y + 2 ∂_ya a + m(y) ] χ^−_n = − m_n a χ^+_n , (2.9)

where m_n are the four-dimensional masses (p^2_μ = −m^2_n). In what follows, we consider a massless Dirac fermion m(y) = 0 for an illustrative example. However, it will be found that the shape of gauge anomalies is insensitive to a value of m(y) and therefore the analysis with m(y) = 0 gives generic results. The mass eigenmodes for m(y) = 0 are

χ^+_n (y) = √ 2 A(πR) a^{−2}(y) cos [m_nA(y)] , (2.10)

χ^−_n (y) = √ 2 A(πR) a^{−2}(y) sin [m_nA(y)] , (2.11)

and A(y) ≡ ∫_y 0 dy^′a^{−1}(y^′). These eigenfunctions satisfy the orbifold conditions at the y = 0 boundary. The normalization factors are determined so that the four-dimensional modes have canonical kinetic terms ∫_{πR} 0 dy a^3(y)χ^±_m(y)χ^±_n (y) = δ_{mn}. The mass eigenvalues m_n

1The finite four-dimensional Newton constant can be realized with infinite extra dimension(s) depending on the factor a(y). Note, however, that the zero modes of gauge fields have constant wavefunctions along y direction and the normalizability must require a finite size of extra dimension (two boundaries) in the absence of some localization mechanism for the zero modes.

– 4 – are fixed by the boundary condition at y = πR,

m_n = nπ A(πR) (η = +1)

(n + 1/2)π A(πR) (η = −1) n = 0, 1, 2, . . . . (2.12)

Along the line of ref. [3], we calculate the five-dimensional gauge anomaly by summing up familiar four-dimensional anomalies of the KK modes. With noting the metric factor appears in the current, the form of anomaly is expressed in terms of the eigenfunctions

η^{MN} ∂_M J_M = g^2 32π^2 ϵ^{μνρσ} F_{μν} F_{ρσ} a^3(y) (∑ |χ^+_n |^2 − ∑ |χ^−_n |^2 ) . (2.13)

Substituting the eigenfunctions (2.10) and (2.11), the summation over all the KK modes becomes ∑ |χ^+_n |^2 − ∑ |χ^−_n |^2 =

2a^{−4}(y) A(πR) [∑ cos^2 [m_nA(y)] − ∑ sin^2 [m_nA(y)] ]

= a^{−4}(y) A(πR) [ δ ( A(y) A(πR) ) + ηδ ( A(y) A(πR) − 1 )]

= δ(y) + ηa^{−3}(πR)δ(y − πR). (2.14) We thus obtain the five-dimensional gauge anomaly on the curved metric (2.3):

η^{MN} ∂_M J_M = g^2 32π^2 ϵ^{μνρσ}F_{μν} F_{ρσ} [δ(y) + ηδ(y − πR)]. (2.15) From this form one can see that the anomaly appears only at the boundaries and furthermore the sizes of anomalies on the two boundaries are equal. It is interesting that the result is exactly same as that in the flat spacetime. There is no dependence on the metric factor a(y). For a nonzero Dirac mass m(y), the wavefunctions of fermion KK modes have completely different forms. We have, however, checked that even in that case, the gauge anomaly is not affected by the presence of mass term and therefore is given by (2.15). If there is a chiral four-dimensional fermion living on a brane, it induces a localized anomaly with the coefficient g^2/16π^2 at y = 0 or y = πR, depending on the position where the fermion lives.

Intuitively, it might be difficult to understand the fact that the anomaly is split evenly between the two boundaries. This is mainly because, on the curved metric, the wavefunctions of KK fermions are highly curved and generally take rather different values on the two boundaries. For example, for a fermion in the AdS_5 geometry with a bulk mass smaller than k/2, all KK fermions including the massless mode are strongly peaked at the y = πR brane with the exponential warp factor. Nevertheless our result (2.15) shows that the gauge anomaly is not localized in a lopsided way on that brane. In the following, we argue two theoretical grounds why it should be so in a five-dimensional orbifold theory.

The first argument is related to a condition of anomaly cancellation. As mentioned before, for η = −1 (without boundary fermions), the low-energy effective theory has vectorlike mass spectrum and therefore is supposed not to suffer from any anomalies. This implies

– 5 – that the apparent anomaly (2.15) does not introduce quantum breaking of gauge symmetry but, with appropriate regularization, it should be canceled by additional local terms which are allowed by the symmetry. In the present five-dimensional theory, an adequate term for this purpose is the Chern-Simons term:

S_{CS} = ∫ d^4xdy ρ(y)ϵ^{MNP QR}A_M F_{NP} F_{QR} . (2.16) The coefficient ρ(y) is periodic and must be an odd function of y such that it respects the Z_2 symmetry. It is easily found that the gauge variation of S_{CS} gives rise to the right term to cancel the anomaly. The vanishing anomaly is ensured if the condition g^2 32π^2

[δ(y) − δ(y − πR)] − ∂_yρ(y) = 0 (2.17)

is satisfied. We find the solution which is given by ρ(y) = g^2 64π^2 ϵ(y) , (2.18)

where ϵ(y) is the sign function with anti-periodicity πR and is allowed by the symmetry. It should be noticed that the localized anomaly can be canceled by the Chern-Simons term only if the two coefficients of delta functions in the anomaly are equal to each other and have a relative minus sign (η = −1). Thus, this argument suggests that the localized anomaly should have the form (2.15) and be independent of the mass parameter m(y). With an appropriate regularization scheme, the Chern-Simons term with the coefficient (2.18) is indeed generated at loop level. It is also clear that the anomaly for η = +1 cannot be canceled by Chern-Simons terms. This is because massless modes necessarily appear in the low-energy theory and the regularization à la Pauli-Villars does not work.

Another theoretical support comes from the AdS/CFT correspondence [10, 11], which claims that a five-dimensional gravity theory on the AdS_5 is holographic dual to a fourdimensional conformal field theory (CFT) in the large N limit. It is also argued that an AdS_5 theory with boundaries, e.g. the Randall-Sundrum model [1], has a certain fourdimensional dual description [12, 13]. The analysis of four-dimensional dual theory gives an understanding of the evenly localized anomaly in the AdS_5.

In the AdS/CFT correspondence, the fifth dimension is encoded as the energy scale in the four-dimensional CFT. A larger (smaller) value of the fifth dimension y corresponds to the infrared (ultraviolet) in four dimensions. Modifying the AdS side by introducing the Planck brane is interpreted in the CFT as introducing a ultraviolet (UV) cutoff of the Planck scale and turning on the coupling to gravity. The structure of Planck brane theory determines the details of UV deformation of CFT. On the other hand, the presence of the IR brane implies the breaking of conformal symmetry in the IR regime. We are now interested in a bulk gauge theory G on the AdS background, which means that the subgroup G of global symmetry in the CFT is weakly gauged. It is indeed checked that the anomaly in CFT is related to the Chern-Simons term in the AdS side [11].

To examine the anomaly and its cancellation in the CFT side, we need to know how various types of AdS fields are mapped into the four-dimensional description under the duality. It is known that localized four-dimensional fields on the UV brane are interpreted

– 6 – as sources of CFT. They do not have direct couplings to CFT in the four-dimensional gravity point of view, but G gauge interactions connect the two sectors (G is weakly gauged). On the other hand, four-dimensional fields on the IR brane correspond to massless composites of the CFT. This is suggested from the fact that the IR brane fields are strongly coupled to the KK-excited gravitons which are localized on the IR brane. In a similar manner, KK-excited modes of bulk fields correspond to massive bound states of the broken CFT.

Matching of AdS bulk fields is also influenced by boundary conditions at the two branes. There are four types of boundary conditions on fermion fields, ψ^{(±±)}. The first and second indices indicate the boundary conditions at the UV and IR branes, respectively. The + sign denotes a Neumann type and − a Dirichlet one. With the notation (2.7), the η = +1 case has ψ^{(++)} and ψ^{(−−)} fermions, and the η = −1 case ψ^{(+−)} and ψ^{(−+)}. The fields which obey the Neumann boundary conditions at the UV brane, i.e. ψ^{(++)} and ψ^{(+−)} have non-vanishing boundary values on the UV brane and act as sources of corresponding CFT operators. In addition, due to the presence of the UV brane, the source fields obtain kinetic terms at quantum level and become dynamical. On the other hand, the Dirichlet boundary condition at the UV brane implies that ψ^{(−−)} and ψ^{(−+)} do not take nonzero values on the UV brane and therefore they are not fundamental degrees of freedom in the UV regime of CFT.

The boundary conditions at the IR brane determine the low-energy description of CFT. The broken CFT generates various bound states. There are also composite states which have the same quantum number of ψ^{(++)} and then only a combination of ψ^{(++)} and these composite states remains massless. The mixture is determined by the anomalous dimension of corresponding CFT operator, in other words, a bulk mass of AdS field. On the other hand, ψ^{(+−)} acquires a mass term with the corresponding massless CFT bound state O^{(+−)} and decouples at the IR scale. The state O^{(+−)} has an opposite quantum number to ψ^{(+−)} and corresponds to a dynamical degree of freedom of ψ^{(−+)} in the IR region. The field ψ^{(−−)} is understood as a massive bound state.

Now we can see how the anomaly is canceled in the IR. Since the massless modes at the IR scale are same as those in the effective four-dimensional theory in the AdS side, the anomaly cancels between these massless modes. In the UV region, ψ^{(++)}, ψ^{(+−)}, and fields living on the UV brane contribute to the G gauge anomaly. There is also complicated CFT contribution to the anomaly and it is then nontrivial how these anomalies cancel out. However, due to the ’t Hooft anomaly matching condition, the CFT-induced anomaly can be evaluated by massless composite states even for strongly-coupled CFT dynamics. The massless bound states are composed of O^{(+−)} and the fields which are dual to those living only on the IR brane. Since the anomaly from ψ^{(+−)} is canceled by that from O^{(+−)}, the conditions for anomaly cancellation become identical in the UV and IR regions of CFT [13]. According to the AdS/CFT correspondence, the CFT contribution to the G anomaly is mapped to a Chern-Simons term in the AdS side. Therefore the action in the AdS side should have a Chern-Simons term whose coefficient is proportional to the sum of charges of O^{(+−)} and fermions localized on the IR brane. When we act a G gauge transformation, the Chern-Simons term induces explicit G-breaking terms in the divergence of the current,

– 7 – which are localized on the two boundaries with equal magnitude and opposite sign. Since in the CFT dual theory the gauge symmetry G is not broken, the breaking terms should be canceled out by fermion contributions and G is not broken also in the AdS side. Thus we recover the localized anomaly in the case that the effective four-dimensional theory has a vector-like spectrum.

We have found that the five-dimensional gauge anomaly on the curved metric (2.3) is exactly the same as that in the flat case. It is independent of the metric factor a(y) and bulk fermion masses. This result also follows from the theoretical arguments presented above. We thus conclude that orbifold theories in the non-factorizable geometries are free from anomalies when four-dimensional effective theories have anomaly-free spectra.

3. The Fayet-Iliopoulos term in warped geometry

In this section we study the Fayet-Iliopoulos (FI) terms in supersymmetric U(1) gauge theories on the AdS_5 geometry. It is well known that a four-dimensional U(1) theory with charged matter fields has the one-loop FI term which is quadratically divergent and proportional to the sum of charges [14]. This radiatively-generated FI term is important for studying the vacuum of theory and it also has a deep connection to gravitational anomalies in supergravity theory. Therefore the characteristic features of FI terms in curved spacetime deserve to be investigated similarly to the gauge anomalies examined in the previous section. The one-loop FI terms in flat five-dimensional orbifold theories were calculated in [7, 4] where they are induced via bulk and boundary charged fields. We investigate this phenomenon in U(1) gauge theories on the warped background. We will particularly find that the FI terms appear not only on the boundaries but also in the five-dimensional bulk. An interpretation of this is that the AdS_5 supersymmetry requires different values of mass parameters for two chiral multiplets contained in one hypermultiplet.

Once the FI term is generated, it is a non-trivial problem whether one has a supersymmetric vacuum without breaking other symmetries. For example, a nonzero fourdimensional FI term necessarily causes supersymmetry and/or U(1) gauge symmetry breaking. However it has been shown that, in flat five-dimensional theories, both supersymmetry and gauge symmetry can survive in spite of the presence of FI terms, provided that the theory is free from U(1)-gravitational mixed anomaly [6, 15]. The analysis of flat directions shows that the scalar field in the U(1) vector multiplet develops a vacuum expectation value due to the FI term. This vacuum expectation value generates constant bulk masses for charged matter fields and significantly modifies the wavefunction profiles of KK modes [8] and [15]–[17], which have important consequences in low-energy effective theories. We will study a condition for supersymmetric vacuum and discuss phenomenological implications of the FI terms in the warped geometry.

3.1 Superspace action

We work with supersymmetric quantum electrodynamics in the warped (AdS) geometry. Its background metric is given by (2.3) with the metric factor a(y) = e^{−k|y|}. The fifth dimension y has the two boundaries at y = 0 and y = πR as in the previous section. To

– 8 – discuss radiative corrections to auxiliary scalar fields, it is relevant to use the off-shell superspace formalism of higher-dimensional supersymmetry [8, 18]. In the superfield language, the present theory involves two types of five-dimensional supermultiplets; vector and hyper multiplets. A five-dimensional off-shell vector multiplet contains a four-dimensional vector multiplet V = (A_μ, λ, D) and a neutral chiral multiplet χ = (Σ+iA_5, λ^′, F_χ), where λ and λ^′ are gauge fermions, and D and F_χ are auxiliary scalar fields. An off-shell hypermultiplet consists of oppositely-charged two chiral multiplets Φ = (ϕ, ψ, F_ϕ) and Φ^c = (ϕ^c, ψ^c, F_ϕc ). The five-dimensional action for AdS_5 supermultiplets is given in the N = 1 superspace form

S_V = ∫ d^4xdy [∫ d^2θ 1 4g^2

W^αW_α + h.c. + ∫ d^2θd^2θ̄ e^{−2k|y|} g^2 ( ∂_yV − 1 √ 2 (χ + χ^†)

)_2] , S_H = ∫ d^4xdy [∫ d^2θd^2θ̄ e^{−2k|y|} ( Φ^†e^{−qV} Φ + Φ^ce^{qV} Φ^{c†} ) + + ∫ d^2θ e^{−3k|y|}Φ^c [ ∂_y − q √ 2 χ − ( 3 2 − c ) kϵ(y) ] Φ + h.c. ] , (3.1)

where q and c denote the charge and mass parameter of the chiral multiplet Φ, and ϵ(y) is the sign function. The exponential warp factors have been included explicitly. For the lowest component of each supermultiplet, these warp factors describe the metric dependence such as √ −g in the AdS_5 action, but the metric factors for other component fields in the AdS_5 action are obtained after the following rescaling λ → e^{− 3}2^{k|y|}λ , λ^′ → e^{− 1}2^{k|y|}λ^′ , D → e^{−2k|y|}D, F_χ → e^{−k|y|}F_χ , ψ → e^{− 1}2^{k|y|}ψ , ψ^c → e^{− 1}2^{k|y|}ψ^c , F_ϕ → e^{−k|y|}F_ϕ , F_ϕc → e^{−k|y|}F_ϕc . (3.2) For later discussion, we mention that after integrating out the auxiliary fields, the scalar components ϕ and ϕ^c in a hypermultiplet have the following five-dimensional masses [19]

m^2_ϕ = ( c^2 + c − 15 4 ) k^2 + (3 − 2c)k [δ(y) − δ(y − πR)] , m^2_ϕc = ( c^2 − c − 15 4 ) k^2 + (3 + 2c)k [δ(y) − δ(y − πR)] . (3.3)

The boundary conditions imposed on the supermultiplets are similarly chosen as in section 2. The vector multiplet V has the Neumann boundary conditions at both UV and IR branes and its superpartner multiplet χ has the Dirichlet ones because it contains the fifth component of bulk gauge field. Noting that a boundary condition of Φ^c must be opposite to that of superpartner Φ for respecting the Z_2 orbifold, we have four different possibilities for boundary conditions of hypermultiplets. They are expressed as (Φ^{(++)}, Φ^{c (−−)}), (Φ^{(−−)}, Φ^{c (++)}), (Φ^{(+−)}, Φ^{c (−+)}), and (Φ^{(−+)}, Φ^{c (+−)}) with the notation introduced in the previous section. A hypermultiplet also carries two other parameters; its U(1) charge q and bulk mass parameter c. It can be seen that the action is irrelevant under the replacement of (Φ^{(+±)}, Φ^{c (−∓)}) with (q, c) by (Φ^{(−∓)}, Φ^{c (+±)}) with (−q, −c). Therefore it is sufficient to show the results only for the two cases Φ^{(++)} and Φ^{(+−)} with generic values of q and c. The results for the other parity assignments can be obtained by simply changing signs of charges and bulk mass parameters.

– 9 –

We also include the action for chiral multiplets confined on the UV and IR boundaries.

S_{UV} = ∫ d^4xdy [ ∫ d^2θd^2θ̄ Φ^†_{UV}e^{−qUVV} Φ_{UV} + ∫ d^2θ W_{UV}(Φ, Φ^c, Φ_{UV}) + h.c. ] δ(y) , (3.4)

S_{IR} = ∫ d^4xdy [∫ d^2θd^2θ̄ e^{−2kπR}Φ^†_{IR}e^{−qIRV} Φ_{IR} + + ∫ d^2θ e^{−3kπR}W_{IR}(Φ, Φ^c, Φ_{IR}) + h.c. ] δ(y − πR) . (3.5) The warp factors have been taken into account in the IR brane action. The Z_2 boundary conditions break a half of bulk supersymmetry and thus the boundary actions preserve only N = 1 supersymmetry. The boundary chiral multiplets Φ_{UV} and Φ_{IR} couple only to bulk multiplets with Neumann boundary conditions on each brane. We assume for simplicity that there are no y-derivative couplings of Z_2-odd chiral multiplets and no fourdimensional gauge fields on the branes, though these assumptions are irrelevant to the following discussion.

For abelian gauge theory, the FI term of vector multiplet V can also be added to the action S_D = ∫ d^4xdy ∫ d^2θd^2θ̄ 2ξ(y)V = ∫ d^4xdy ξ(y)D . (3.6) We have defined the coefficient ξ(y) into which the metric warp factor is absorbed. When the fifth dimension is compactified in the orbifold, ∂_yV −(χ+χ^†)/ √ 2 becomes a supergauge invariant combination. The additional (χ + χ^†)/ √ 2 part is superfluous in flat theories but is not in curved theories. Such a term, however, takes no part in the following analysis of FI terms.

3.2 One-loop FI tadpoles

It is well known in four-dimensional abelian gauge theory that even if the FI term is set to be zero at the classical level, it is generated through loop-level divergent tadpole graphs. In the present five-dimensional case, bulk and boundary scalar fields contribute to the one-loop FI tadpoles. For bulk scalar fields, the relevant vertex is found from the action − q 2 e^{−2k|y|} ( ϕ^†Dϕ − ϕ^cDϕ^{c†} ) , (3.7)

which induces a tadpole contribution to the auxiliary field D; ξ(y) = − q 2 e^{−2k|y|} ∫ d^4p (2π)^4 [ G^ϕ_p (y, y) − G^{ϕc}_p (y, y) ] . (3.8)

The scalar propagators G^{ϕ, ϕc}_p (y, y^′) on the AdS_5 background are calculated in the mixed position/momentum space where p is the four-dimensional momentum [20, 21]. Since the above superspace action already takes account of the metric factors for scalars, the Green’s

– 10 – function evaluated at the coinciding points in the extra dimension is given by G^ϕ_p (y, y) = iπ 2k e^{4k|y|} [ ~J_{|c+ 12 |} ( ip k ) H_{|c+} 1_{2 |} ( ip k e^{k|y|} ) − ~H_{|c+} 1_{2 |} ( ip k ) J_{|c+} 1_{2 |} ( ip k e^{k|y|} )] × × [ ~J_{|c+ 12 |} ( ip k e^{kπR} ) H_{|c+} 1_{2 |} ( ip k e^{k|y|} ) − ~H_{|c+} 1_{2 |} ( ip k e^{kπR} ) J_{|c+} 1_{2 |} ( ip k e^{k|y|} )] / / [ ~J_{|c+ 12 |} ( ip k e^{kπR} ) ~H_{|c+ 12 |} ( ip k ) − ~H_{|c+} 1_{2 |} ( ip k e^{kπR} ) ~J_{|c+ 12 |} ( ip k )] , (3.9)

where H_α is the Hankel function of the first kind of order α and J_α is the Bessel function. The boundary condition of Φ at the UV (IR) brane determines the function forms of ~J and ~H with the argument ip/k (ipe^{kπR}/k). If Φ has a Neumann boundary condition, then ~J_{|c+1/2|}(z) = ±zJ_{±(c−1/2)}(z) for ±(c + 1/2) > 0, while if a boundary condition is Dirichlet, ~J_{|c+1/2|}(z) = J_{|c+1/2|}(z), and similarly for ~H. The propagator G^{ϕc}_p of the partner chiral multiplet of Φ can be obtained by replacement c → −c in all the above expressions.

Given the explicit expressions of Green’s functions, we perform the four-dimensional momentum integral for the FI tadpole (3.8). The complicated but straightforward calculation shows that it is at most quadratically divergent and therefore we regulate it by introducing a sharp UV cutoff Λ. We then find the leading divergent FI term in the warped geometry, which is radiatively induced by a bulk hypermultiplet with charge q and mass parameter c : ξ(y) = q 32π^2 [ Λ^2 [δ(y) + ηδ(y − πR)] + 2ckΛ [ δ(y) − e^{−kπR}δ(y − πR) ] − ck^2Λe^{−ky} + + 1 2 (ln Λ)(∂_y − k) [ δ^′(y) + ηe^{−2kπR}δ^′(y − πR) ]] . (3.10)

The parameter η takes +1 for the boundary condition Φ^{(++)} and −1 for Φ^{(+−)}. As we mentioned, the FI term from Φ^{(−−)} [Φ^{(−+)}] can be derived by changing the signs of q and c in the result of Φ^{(++)} [Φ^{(+−)}]. The net result of FI term is obtained by summing up all hypermultiplet contributions with different charges, masses, and boundary conditions. Note that the second line in the right-handed side of (3.10) does not correspond to a FI term but renormalizes higher-derivative brane-localized operators which are sub-leading in derivative-expansion approximation.

The four-dimensional boundary fields Φ_{UV} and Φ_{IR} also contribute the divergent FI term. It is easily found from the boundary actions (3.4) and (3.5) that one-loop tadpoles are calculated in the usual four-dimensional way and given by ξ(y) = 1 16π^2

Λ^2 [q_{UV} δ(y) + q_{IR} δ(y − πR)] . (3.11)

The total amount of divergent FI terms is given by the sum of (3.10) and (3.11).

The FI term due to bulk hypermultiplets (3.10) shows that the quadratic divergences are localized at the boundaries and split evenly between the two sides. This is resemblance to the localized gauge anomalies found in the previous section. In fact, the quadratic divergence is proportional to the sum of matter charges, which is also proportional to the

– 11 – coefficient of mixed gravitational anomaly. The relation between FI terms and gravitational anomalies gives a deep understanding in supergravity embedding on the warped background. The embedding would also suggest that higher-order corrections do not induce additional FI terms. These issues are beyond the scope of this paper and we leave them to future investigations. Here we mention a relation between a possible anomaly cancellation and the structure of Λ^2 term. In the effective four-dimensional theory, a mixed gravitational anomaly vanishes if ∑ q_{++} − ∑ q_{−−} + ∑ q_{UV} + ∑ q_{IR} = 0 , (3.12)

where q_{++} and q_{−−} are the U(1) charges of Φ^{(++)} and Φ^{(−−)}, respectively. This anomalyfree condition leads to a total Λ^2 term of the form

ξ_{Λ2} (y) = Q 32π^2

Λ^2 [δ(y) − δ(y − πR)] . (3.13)

The constant Q is given by a relevant sum of charges: Q = ∑ q_{+−} − ∑ q_{−+} + ∑ q_{UV} − ∑ q_{IR} with an obvious notation. One can see a kinship between gravitational anomalies and FI terms; the anomaly-free spectrum gives rise to a vanishing FI term in the effective fourdimensional theory. When the condition (3.12) is satisfied, the theory can be regularized with a set of Pauli-Villars fields with suitable charges and bulk masses such that no light mode with wrong statistics is left in the low-energy theory. Possible candidates for regulator hypermultiplets must only contain Φ^{(+−)} [Φ^{(−+)}] with bulk masses c <^1_2 (c > −^1_2 ). Other types of fields contain massless modes in the limit of infinitely large mass parameters.

The linearly divergent FI term comes only from hypermultiplets and represents characteristic properties due to the warped geometry. The suppression by the metric factor exists in the Λ^1 part. Furthermore, the Λ^1 FI term is not only confined on the boundaries but also penetrates into the five-dimensional bulk, which is quite different from the flat orbifold case where there is no FI term in the bulk. This behavior is also rather different from the Λ^2 term and the gauge anomalies. A conceivable understanding of this fact is based on the mass difference between two scalar fields in a hypermultiplet. On the AdS background, these two scalars have different graviphoton charges [22] and then have different masses in the bulk as well as on the branes. If one expands the integrand of the FI term (3.8) with respect to scalar masses, the first sub-leading order in terms of p is proportional to the bulk mass difference. In fact, the bulk Λ^1 FI term agrees with this scalar mass difference. The additional exponential factors should come from the details of vertices and propagators. We also mention that in the limit k → 0 with bulk masses kc fixed, the radiative FI terms in flat theory [6] are properly recovered.

We finally comment on typical mass scales of radiative corrections on the boundaries. In the Randall-Sundrum model [1], the mass scale on the IR brane is suppressed by the exponential warp factor. This can be seen by use of the action after the rescaling (3.2). Then the Λ^2 divergence of the FI term at the IR brane becomes (Λe^{−kπR})^2 and has a relatively suppressed mass scale.

– 12 –

4. Phenomenology of the FI terms

In the previous section, we observed that an anomaly-free condition in the low-energy theory makes the Λ^2 FI term of the form (3.13). In our field normalization, the zero mode of D, consisting of a four-dimensional vector multiplet with the zero mode of gauge field, has a flat wavefunction profile along the fifth dimension. Then the integrability condition for the FI coefficient ∫ dy ξ(y) = 0 (4.1)

is satisfied and we have a vanishing FI term in the effective four-dimensional theory. This is consistent with the fact that the FI term is proportional to the coefficient of U(1)- gravitational mixed anomaly in four dimensions, which is now zero.

The D-term equation is found from the five-dimensional supersymmetric action described before, D = −∂_y(e^{−2k|y|}Σ) − g^2ξ(y) + ∑ qg2 2 e^{−2k|y|}(ϕ^†ϕ − ϕ^{c†}ϕ^c) + + ∑ q_{UV} g2 2 ϕ^†_{UV}ϕ_{UV}δ(y) +

∑ q_{IR} g2 2 e^{−2kπR}ϕ^†_{IR}ϕ_{IR}δ(y − πR) , (4.2)

where Σ is the neutral scalar in the U(1) vector multiplet. The supersymmetric condition D = 0 is governed by the first two terms if one neglects the flat directions of charged fields, some of which are lifted by other supersymmetric flatness conditions. As a result, the D-flatness condition becomes

∂_y(e^{−2k|y|}Σ) + g^2ξ(y) = 0 . (4.3)

This equation has a solution only when the FI coefficient fulfills the integrability condition. Moreover, since Σ is neutral, the vacuum does not break the U(1) gauge symmetry. The existence of such a vacuum preserving both supersymmetry and gauge symmetry is expected from a four-dimensional viewpoint, where there is no non-vanishing FI term which inevitably causes four-dimensional supersymmetry and/or gauge symmetry breaking.

4.1 Bulk field propagators

Keeping in mind the relation to anomalies, we now consider the FI coefficient of the form ξ(y) = Q 32π^2

Λ^2 [δ(y) − δ(y − πR)] + Ck 16π^2 Λ [ δ(y) − e^{−kπR}δ(y − πR) − k 2 e^{−ky} ] , (4.4)

where Q was defined in (3.13) and C is the sum of qc over all bulk hypermultiplets. We have simply dropped the logarithmically divergent term since they are less sensitive to the UV cutoff.^2 The solution to the D-flatness condition (4.3) is then given by

Σ(y) = − g^2 64π^2 ϵ(y) ( QΛ^2e^{2k|y|} + 2CkΛe^{k|y|} ) . (4.5)

2Including higher-derivative δ^′ and δ^{′′} terms would be important for more detailed analysis of KK-mode wavefunctions. Thank S. Groot Nibbelink for noticing us this issue. See also recent work [23].

– 13 –

The quadratically divergent part has a solution as we discussed. It is interesting that the linearly divergent part can also be compatible with a supersymmetric vacuum thanks to the existence of FI term spreading into the five-dimensional bulk (the last term in (4.4)). Given the vacuum expectation value of Σ, hypermultiplets acquire supersymmetry-preserving mass terms through the bulk superpotential. Since the value of Σ is no longer constant in the extra dimension, so are the hypermultiplet masses. Such y-dependent masses could drastically change the KK-mode spectrum and KK phenomenology from that without FI terms or in flat orbifold theories. Note that boundary chiral multiplets do not receive any D-term contributions from FI terms. This is understood from the fact that Σ obeys the Dirichlet boundary conditions at the orbifold fixed points.

Let us study the five-dimensional Green’s functions of hypermultiplet scalars. The Green’s functions for fermions behave in similar ways as long as supersymmetry is preserved. After integrating out the auxiliary components of bulk supermultiplets, we find the propagator of ϕ (with U(1) charge q and a mass c) defined by [ e^{−2k|y|}∂^2_μ + ∂_y(e^{−4k|y|}∂_y) − e^{−4k|y|}M^2_ϕ ] G^ϕ(x, x^′, y, y^′) = δ^{(4)}(x − x^′)δ(y − y^′) , (4.6)

where the scalar mass-squared M^2_ϕ is

M^2_ϕ = m̄(y)^2 + e^{4k|y|}∂_y [ e^{−4k|y|}m̄(y) ] , m̄(y) ≡ ( 3 2 − c ) kϵ(y) + q 2 ⟨Σ(y)⟩ . (4.7)

The mass parameter of M^2_ϕc is given by the replacement q → −q and c → −c. It is now convenient to work with the Green’s function in the mixed position/momentum frame which is defined by Fourier-transforming with respect to the four-dimensional momen- tum G^ϕ(x, x^′, y, y^′) = ∫ d^4p (2π)^4 e^{ip(x−x′)}G^ϕ_p (y, y^′) . (4.8) Introducing the conformal coordinate z = e^{ky}/k and G^ϕ_p (z, z^′) = exp( ∫_z z^′ m̄ kw dw) ~G^ϕ_p (z, z^′), the above equation becomes [ ∂^2_z − 2 ( akz + b + c kz ) k∂_z − p^2 ] ~G^ϕ_p (z, z^′) = (kz)^3δ(z − z^′) , (4.9)

where we have defined the two dimensionless parameters concerning the FI contributions; a =^{qg2}_{128π2k} QΛ^2 and b =^{qg2}_{64π2} CΛ. We first consider the most dominant part of the FI term, i.e. a ≠ 0 and b = 0. The linear divergences do not cause meaningful changes in the conclusion we will show. In this case, the generic solution to the homogeneous equation is described by the Kummer’s hypergeometric function. The solutions in two regions z < z^′ and z > z^′ must satisfy relevant boundary conditions at the fixed points and also the matching conditions at z = z^′ (the continuity of ~G and a jumping condition for ∂_z ~G). We thus find the general expression of Green’s functions for arbitrary scalar

– 14 – fields

G^ϕ_p (y, y^′) = e^{4ky′} 2kf(y^′) exp [( 3 2 − c ) k(y − y^′) − a 2 ( e^{2ky} − e^{2ky′} )] × × [ ~J_{c+ 12} ( 1 k ) H_{c+} 1_2 ( e^{ky<} k ) − ~H_{c+} 1_2 ( 1 k ) J_{c+} 1_2 ( e^{ky<} k )] × × [ ~J_{c+ 12} ( e^{kπR} k ) H_{c+} 1_2 ( e^{ky>} k ) − ~H_{c+} 1_2 ( e^{kπR} k ) J_{c+} 1_2 ( e^{ky>} k )] / / [ ~J_{c+ 12} ( e^{kπR} k ) ~H_{c+ 12} ( 1 k ) − ~H_{c+} 1_2 ( e^{kπR} k ) ~J_{c+ 12} ( 1 k )] , (4.10)

where we have defined y_< (y_> ) to be the lesser (greater) of y and y^′. The functions J and H correspond to the two independent solutions to the homogeneous part of the equation (4.9) which are given by the Kummer’s function

J_β(w) = (kω)^{2β}_1F_1 ( p^2 4ak^2 + β; 1 + β; ak^2w^2 ) , H_β(w) =_1F_1 ( p^2 4ak^2 ; 1 − β; ak^2w^2 ) . (4.11) In a special case that β = n (n : non-positive integer), the two functions are not independent (corresponding to J_n and J_{−n} in the flat limit), and H should be replaced by some independent function. We do not consider this special value of parameter but the analysis below does not lose any generalities. The boundary conditions on the propagator provide the forms of ~J and ~H; ~J_β(w) = ω 2 J^′_β(w) for Neumann ([∂_y − m̄(y)]G^ϕ_p = 0)

J_β(w) for Dirichlet (G^ϕ_p = 0)

(4.12)

and similarly for ~H_β. For example, if ϕ is free on the UV (IR) brane, then ~J_β(^1_k ) =^1_{2k} J^′_β(^1_k ) [ ~J_β(^{ekπR}_k ) =^{ekπR}_{2k} J^′_β(^{ekπR}_k )]. With these functions, f(y) is written as f(y) = e^{ky} 2k [ J^′_{c+} 1_2 ( e^{ky} k ) H_{c+} 1_2 ( e^{ky} k ) − H^′_{c+} 1_2 ( e^{ky} k ) J_{c+} 1_2 ( e^{ky} k )] . (4.13)

In the limit of vanishing FI term (a → 0), the dimensionless function f(y) behaves as e^{(2c+1)ky} .

4.2 KK spectrum and wavefunction profiles

4.2.1 Φ^{(++)} and Φ^{(−−)} : a massless mode

The four-dimensional mass spectrum of chiral supermultiplets are extracted from pole conditions of the five-dimensional propagator (4.10). The conditions crucially depend on the boundary conditions of chiral multiplets. The general form of pole conditions becomes ~J_{c+ 12} ( e^{kπR} k ) ~H_{c+ 12} ( 1 k ) − ~H_{c+} 1_2 ( e^{kπR} k ) ~J_{c+ 12} ( 1 k ) = 0 . (4.14)

– 15 –

In this equation, the four-momentum has been replaced by mass eigenvalue p^2 = −m^2. For a Φ^{(++)} multiplet, the equation is explicitly given by

m^2 4ak^2 [ e^{(2c−1)kπR}_1F_1 ( −m^2 4ak^2 + c + 1 2 ; c + 1 2 ; ae^{2kπR} ) 1F_1 ( −m^2 4ak^2 + 1; 3 2 − c; a ) − (4.15)

−_1F_1 ( −m^2 4ak^2 + c + 1 2 ; c + 1 2 ; a ) 1F_1 ( −m^2 4ak^2 + 1; 3 2 − c; ae^{2kπR} ) ] = 0 .

It is clearly seen that there is always a massless mode. Since the present vacuum does not break the low-energy supersymmetry, a fermionic partner of this scalar zero mode is also massless and they make up a massless chiral multiplet in four dimensions. On the other hand, the equation (4.14) for Φ^{(−−)} turns out to become

e^{(2c+1)kπR}_1F_1 ( −m^2 4ak^2 + c + 1 2 ; c + 3 2 ; ae^{2kπR} ) 1F_1 ( −m^2 4ak^2 ; 1 2 − c; a ) − −_1F_1 ( −m^2 4ak^2 + c + 1 2 ; c + 3 2 ; a ) 1F_1 ( −m^2 4ak^2 ; 1 2 − c; ae^{2kπR} ) = 0 . (4.16)

The eigenvalue equations for a Φ^c chiral multiplet are obtained by replacing a → −a and c → −c. Using a formula for the Kummer’s function_1F_1(α; β; γ) = e^γ_1F_1(β − α; β; −γ), it can be checked that the pole condition of Φ^{c (−−)} is identical to that of the KK-excited modes of Φ^{(++)}. Therefore the KK massive spectrum of Φ^{c (−−)} is paired up with that of Φ^{(++)}, leaving one four-dimensional massless chiral multiplet in Φ^{(++)}. The KK-excited modes have a complicated form of mass spectrum depending on the signs of FI term and bulk mass parameter, but in the case of a large FI term, the KK mass eigenvalues start from around a^{1/2}, not suppressed by the exponential warp factor. We also explicitly checked that a vanishing FI term recovers the mass eigenvalue equations in the Randall-Sundrum background derived in [21].

Let us examine the wavefunction profiles of KK chiral multiplets. It is easily found that all the massive KK modes are localized to the IR brane for any values of U(1) charges and bulk mass parameters. These excited modes become rather heavy and may have no significant effects on the low-energy theory, and therefore we will focus on the massless eigenstate in Φ^{(++)}. The detailed study of KK wavefunctions, including the effects of higher-derivative terms [the second line in (3.10)], will be presented elsewhere. The equation of motion for the massless mode ϕ_0(x)χ^{(++)}_0 (y) is given by ∂_y [ e^{−4k|y|}∂_y(χ^{(++)}_0 ) ] − e^{−4k|y|}M^2_ϕχ^{(++)}_0 = 0 . (4.17)

The mass-squared M^2_ϕ was defined by Eq. (4.7). Solving the equation with the Neumann boundary conditions at the fixed points, we obtain

χ^{(++)}_0 (y) = N_0 exp [( 3 2 − c ) k|y| − a 2 e^{2k|y|} ] . (4.18)

The constant N_0 is fixed by the normalization ∫ dye^{−2k|y|}|χ^{(++)}_0 |^2 = 1 so that the fourdimensional massless mode ϕ_0(x) has a canonical kinetic term. The normalization condition

– 16 – means that N_0 contains a factor e^a2 for a > 0 (a factor e^a2^{e2kπR} for a < 0), which ensures the flat limit, k → 0 with ck and ak fixed, reproduces the zero-mode wavefunction found in the literature. If one considers the boundary conditions (Φ^{(−−)}, Φ^{c (++)}) and has a massless mode in Φ^c, one should reverse the signs of q and c in the solution.

As seen from the above expression, the wavefunction profile of the zero mode highly depends on a. Keeping in mind a warp factor e^{−2k|y|} in the kinetic term of hypermultiplet, we have four different cases depending on the values of two parameters a and c.

(i) a > 0, c >^1_2 and (ii) a < 0, c <^1_2 In these cases, the zero modes have monotonously varying wavefunctions. They have peaks at the boundary y = 0 (y = πR) for the case (i) [(ii)].

(iii) a > 0, c <^1_2 and (iv) a < 0, c >^1_2 In these cases, the zero-mode wavefunctions have the extreme values between the two branes, which are the maximum and the minimum for the cases (iii) and (iv), respectively. It is also found that, in the case (iii) [(iv)], the value of the wavefunction at y = 0 is always larger (smaller) than that at y = πR. The peaks of the zero modes are located at the position y = 1 2k ln (_1 2 − c a ) , (4.19)

which can take various values between the UV and IR branes, depending on a relative size of a and c. If |a| is very large, the wavefunction profile is similar to the case (i) or (ii). The situation is changed for a relatively small value of |a|, where the FI-term coefficient is around the scale on the IR brane. In this case, we find for the case (iii) that the massless chiral multiplet is peaked at a middle point between the two branes. On the other hand, for the case (iv), the massless mode is localized on the both boundaries y = 0 and y = πR. These characteristic profiles may provide a novel approach to four-dimensional phenomenology.

4.2.2 Φ^{(+−)} and Φ^{(−+)} : a pair of almost massless modes For the other types of boundary conditions Φ^{(+−)} and Φ^{(−+)}, the pole conditions are also extracted from the general expression of Green’s functions. For a Φ^{(+−)} chiral multiplet, the condition becomes ( c^2 − 1 4 ) e^{−(2c+1)kπR}_1F_1 ( −m^2 4ak^2 ; 1 2 − c; ae^{2kπR} ) 1F_1 ( −m^2 4ak^2 + c + 1 2 ; c + 1 2 ; a ) − (4.20) − ( m^2 4k^2 ) 1F_1 ( −m^2 4ak^2 + 1; 3 2 − c; a ) 1F_1 ( −m^2 4ak^2 + c + 1 2 ; c + 3 2 ; ae^{2kπR} ) = 0 ,

and for Φ^{(−+)}, ( c^2 − 1 4 ) e^{(2c−1)kπR}_1F_1 ( −m^2 4ak^2 + c + 1 2 ; c + 1 2 ; ae^{2kπR} ) 1F_1 ( −m^2 4ak^2 ; 1 2 − c; a ) − (4.21) − ( m^2 4k^2 ) 1F_1 ( −m^2 4ak^2 + c + 1 2 ; c + 3 2 ; a ) 1F_1 ( −m^2 4ak^2 + 1; 3 2 − c; ae^{2kπR} ) = 0 .

– 17 –

One can easily find from these equations that there are no exactly massless modes. They have been projected out by the boundary conditions from the KK spectrum. The pole condition for Φ^{c (+−)} (Φ^{c (−+)}) is given by replacement a → −a and c → −c in eq. (4.20) ((4.21)) and is equivalent to the pole condition of Φ^{(−+)} (Φ^{(+−)}). Therefore the KK modes from Φ^{(+−)} and Φ^{c (−+)} (Φ^{(−+)} and Φ^{c (+−)}) necessarily come in pair. Though almost all of the KK modes become heavy due to the presence of FI term (a ≠ 0), there can be one pair of light chiral multiplets in the low-energy effective theory. The mass of these light modes is explicitly derived by expanding the eigenvalue equation (4.20) (or (4.21)) with a large FI term

m^2 ≃ 4a^2k^2 exp [ (1 − 2c)kπR − a(e^{2kπR} − 1) + πRm^2 ak ] . (4.22)

If a > 0, the last factor in the right-handed side can be dropped and we have m ≃ 2ak exp [( 1 2 − c ) kπR − a 2 (e^{2kπR} − 1) ] . (4.23)

Our derivation shows that such light modes appear in two types of hypermultiplets; (Φ^{(+−)}, Φ^{c (−+)}) with a positive charge a > 0 and (Φ^{(−+)}, Φ^{c (+−)}) with a negative charge a < 0. The wavefunctions of the light chiral multiplets are shown to have the following form

χ^{(+−)}_l ≃ N_l exp [( 3 2 − c ) k|y| − a 2 e^{2k|y|} ] , χ^{c (−+)}_l ≃ N^c_l exp [( 3 2 + c ) k|y| + a 2 e^{2k|y|} ] , (4.24)

for a positive a. The normalization constants N_l and N^c_l are determined by ∫ dye^{−2k|y|} × |χ^{(+−)}_l |^2 = 1, etc. Note that the wavefunctions of χ^{(−+)}_l and χ^{c (+−)}_l with a negative a are exactly the same as the above, but in the expression of their mass eigenvalue the signs of a and c must be changed from (4.23). The χ^{(+−)}_l wavefunction is similar to the massless mode χ^{(++)}_0 derived in (4.18) where U(1) charge parameter a was free. This similarity is because the mass (4.23) is negligibly small and χ^{(+−)}_l and χ^{(++)}_0 satisfy almost the same equation of motion. As seen from the above expressions, the eigenfunction is suppressed at the boundary where the Dirichlet boundary condition is imposed and has a large value at the opposite boundary.

We have found, for any values of charges and bulk masses, there are two light chiral multiplets with a tiny mass between these two. For a large FI term, χ^{(+−)}_l and χ^{c (−+)}_l are strongly localized, with little overlap, onto the UV and IR branes, respectively. The resultant spectrum for (Φ^{(+−)}, Φ^{c (−+)}) or (Φ^{(−+)}, Φ^{c (+−)}) is like the supersymmetric quantum chromodynamics though we have imposed the chiral Z_2 projection on the spectrum.

If one takes the flat background limit (k → 0 with ck ≡ c̄ and ak ≡ ā fixed), the tiny mass eigenvalue (4.23) becomes m ≃ 2āe^{−(ā+c̄)πR}. (4.25) This corresponds to an exponentially-suppressed KK mass found in ref. [16] for a vanishing bulk mass parameter (c̄ = 0).

– 18 –

4.3 Effective theory and physical implications

In the previous section, we found three types of (almost) massless chiral multiplets in the low-energy effective theory. Φ^{(++)} has a massless mode independent of a, but its wavefunction highly depends on a. With a positive (negative) a parameter, we have an almost massless vector-like modes in Φ^{(+−)} and Φ^{c (−+)} (Φ^{(−+)} and Φ^{c (+−)}). The multiplets Φ^{(++)}, Φ^{(+−)} with a > 0 and Φ^{c (+−)} with a < 0 are localized at the UV brane and the others are at the IR brane. As for a U(1) neutral multiplet with (++) boundary condition, it gives a massless chiral multiplet and the wavefunction is controlled by the bulk mass parameter c. In addition, there is a four-dimensional massless vector multiplet V_0 whose wavefunction is constant along the extra dimension. We schematically describe low-energy effective theories for these light modes as well as four-dimensional boundary chiral multiplets with the following action

S^{eff}_{vector} = ∫ d^4x ∫ d^2θ 1 4g^2_4

W^α_0 W_{0α} + h.c. , (4.26)

S^{eff}_{chiral} = ∫ d^4x ∫ d^2θd^2θ̄ [ Φ^†_0e^{−q0V0} Φ_0 + Φ^†_l e^{−qlV0} Φ_l + Φ^c_l e^{qlV0} Φ^{c †}_l +

+ K^{eff}_{UV} ( Φ_{UV}, Φ^{a>0}_0 , χ^{(++)}_0 (0)Φ^{a<0}_0 , Φ_l ) + + e^{−2kπR}K^{eff}_{IR} ( Φ_{IR}, χ^{(++)}_0 (πR)Φ^{a>0}_0 , Φ^{a<0}_0 , Φ^c_l )] + + ∫ d^4x ∫ d^2θ [ W^{eff}_{UV} ( Φ_{UV}, Φ^{a>0}_0 , χ^{(++)}_0 (0)Φ^{a<0}_0 , Φ_l ) + + e^{−3kπR}W^{eff}_{IR} ( Φ_{IR}, χ^{(++)}_0 (πR)Φ^{a>0}_0 , Φ^{a<0}_0 , Φ^c_l )] + h.c. , (4.27)

where g_4 is the gauge coupling defined by 1/g^2_4 = πR/g^2. We have not explicitly written down O(1) factors of wavefunctions for notational simplicity. The four-dimensional field Φ_0(x) denotes a light degree of freedom from Φ^{(++)}, and Φ_l(x) and Φ^c_l (x) come from the multiplets with boundary conditions (+−) and (−+) and are localized at the UV and IR branes, respectively. In the boundary Kähler potentials and superpotentials, only the multiplets with Neumann boundary conditions appear with relevant strengths on each brane. The extension to multi flavors of hypermultiplets is straightforward. The Kähler potentials K^{eff}_{UV} and K^{eff}_{IR} contain the kinetic terms for boundary multiplets Φ_{UV} and Φ_{IR}, and also include possible higher-dimensional operators among bulk and brane superfields. The superpotentials W_{UV} and W_{IR} preserve only half of bulk supersymmetry and they can involve mass, Yukawa, and other terms allowed in four-dimensional supersymmetric theory. The superspace form is relevant to study various phenomenology in the low-energy effective theory preserving supersymmetry.

The above effective action shows that the vector-like multiplets Φ_l and Φ^c_l behave in a similar way to boundary chiral multiplets as long as their charge parameters a’s are not so small. On the other hand, Φ_0 multiplets appear with the factors of wavefunctions evaluated

– 19 – at the boundaries. The wavefunction factors appeared in (4.27) are

χ^{(++)}_0 (0) ≃ √ 2ke^{−a} ln(−a) λ^{12 (c− 32 )} e^{+ a2λ} (a < 0) , (4.28)

χ^{(++)}_0 (πR) ≃ √ 2ke^a ln a λ^{12 (c− 32 )} e^{− a2λ} (a > 0) . (4.29)

We have defined a small parameter λ = e^{−2kπR}. These wavefunction factors give sources to generate two different sizes of hierarchies, which are given by powers and exponentials of the ratio between the UV and IR scales. Taking various values of charges and bulk masses, we obtain hierarchical quantities in the low-energy effective theory. This provides a new tool for low-energy phenomenology.

As the first example, we discuss a large hierarchy among the Yukawa couplings of quarks and leptons. While the masses of quarks and charged leptons are in the vicinity of the electroweak scale, the recent experimental observations indicate that neutrinos have tiny masses of O(eV), which are 10^{−(11−14)} times smaller than the electroweak scale. Our aim in the current example is to explain such a huge hierarchy between the masses of neutrinos and other fermions by exploiting the suppression factors of (4.28) and (4.29). As an illustration, we assume that the electroweak Higgs fields and Yukawa terms are confined on the IR brane. In addition, the quarks and charged leptons come from the zero modes of bulk hypermultiplets with (++) boundary conditions, mass parameters c_i, and vanishing U(1) charges.^3 In this case, the bulk masses c_i determine the wavefunction factors of charged fermions at the IR brane χ^{++}_0 (πR) and hence generate Yukawa hierarchies between the three generations. This is archived when the radius modulus is stabilized so that λ ∼ 10^{−(1−2)}. We also introduce right-handed neutrino multiplets with positive a parameters. (The U(1) gauge invariance requires at least one extra standard-model singlet (or a doublet Higgs) with a negative a parameter.) The non-vanishing a induces a large suppression of neutrino wavefunctions at the IR brane and the tiny neutrino Yukawa couplings follow. It is found from (4.29) that the suppression is roughly given by the exponential factor e^{−a/2λ} which can give a correct order of magnitude for neutrino masses with an O(1) value of a. We also note that a mild hierarchy between the three neutrino masses is realized by choosing different neutrino bulk masses c_{νi} .

Another application is concerned with the Planck/weak mass hierarchy. We now want to show a simultaneous realization both of Yukawa and Planck/weak mass hierarchies, where the former is generated by the difference of wavefunctions caused by bulk matter masses and therefore the parameter λ is set to be about a unit of Yukawa hierarchy. The Plank/weak mass hierarchy is then realized by U(1) charge parameter a. As a primitive example, let us consider that five-dimensional boundary superpotentials include the following terms for Higgs fields

W_{UV} = f_S √ M S(x, y)H_u(x)H_d(x) , W_{IR} = M^{3/2}S(x, y) , (4.30)

3In fact, it is not necessarily to place the entire matter multiplets in the five-dimensional bulk. A simple way to produce the right fermion masses is to only put a set of 10 representations of SU(5) in additional spatial dimensions [24].

– 20 – where f_S is a dimensionless coupling and M denotes the fundamental scale of five-dimensio-nal theory, which is not much different from the Plank scale. We have assumed that the doublet Higgses H_u and H_d are confined on the UV brane and the standard-model singlet S comes from a bulk hypermultiplet with (++) boundary condition. Now S and H_d have opposite charge parameters a and −a, respectively (a > 0) so that the dimensionfour term W_{UV} is gauge invariant.^4 One-loop chiral anomalies can be canceled, e.g. by adding appropriate charged multiplets to boundary theories. Given the charge assignment, S contains a zero mode localized at the UV brane. It is found from (4.27) that the supersymmetric vacuum in four dimensions satisfies ⟨H_u⟩⟨H_d⟩ = −1 f_S ( χ_s(πR) χ_s(0) ) e^{−3kπR}M^2 , (4.31)

where χ_s denotes the wavefunction of the zero mode of S whose form is read from (4.29). Such a wavefunction factor of S appears because the massless mode needs to propagate the bulk space to communicate the coupling at the IR brane to the UV brane. Supersymmetry is not broken though we have a linear superpotential in W_{IR}. This is understood by solving the F -flat conditions explicitly and also from the four-dimensional effective action. For example, a vanishing bulk mass parameter of the S field leads to the vacuum expectation values of the doublet Higgses ⟨H_u⟩, ⟨H_d⟩ ≃ λ^{3/8}e^{− a4λ} M , (4.32) The parameter λ defined before gives a unit of Yukawa hierarchy. Eq. (4.32) thus shows that the Planck/weak mass hierarchy is obtained by choosing O(1) a parameter.

The Yukawa couplings of quarks and leptons come from the UV boundary term

W_{UV} = 1 M f^{ij}_u Q_iu_jH_u + 1 M f^{ij}_d Q_id_j H_d + 1 M f^{ij}_l L_ie_j H_d (4.33)

with the standard notation. All the matter multiplets are assumed to reside in the bulk and the couplings f_{u,d,l} are dimensionless O(1) parameters. For these terms to be gauge invariant, the U(1) charges of quark and lepton multiplets are a_Q = a_u = a_e = 0 and a_d = a_L = +a (> 0). For simplicity we assume U(1)_Y of the standard model gauge group does not have FI term. The zero modes of d and L are then localized at the UV brane and do not provide any suppressions of Yukawa couplings f_d and f_l. We take the mass parameters of U(1)-neutral multiplets c_{Q,u,e} <^1_2 so that they are peaked at the IR brane (see the localization property discussed in section 4.2.1). As a result, the zero-modes quarks and leptons are found to have the following Yukawa couplings

(f^{ij}_u )_0 ≃ λ^{1−cQ}i^{−cuj} πMR , (f^{ij}_d )_0 ≃ λ^{12 −cQ}i πMR , (f^{ij}_l )_0 ≃ λ^{12 −cej} πMR . (4.34)

Several interesting results follow from this expression. First, the hierarchy of up-quark masses is generally larger than that of down quarks due to the suppression effect of the right-handed up quarks, while not disturbing the smallness of quark mixing angles. On

4The U(1) symmetry is softly broken by WIR. A potential alternative is U(1)R symmetry under which S has charge +2 and both WUV, IR are invariant. In this case, we are necessarily lead to supergravity theory.

– 21 – the other hand, the hierarchy of lepton Yukawa couplings are controlled only by the righthanded electrons. This implies that the left-handed leptons can largely mix with each other, which is indeed suggested by the recent experimental results for neutrino physics. If one takes the bulk masses c_Q = c_u = c_e motivated by grand unification, the effective Yukawa couplings (4.34) predict the mass eigenvalues and mixing angles roughly consistent with the present experimental data. We comment that W_{UV} in (4.30) could also lead to a natural μ-term generation by introducing additional terms of S on the IR brane.

The mechanism proposed above is different from other approaches to the hierarchy problems with the AdS warp factor. In refs. [21, 25], the Higgs fields (and Yukawa couplings) are confined on the TeV brane to have the electroweak scale from the warp factor à la Randall-Sundrum [1]. The matter multiplets have suitable bulk masses c_i and are localized at the Planck brane. The situation generates Yukawa hierarchy in unit of a ratio between the Planck/weak mass hierarchy, namely, f_{ij} ∼ (M_{weak}/M_{Pl})^{ci+cj −1}, and therefore needs some fine-tuning of mass parameters c_i for realistic fermion masses and mixing.

5. Conclusions and discussions

In this paper we have discussed chiral gauge anomalies in curved spacetime and also the structure of Fayet-Iliopoulos terms in warped supersymmetric theories. The chiral anomalies have been found to appear at the orbifold fixed points and are localized in the exactly same fashion as in flat theories. This result has the theoretical supports from a low-energy effective theory viewpoint and also from the AdS/CFT correspondence. The gauge anomaly is canceled by an appropriate Chern-Simons term if the four-dimensional effective theory is free from gauge anomaly.

Unlike the gauge anomaly, the FI terms behave differently from the flat theory. In the warped geometry, the FI terms are generated not only on the boundaries but also in the whole bulk. When the effective theory is free from gravitational anomalies, there is a supersymmetric vacuum without breaking the gauge symmetry in spite of non-vanishing FI term. This consistent behavior is in fact guaranteed by the presence of the bulk FI term. In turn, the effect of FI term becomes to generate supersymmetric masses for charged bulk multiplets which depend on the metric factor. Contrary to the Randall-Sundrum model where the scale of KK masses is suppressed, typical KK masses for charged particles are around the scale of FI coefficient. The wavefunction profiles of bulk multiplets have also been examined for various types of boundary conditions on the branes. For example, the massless mode in Φ^{(++)} with even-even parity is strongly localized onto the UV or IR brane, depending on its U(1) charge and bulk mass parameter. We have shown by explicit constructions that this localization behavior has interesting applications to the problems in particle physics, e.g., Yukawa and Planck/weak mass hierarchies.

It may be interesting to study the localized anomaly and FI terms via the fourdimensional theory space approach [26]. The field theory in the AdS_5 spacetime can also be formulated along this line [27] and it should be possible to examine gauge anomalies as in [28]. The structure of FI terms is also understood in a similar way.

– 22 –

In this paper we have not considered supersymmetry breaking and gravity. The localized FI terms and resultant modified wavefunctions significantly affect supersymmetry breaking in the low-energy theory. Several ways to break supersymmetry are expected in the AdS background, e.g., orbifolding, brane-localized interactions, the radius modulus F term. Each mechanism could lead to distinguishable sparticle spectrum in the low-energy effective theory. Combined with other phenomenological issues, realistic model construction along this line may deserve to be investigated. Proceeding to supergravity theory, we could study more clearly the relations between FI terms and gravitational anomalies. The invariance under local supersymmetry might suggest a possible form of the coefficient of FI term. To examine gravitational back-reactions due to FI terms may also be an interesting issue.

Acknowledgments

The authors wish to thank B. Holdom, S. Groot Nibbelink, E. Poppitz, N. Uekusa and N. Yamashita for valuable discussions, and are also grateful to the organizers of the workshop “Brane-world and Supersymmetry” held at University of British Columbia in Canada (July, 2002) where a part of this work was carried out. This work is supported in part by the Natural Sciences and Engineering Research Council of Canada.

References

[1] L. Randall and R. Sundrum, A large mass hierarchy from a small extra dimension, Phys.

Rev. Lett. 83 (1999) 3370 [hep-ph/9905221]; An alternative to compactification, Phys. Rev. Lett. 83 (1999) 4690 [hep-th/9906064].

[2] W.D. Goldberger and M.B. Wise, Bulk fields in the Randall-Sundrum compactification scenario, Phys. Rev. D 60 (1999) 107505 [hep-ph/9907218];

H. Davoudiasl, J.L. Hewett and T.G. Rizzo, Bulk gauge fields in the Randall-Sundrum model, Phys. Lett. B 473 (2000) 43 [hep-ph/9911262];

A. Pomarol, Gauge bosons in a five-dimensional theory with localized gravity, Phys. Lett. B 486 (2000) 153 [hep-ph/9911294];

Y. Grossman and M. Neubert, Neutrino masses and mixings in non-factorizable geometry, Phys. Lett. B 474 (2000) 361 [hep-ph/9912408];

B. Bajc and G. Gabadadze, Localization of matter and cosmological constant on a brane in anti de Sitter space, Phys. Lett. B 474 (2000) 282 [hep-th/9912232]; S. Chang, J. Hisano, H. Nakano, N. Okada and M. Yamaguchi, Bulk standard model in the Randall-Sundrum background, Phys. Rev. D 62 (2000) 084025 [hep-ph/9912498].

[3] N. Arkani-Hamed, A.G. Cohen and H. Georgi, Anomalies on orbifolds, Phys. Lett. B 516 (2001) 395 [hep-th/0103135].

[4] C.A. Scrucca, M. Serone, L. Silvestrini and F. Zwirner, Anomalies in orbifold field theories, Phys. Lett. B 525 (2002) 169 [hep-th/0110073].

[5] C.G. Callan Jr. and J.A. Harvey, Anomalies and fermion zero modes on strings and domain walls, Nucl. Phys. B 250 (1985) 427;

L. Pilo and A. Riotto, On anomalies in orbifold theories, Phys. Lett. B 546 (2002) 135 [hep-th/0202144].

– 23 –

[6] R. Barbieri, R. Contino, P. Creminelli, R. Rattazzi and C.A. Scrucca, Anomalies, Fayet-Iliopoulos terms and the consistency of orbifold field theories, Phys. Rev. D 66 (2002) 024025 [hep-th/0203039].

[7] D.M. Ghilencea, S. Groot Nibbelink and H.P. Nilles, Gauge corrections and FI-term in 5D KK theories, Nucl. Phys. B 619 (2001) 385 [hep-th/0108184].

[8] N. Arkani-Hamed, T. Gregoire and J. Wacker, Higher dimensional supersymmetry in 4D superspace, J. High Energy Phys. 03 (2002) 055 [hep-th/0101233].

[9] C.A. Scrucca, M. Serone and M. Trapletti, Open string models with Scherk-Schwarz SUSY breaking and localized anomalies, Nucl. Phys. B 635 (2002) 33 [hep-th/0203190]; H.D. Kim, J.E. Kim and H.M. Lee, TeV scale 5D SU(3)w unification and the fixed point anomaly cancellation with chiral split multiplets, J. High Energy Phys. 06 (2002) 048 [hep-th/0204132];

F. Gmeiner, S. Groot Nibbelink, H.P. Nilles, M. Olechowski and M.G.A. Walter, Localized anomalies in heterotic orbifolds, Nucl. Phys. B 648 (2003) 35 [hep-th/0208146]; T. Asaka, W. Buchmuller and L. Covi, Bulk and brane anomalies in six dimensions, Nucl. Phys. B 648 (2003) 231 [hep-ph/0209144];

T. Gherghetta and A. Kehagias, Anomaly cancellation in seven-dimensional supergravity with a boundary, Phys. Rev. D 68 (2003) 065019 [hep-th/0212060];

G. von Gersdorff and M. Quiros, Localized anomalies in orbifold gauge theories, Phys. Rev. D 68 (2003) 105002 [hep-th/0305024];

S. Groot Nibbelink, Traces on orbifolds: anomalies and one-loop amplitudes, J. High Energy Phys. 07 (2003) 011 [hep-th/0305139];

S.G. Nibbelink, M. Hillenbach, T. Kobayashi and M.G.A. Walter, Localization of heterotic anomalies on various hyper surfaces of T^6/Z_4, hep-th/0308076.

[10] S.S. Gubser, I.R. Klebanov and A.M. Polyakov, Gauge theory correlators from non-critical string theory, Phys. Lett. B 428 (1998) 105 [hep-th/9802109].

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

[12] M.J. Duff and J.T. Liu, Complementarity of the Maldacena and Randall-Sundrum pictures, Phys. Rev. Lett. 85 (2000) 2052 [hep-th/0003237];

N. Arkani-Hamed, M. Porrati and L. Randall, Holography and phenomenology, J. High Energy Phys. 08 (2001) 017 [hep-th/0012148];

R. Rattazzi and A. Zaffaroni, Comments on the holographic picture of the Randall-Sundrum model, J. High Energy Phys. 04 (2001) 021 [hep-th/0012248];

A. Hebecker and J. March-Russell, Randall-Sundrum II cosmology, AdS/CFT and the bulk black hole, Nucl. Phys. B 608 (2001) 375 [hep-ph/0103214];

M. Perez-Victoria, Randall-Sundrum models and the regularized AdS/CFT correspondence, J. High Energy Phys. 05 (2001) 064 [hep-th/0105048];

W.D. Goldberger and I.Z. Rothstein, High energy field theory in truncated AdS backgrounds, Phys. Rev. Lett. 89 (2002) 131601 [hep-th/0204160];

R. Contino, P. Creminelli and E. Trincherini, Holographic evolution of gauge couplings, J. High Energy Phys. 10 (2002) 029 [hep-th/0208002].

[13] K. Agashe, A. Delgado and R. Sundrum, Grand unification in RS1, Ann. Phys. (NY) 304 (2003) 145, [hep-ph/0212028].

– 24 –

[14] W. Fischler, H.P. Nilles, J. Polchinski, S. Raby and L. Susskind, Vanishing renormalization of the d term in supersymmetric U(1) theories, Phys. Rev. Lett. 47 (1981) 757.

[15] S. Groot Nibbelink, H.P. Nilles and M. Olechowski, Spontaneous localization of bulk matter fields, Phys. Lett. B 536 (2002) 270 [hep-th/0203055]; Instabilities of bulk fields and anomalies on orbifolds, Nucl. Phys. B 640 (2002) 171 [hep-th/0205012].

[16] D. Marti and A. Pomarol, Fayet-Iliopoulos terms in 5D theories and their phenomenological implications, Phys. Rev. D 66 (2002) 125005 [hep-ph/0205034].

[17] H. Abe, T. Higaki and T. Kobayashi, Wave function profile and SUSY breaking in 5D model with Fayet-Iliopoulos term, Prog. Theor. Phys. 109 (2003) 809, [hep-th/0210025]; H.M. Lee, H.P. Nilles and M. Zucker, Spontaneous localization of bulk fields: the sixdimensional case, hep-th/0309195.

[18] D. Marti and A. Pomarol, Supersymmetric theories with compact extra dimensions in N = 1 superfields, Phys. Rev. D 64 (2001) 105025 [hep-th/0106256];

A. Hebecker, 5D super Yang-Mills theory in 4D superspace, superfield brane operators and applications to orbifold guts, Nucl. Phys. B 632 (2002) 101 [hep-ph/0112230].

[19] T. Gherghetta and A. Pomarol, Bulk fields and supersymmetry in a slice of AdS, Nucl. Phys.

B 586 (2000) 141 [hep-ph/0003129].

[20] B. Grinstein, D.R. Nolte and W. Skiba, On a covariant determination of mass scales in warped backgrounds, Phys. Rev. D 63 (2001) 105005 [hep-th/0012074].

[21] T. Gherghetta and A. Pomarol, A warped supersymmetric standard model, Nucl. Phys. B 602 (2001) 3 [hep-ph/0012378].

[22] A. Ceresole and G. Dall’Agata, General matter coupled N = 2, D = 5 gauged supergravity, Nucl. Phys. B 585 (2000) 143 [hep-th/0004111];

K.W. Choi, H.D. Kim and Y.W. Kim, Gauge coupling renormalization in orbifold field theories, J. High Energy Phys. 11 (2002) 033 [hep-ph/0202257].

[23] S. Groot Nibbelink and M. Laidlaw, Stringy profiles of gauge field tadpoles near orbifold singularities, I. Heterotic string calculations, J. High Energy Phys. 01 (2004) 004 [hep-th/0311013]; Stringy profiles of gauge field tadpoles near orbifold singularities, II. Field theoretical implications, J. High Energy Phys. 01 (2004) 036 [hep-th/0311015].

[24] L. Hall, J. March-Russell, T. Okui and D.R. Smith, Towards a theory of flavor from orbifold guts, hep-ph/0108161;

L.J. Hall and Y. Nomura, SO(10) and SU(6) unified theories on an elongated rectangle,

hep-ph/0207079;

N. Haba and Y. Shimizu, A simple model of generating fermion mass hierarchy in N = 1 supersymmetric 6D SO(10) GUT, Phys. Lett. B 560 (2003) 133 [hep-ph/0212384]; M. Bando, T. Kobayashi, T. Noguchi and K. Yoshioka, Fermion mass hierarchies and small mixing angles from extra dimensions, Phys. Rev. D 63 (2001) 113017 [hep-ph/0008120].

[25] S.J. Huber and Q. Shafi, Fermion masses, mixings and proton decay in a Randall-Sundrum model, Phys. Lett. B 498 (2001) 256 [hep-ph/0010195];

J.L. Hewett, F.J. Petriello and T.G. Rizzo, Precision measurements and fermion geography in the Randall-Sundrum model revisited, J. High Energy Phys. 09 (2002) 030 [hep-ph/0203091]; G. Burdman, Constraints on the bulk standard model in the Randall-Sundrum scenario, Phys. Rev. D 66 (2002) 076003 [hep-ph/0205329];

– 25 –

K. Agashe, A. Delgado, M.J. May and R. Sundrum, RS1, custodial isospin and precision tests, J. High Energy Phys. 08 (2003) 050 [hep-ph/0308036].

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

86 (2001) 4757 [hep-th/0104005];

C.T. Hill, S. Pokorski and J. Wang, Gauge invariant effective lagrangian for Kaluza-Klein modes, Phys. Rev. D 64 (2001) 105005 [hep-th/0104035].

[27] K. Sfetsos, Dynamical emergence of extra dimensions and warped geometries, Nucl. Phys. B 612 (2001) 191 [hep-th/0106126];

H. Abe, T. Kobayashi, N. Maru and K. Yoshioka, Field localization in warped gauge theories, Phys. Rev. D 67 (2003) 045019 [hep-ph/0205344];

A. Falkowski and H.D. Kim, Running of gauge couplings in AdS_5 via deconstruction, J. High Energy Phys. 08 (2002) 052 [hep-ph/0208058];

L. Randall, Y. Shadmi and N. Weiner, Deconstruction and gauge theories in AdS_5, J. High Energy Phys. 01 (2003) 055 [hep-th/0208120].

[28] W. Skiba and D. Smith, Localized fermions and anomaly inflow via deconstruction, Phys.

Rev. D 65 (2002) 095002 [hep-ph/0201056];

E. Dudas, A. Falkowski and S. Pokorski, Deconstructed U(1) and supersymmetry breaking, Phys. Lett. B 568 (2003) 281 [hep-th/0303155].

– 26 –

Received: July 29, 2004

Addendum

In this paper we introduced a sharp UV cutoff Λ in four-dimensional momentum integral. Since the fifth direction is curved, this cutoff may depend on its coordinate y. If we work with Λ(y) = Λ exp(−ky) as motivated by AdS/CFT correspondence, we obtain the results consistent with supergravity calculation. In this case, we have supersymmetric vacua with nonzero expectation values of charged matter fields. For example the phenomenological implications of FI term discussed in section 4 are completely unchanged when IR boundary chiral multiplets are introduced. If UV boundary fields instead of IR ones get vacuum expectation values, we then need to replace Λ by Λ exp(−kπR) in the analysis of section 4.

© SISSA/ISAS 2004 – i –