Published by Institute of Physics Publishing for SISSA/ISAS Received: February 11, 2003 Revised: March 10, 2003 Accepted: March 18, 2003

Radius-dependent gauge unification in AdS5

Kiwoon Choi

Department of Physics, Korea Advanced Institute of Science and Technology Daejeon 305-701, Korea E-mail: kchoi@hep.kaist.ac.kr

Hyung Do Kim

Department of Physics, The Ohio State University 174 W. 18th Ave., Columbus, Ohio 43210, USA, and School of Physics, Korea Institute for Advanced Study Seoul 235-010, Korea E-mail: hdkim@mps.ohio-state.edu

Ian-Woo Kim

Department of Physics, Korea Advanced Institute of Science and Technology Daejeon 305-701, Korea E-mail: iwkim@hep.kaist.ac.kr

Abstract: We examine the relation of the 4-dimensional low energy coupling of bulk gauge boson in a slice of AdS5 to the 5-dimensional fundamental couplings as a function of the orbifold radius R. This allows us to address the gauge coupling unification in AdS5 by means of the radius running as well as the conventional momentum running. Using the 4-dimensional effective supergravity approach, we compute the radius-dependent 1-loop couplings in generic AdS5 theory orbifolded by Z_2 ×Z^′_2 with 4-dimensional supersymmetry, and discuss the low energy predictions when the 5-dimensional couplings are assumed to be unified.

Keywords: Renormalization Group, Field Theories in Higher Dimensions, Supersymmetric Effective Theories, GUT.

© SISSA/ISAS 2003 http://jhep.sissa.it/archive/papers/jhep032003034 /jhep032003034 .pdf

Contents

1. Introduction 1

2. Radius dependent gauge couplings in AdS5 1

3. 4D effective SUGRA calculation 5

4. Simple application and conclusion 10

1. Introduction

It has been noted that the large scale hierarchy between the weak and Planck scales can be naturally obtained in 5-dimensional (5D) theory on a slice of AdS5 [1]. In the original model of Randall and Sundrum, all the standard model fields are assumed to be confined in the TeV brane. An apprarent drawback of this scenario is that one has to abandon the perturbative unification of gauge couplings at the fundamental scale of the model. An alternative scenario which may achieve gauge unification while solving the hierarchy problem is that the gauge fields propagate in 5D bulk spacetime [2]. In such case, the size of gauge coupling renormalization calculable within the model is generically of order [ln(M^2_{P l}/M^2_W )]/8π^2 [3]–[14], so the model can allow gauge unification at the 5D cutoff scale which is close to the 4-dimensional (4D) Planck scale M_{P l}.

In this paper, we point out that the unification of bulk gauge couplings in 5D theories on a slice of AdS5 can be easily addressed if one could determine how the low energy gauge couplings vary under the change of the orbifold radius R. We then compute the R-dependent 1-loop 4D couplings in generic AdS5 theory orbifolded by Z_2 × Z^′_2 with N = 1 supersymmetry (SUSY) [15]. Our calculation scheme is the 4D effective supergravity (SUGRA) approach which has been discussed in [5] in which the R-dependent 1-loop couplings are computed for AdS5 models whose 5D vector multiplets are assumed to have (++) boundary condition under Z_2 : y → −y and Z^′_2 : y + π → −y + π. In this paper, we extend the analysis to the models containing 5D vector multiplets with generic Z_2 × Z^′_2 boundary conditions as well as the hypermultiplets with generic Z_2 × Z^′_2 boundary conditions.

2. Radius dependent gauge couplings in AdS5

Let us consider 5D gauge theory on a slice of AdS5 with orbifold radius R. The action includes ∫ d^4xdy √ −G [ − 1 4g^2_{5a} F^{aMN} F^a_{MN} − ( δ(y) √ G_{55} 1 g^2_{0a} + δ(y − π) √ G_{55} 1 g^2_{πa} ) 1 4 F^{aμν} F^a_{μν} ] , (2.1)

– 1 – where y = 0, π denote the 5-th coordinates of orbifold fixed points and the 5D metric G_{MN} is given by ds^2 = G_{MN} dx^M dx^N = e^{−2kR|y|}g_{μν} dx^μdx^ν + R^2dy^2 , (2.2)

where k is the AdS curvature and R is the orbifold radius. The massless 4D graviton g_{μν} has R-dependent Planck scale:

M^2_{P l} =

M^3_5 k (1 − e^{−2πkR}) , where M_5 is the 5D Planck scale of G_{MN} . For generic bulk fields in AdS5, Kaluza-Klein (KK) scale is given by [2] M_{KK} ≃ πk e^{πkR} − 1 . (2.3)

In order for the background spacetime to be treated in semi-classical approximation, both k and 1/R are required not to exceed M_5. However still kR can take any value, either large or small, depending upon the radius stabilization mechanism. Obviously, in large radius limit πkR ≫ 1, the KK scale is exponentially suppressed as M_{KK} ≈ πke^{−πkR}. On the other hand, in small radius limit with πkR ≲ 1, the geometry is approximately flat and M_{KK} ≈ 1/R. Since 5D field theory is not renormalizable, the action (2.1) should be interpreted as an Wilsonian action with finite ultraviolet (UV) cutoff Λ. The quantity of our interest is the low energy coupling of zero mode gauge boson with external 4D momentum p^2 ≲ M^2_{KK} for generic value of kR. At tree approximation, they are simply given by ( 1 g^2_a ) tree = πR g^2_{5a} + 1 g^2_{0a} + 1 g^2_{πa} . Including the 1-loop correction due to charged bulk and/or brane fields, the low energy couplings can be written as a function of p, R and k: 1 g^2_a(p, R, k) = [ 1 g^2_{5a}(Λ) + γ_a 8π^3 Λ ] πR + [ 1 g^2_{0a}(Λ) + 1 g^2_{πa}(Λ) + b^′_a 8π^2 ln Λ ] + 1 8π^2 Δ̃_a(p, R, k) (2.4) where Λ ≈ M_5 is the cutoff scale of 5D theory measured by G_{MN} and p^2 = −g^{μν} ∂_μ∂_ν is measured by g_{μν} . Here the power-law divergence [16] is associated with the bulk counter term, while the log divergence is associated with the counter terms localized at orbifold fixed points [17, 18], and the conventional momentum-running is encoded in Δ̃_a together with finite KK threshold corrections. The coefficient γ_a of power-law divergence is highly sensitive to the used cutoff scheme, but the combination 1 ĝ^2_{5a} ≡ 1 g^2_{5a}(Λ) + γ_a 8π^3

Λ (2.5)

is scheme-independent. Then the unification condition on 5D couplings, if exists any, should be imposed on the scheme-independent ĝ^2_{5a}.

– 2 –

As for the couplings at fixed points, i.e. g^2_{0a}(Λ) and g^2_{πa}(Λ), they run logarithmically in Λ in such a way that 1/g^2_{0a}(Λ) + 1/g^2_{πa}(Λ) + b^′_a ln Λ/8π^2 is Λ-independent. Note that g^2_{0a}(Λ) and g^2_{πa}(Λ) correspond to the Wilsonian couplings defined at a common scale Λ in the metric frame of G_{MN} . However if we measure the scales in the metric frame of g_{μν} as we do for p^2, then g^2_{0a}(Λ) and g^2_{πa}(Λ) should be interpreted as the Wilsonian couplings defined at different scales, Λ and e^{−πkR}Λ, respectively. At any rate, it is reasonable to assume [19] that 1 g^2_{0a}(Λ) ≈ 1 g^2_{πa}(Λ) = O ( 1 8π^2 ) . (2.6)

Throughout this paper, we will adopt this strong coupling assumption and focus on the parametrically large 1-loop correction 1 8π^2 Δ^{(AdS)} a = 1 g^2_a − [ πR ĝ^2_{5a} + 1 g^2_{0a} + 1 g^2_{πa} ] = 1 8π^2 [ b^′_a ln Λ + Δ̃_a ] , (2.7)

while ignoring the subleading corrections of O(1/8π^2). Note that Δ^{(AdS)}_a is unambiguously calculable within 5D effective field theory.

Let us first summarize some generic features of the 1-loop correction Δ^{AdS}_a . The coefficients b^′_a of log-divergence are scheme-independent as they are related with the coefficients of ln p and ln R which have infrared (IR) origin. Since the UV divergence structure is independent of the AdS curvature, b^′_a can be computed in the flat limit k = 0, yielding [17]

b^′_a = 1 12 [∑ T_a(ϕ^{++}) − ∑ T_a(ϕ^{−−}) − 23 ∑ T_a(A^{++}_M ) + 23 ∑ T_a(A^{−−}_M ) ] , (2.8)

where T_a(Φ) = Tr(T^2_a ) for the gauge group representation Φ. Here ϕ^{zz′} and A^{zz′}_M (z, z^′ = ±) denote 5D real scalar field and 5D vector field, respectively, with the Z_2 × Z^′_2 orbifold boundary conditions: Φ^{zz′} (−y) = zΦ^{zz′} (y), Φ^{zz′} (−y +π) = z^′Φ^{zz′} (y +π). When p ≲ M_{KK} , the p-dependence of 1/g^2_a is given by ∂Δ^{(AdS)}_a ∂ ln p = −b_a + O(p^2/M^2_{KK} ) , (2.9)

where b_a is the conventional 1-loop beta function coefficient in 4D effective theory, i.e.

b_a = 1 3 ∑ T_a(ξ) + 2 3 ∑ T_a(ψ) − 11 3 ∑ T_a(A_μ) ,

where ξ, ψ, and A_μ stand for 4D complex scalar, 4D Weyl fermion, and 4D real vector field, respectively. Also for p ≪ 1/R ≪ Λ with k = 0, one finds

(Δ^{(AdS)}_a )_{k=0} = b^′_a ln(ΛR) − b_a ln(pR) + O(1) . (2.10)

In the large radius limit πkR ≫ 1, the p-dependence of 1/g^2_a can be determined within 5D field theory only for p ≲ e^{−kπR}Λ. This can be easily seen for instance by considering the effects of higher-derivative terms in 5D action, e.g. F^{aMN} G^{P Q}∂_P ∂_QF^a_{MN} /Λ. Such term gives a contribution of order p^2/e^{−2kπR}kΛ to 1/g^2_a, which means that 5D field theory description breaks down for p ≳ e^{−kπR} √ kΛ [6]. So one can not probe a possible gauge

– 3 –

Figure 1: The domain of [ ln p, πkR ] which can be described by 5D effective field theory. The line A represents ln(p/M_{P l}) ≈ −πkR.

unification at energy scales far above e^{−kπR}Λ by means of the momentum-running alone. Physically, this is expected since the effective cutoff scale in the metric frame of g_{μν} becomes y-dependent as Λ_{eff} ∼ e^{−kR|y|}Λ, while the gauge field zero mode is constant along the ydirection. As a result, the gauge field zero mode is required to have an external momentum p ≲ e^{−πkR}Λ. On the other hand, in the small radius limit πkR ≲ 1, the leading p-dependence is calculable within the 5D field theory for the momentum range p ≲ Λ. For p ≲ 1/R with πkR ≲ 1, 4D effective theory calculation gives (2.9), while for 1/R ≲ p ≲ Λ, 5D calculation yields ∂Δ^{(AdS)}_a ∂ ln p ∝ R √ p^2 + O ( 1 R^2p^2 , p^2 Λ^2 , kR ) . In particular, when k ≈ 1/πR ≈ Λ, we have ( Δ^{(AdS)} a ) k≈1/πR≈Λ = b_a ln ( Λ p ) + O(1) , (2.11)

where the second term in the right side is generically of order one since there is no large scale ratio other than Λ/p in this case.

With the above observation, one efficient way to examine the gauge coupling unification in 5D theories on a slice of AdS is to see how the couplings vary under the change of the orbifold radius R as well as to examine the behavior under the change of external momentum p^2. To be explicit, let us consider a plane spanned by πkR and ln(p/M_{P l}) (figure 1). The range of [ ln(p/M_{P l}), πkR ] which allows a 5D field theory description of physics is bounded to be below the line A representing ln(p/M_{P l}) ≈ −πkR. Both the line 1 and the line 3 represent the conventional 4D momentum-running given by (2.9). For πkR ≫ 1, the 4D momentum-running is allowed only for p ≲ e^{−πkR}Λ (the line 1), while for πkR ≲ 1, it is allowed up to p ≲ Λ (the line 3) where Λ = O(M_{P l}) with k ≈ M_5 ≈ M_{P l}. At p ≈ 1/πR ≈ k ≈ Λ, we have Δ_a/8π^2 = 1/g^2_a − πR/ĝ^2_{5a} = O(1/8π^2). So g^2_a are

– 4 – unified at p ≈ 1/πR ≈ k up to the corrections of order 1/8π^2 if the 5D couplings ĝ^2_{5a} are unified. From this unification point, one can move along the lines 3, 2, 1 to arrive at the phenomenologically relevant point with p ≈ M_W and πkR ≫ 1. This procedure involves always a radius-running along the line 2 as well as the conventional 4D momentum-running along the lines 1 and 3. In the context of 5D theory, the gauge coupling unification would mean that the 5D coupling ratios ĝ^2_{5a}/ĝ^2_{5b} are given by some rational numbers, e.g. the SU(5)-like unification ĝ^2_{5SU(3)} = ĝ^2_{5SU(2)} = 5ĝ^2_{5U(1)} /3. Such coupling unification can be a consequence of the unified 5D gauge group, or can appear as a matching condition at Λ even when the 5D gauge group is not a unified one. The resulting prediction on g^2_a(p, R) at p ≈ M_W and πkR ≫ 1 can be computed up to the subleading corrections of O(1/8π^2) if one could determine the R-dependence of 1/g^2_a.

Even without radius running, there exist selective local quantities like Planck branebrane propagator of gauge fields which are perfectively sensible up to k [6]. The radius running is complementary to the local observable discussions like Planck brane localized objects. Once the radius running is done, all the exclusive and inclusive quantities are valid up to very high energy scale and we do not need to worry about which observable is sensible.

3. 4D effective SUGRA calculation

It is possible to directly compute the R-dependent 1-loop gauge couplings in generic AdS5 theory [12]. However in cases with unbroken N = 1 SUSY, there is a much simpler way to compute the 1-loop couplings [5]. In such cases, the 4D effective action can be written as

S_{4D} = ∫ d^4x [∫ d^4θ { −3 exp ( − K 3 )} + (∫ d^2θ 1 4 f_a W^{aα}W^a_α + P + h.c. )] , (3.1)

where K is the real Kähler potential, f_a is the holomorphic gauge kinetic function for the a-th gauge superfield W^a_α , and P is the holomorphic superpotential. The Kähler potential can be expanded in powers of generic charged chiral superfield Φ:

K = K_0(T, T^∗) + Z_Φ(T, T^∗)Φ^∗e^{−V} Φ + · · · ,

yielding −3 exp ( − K 3 ) = −3e^{−K0(T,T ∗)/3} + Y_Φ(T, T^∗)Φ^∗e^{−V} Φ + · · · , (3.2)

where T denotes generic gauge singlet moduli superfield, and Y_Φ = e^{−K0/3}Z_Φ for the Kähler metric Z_Φ. The 1-loop low energy gauge couplings are given by [20] 1 g^2_a(p)

= Re(f_a) + b_a 16π^2 ln ( M^2_{P l} e^{−K0/3}p^2 ) − − ∑ Φ T_a(Φ) 8π^2 ln (Y_Φ) +

T_a(Adj) 8π^2 ln (Re(f_a))

≡ Re(f_a) + 1 8π^2

Δ^{(4D)}_a , (3.3)

– 5 – where b_a = ∑ Φ T_a(Φ) − 3T_a(Adj) is the 1-loop beta function coefficient in 4D SUGRA, and M_{P l} is the Planck scale of g_{μν} which defines p^2 = −g^{μν} ∂_μ∂_ν . Note that the modulidependence of M^2_{P l} differs in different metric frame which we use to measure p^2. For instance, in the 4D superconformal frame in which the action is given by (3.1), M^2_{P l} ∝ e^{−K0/3}, while in the 4D Einstein frame which is obtained from (3.1) after the Weyl scaling g_{μν} → e^{K0/3}g_{μν} , one has a field-independent M^2_{P l}.

With (3.3), one can determine the 1-loop gauge couplings in AdS5 theory by computing f_a and K in the corresponding 4D effective SUGRA. In the procedure to match (3.3) onto the coupling (2.4) of underlying AdS5 theory, one should use M^2_{P l} ∝ e^{−K0/3} since the 4D metric g_{μν} in the AdS5 metric (2.2) corresponds to the metric in the 4D superconformal frame. Obviously, (3.3) indicates that one needs to know f_a including the 1-loop correction, while the tree-level forms of K_0 and Y_Φ are enough, to determine the 1-loop gauge couplings. Then it is convenient to decompose f_a as

f_a = f̂_a + 1 8π^2

Δf_a , (3.4)

where f̂_a is matched onto the uncalculable bare couplings of underlying AdS5 theory as

Re(f̂_a) = πR ĝ^2_{5a} + 1 g^2_{0a}(Λ) + 1 g^2_{πa}(Λ) ,

where ĝ^2_{5a}, g^2_{0a}, and g^2_{πa} are given in (2.5) and (2.6). With this, matching (3.3) onto (2.4) leads to Re(Δf_a) = Δ^{(AdS)}_a − Δ^{(4D)}_a , (3.5)

so Δf_a represents the finite 1-loop threshold correction to f_a which comes from integrating out massive KK modes.

In SUSY case, the radion R forms a N = 1 superfield T together with the axion B_5 being the 5-th component of the graviphoton B_M :

T = R + iB_5 ,

and so f̂_a = πT ĝ^2_{5a} + O ( 1 8π^2 ) . Since it is finite and also p-independent at low momentum p ≪ M_{KK}, Re(Δf_a) of AdS5 theory is a function of k and R only, so Δf_a is a function of k and T only. In fact, one can find a field basis in which the relevant bulk interactions have a non-linear anomalous U(1)_{P Q} symmetry under which δ_{P Q}B_5 = real constant. This implies that δ_{P Q}(Δf_a) = imaginary constant. Together with the holomorphicity and a simple dimensional argument, U(1)_{P Q} implies that 1 8π^2 Δf_a = C_aπkT + O ( 1 8π^2 ) , (3.6)

– 6 – where C_a is a real constant. Then up to the subleading corrections of order one, Δf_a can be determined simply by computing the loop-induced axion coupling B_5F^{aμν}F̃^a_{μν} . In the following, we will compute 1-loop gauge couplings in generic N = 1 supersymmetric AdS5 theory using the 4D effective SUGRA approach which has been described in the above.

To proceed, let us consider a 5D SUGRA coupled super-Yang-Mills theory on S^1/Z_2 × Z^′_2 containing 5D vector and hypermultiplets as well as 3-brane fields localized at orbifold fixed points. The 5D action contains S = ∫ d^5x √ −G [ M^3_5 2 ( R − 3 4 C_{MN} C^{MN} ) + + 1 ĝ^2_{5a} ( 1 2 D_M ϕ^aD^M ϕ^a − 1 4 F^{aMN} F^a_{MN} + i 2 λ̄^{ia}γ^M D_M λ^a_i ) + + |D_M h^i_I |^2 + iΨ̄_I γ^M D_M Ψ_I + ic_I kϵ(y)Ψ̄_I Ψ_I + · · · ] (3.7)

where R is the 5D Ricci scalar, C_{MN} = ∂_M B_N − ∂_N B_M is the graviphoton field strength, ϕ^a, A^a_M and λ^{ia} (i = 1, 2) are 5D scalar, vector and symplectic Majorana spinors constituting a 5D vector multiplet, h^i_I and Ψ_I are 5D scalar and Dirac spinor constituting the I-th hypermultiplet with kink mass c_I kϵ(y). The AdS curvature k and kink mass c_I are related with the U(1)_R-gauging with B_M in the following way:

D_M h^i_I = ∂_M h^i_I − i ( 3 2 (σ_3)^i_j − c_I δ^i_j ) kϵ(y)B_M h^j_I + · · · D_M Ψ_I = ∂_M Ψ_I + ic_I kϵ(y)B_M Ψ_I + · · · D_M λ^{ai} = ∂_M λ^{ai} − i 3 2 (σ_3)^i_j kϵ(y)B_M λ^{aj} + · · · , (3.8)

where the ellipses stand for other gauge couplings. The 5D SUGRA multiplet is assumed to have the standard boundary condition under Z_2 × Z^′_2, leaving the 4D N = 1 SUSY unbroken. On the other hand, the vector and hypermultiplets can have arbitrary boundary conditions:

A^a_μ(−y) = z_aA^a_μ(y) , A^a_μ(−y + π) = z^′_aA^a_μ(y + π) , h^i_I (−y) = z_I (σ_3)^i_j h^j (y) , h^i_I (−y + π) = z^′_I (σ_3)^i_j h^j_I (y + π) , (3.9)

where z_a, z^′_a, z_I , z^′_I = ±1 and the boundary conditions of other 5D fields are fixed by (3.9) in the standard manner.

To derive the 4D effective SUGRA action, it is convenient to write the above 5D action in N = 1 superspace [21]. Here we will consider the most general case that there are brane gauge fields in addition to the bulk gauge fields of (3.7). So we introduce N = 1 gauge multiplets (A^h_μ, λ_h) and (A^l_μ, λ_l) living only on the UV (h = high) and IR (l = low) branes at y = 0 and π, respectively, and also chiral superfields Q_h = (ϕ_h, ψ_h) and Q_l = (ϕ_l, ψ_l) living only on the branes. Note that Q_{h,l} can be charged for both bulk and brane gauge interactions. Among the fields in 5D gravity multiplet, we will keep only the radion superfield T and replace other gravity multiplets by their vacuum expectation

– 7 – values. Then following [21, 22], we find (in the unit with M_5 = 1)

S_1 = ∫ d^5x [∫ d^4θ { 1 2 (T + T^∗)e^{−(T +T ∗)k|y|} × × ( 1 + e^{( 32 −cI )(T +T ∗)k|y|}H^∗_I e^{−V} H_I + e^{( 32 +cI )(T +T ∗)k|y|}H^c_I e^V H^{c∗}_I ) ) + + 2 ĝ^2_{5a} e^{−(T +T ∗)k|y|} T + T^∗ (∂_yV^a − 1 √ 2 (χ^a + χ^{a∗}))^2 } +

+ ∫ d^2θ { 1 4ĝ^2_{5a} T W^{aα}W^a_α + H^c_I ( ∂_y − 1 √ 2 χ ) H_I + h.c. }] , S_2 = ∫ y=0 d^4x [∫ d^4θ Q^∗_he^{−V} Q_h + ∫ d^2θ ( 1 4ĝ^2_h

W^{hα}W^h_α + P_h(Q_h, H̃_I ) ) + h.c. ] + + ∫ y=π d^4x [∫ d^4θ e^{−kπ(T +T ∗)}Q^∗_l e^{−V} Q_l + (3.10) + ∫ d^2θ ( 1 4ĝ^2_v W^{lα}W^l_α + e^{−3kπT} P_l(Q_l, e^{( 32 −z′I cI )kπT} H̃^′_I ) ) + h.c. ] , where W^a_α is the chiral spinor superfield for the vector superfield V^a containing (A^a_μ, λ^a) with λ^a =^{(1−γ5)}_2 λ^{a1}, and W^{h,l}_α stand for the 4D vector superfields V^{h,l} containing the brane gauge multiplets (A^{h,l}_μ , λ_{h,l}). In the metric frame of g_{μν} , the brane gauge couplings ĝ^2_h and ĝ^2_l correspond to the Wilsonian couplings at the scales Λ and e^{−πkR}Λ, respectively, for Λ ≈ M_5. Here H_I and H^c_I are chiral superfields containing (h^1_I , ψ_I ) and (h^{2∗}_I , ψ^c_I ), respectively, where ψ_I =^{(1−γ5 )}_2 Ψ_I , ψ̄^c_I =^{(1+γ5 )}_2 Ψ_I . H̃_I = H_I when z_I = 1, while H̃_I = H^c_I when z_I = −1, and H̃^′_I = H_I when z^′_I = 1, while H̃^′_I = H^c_I when z^′_I = −1. Finally, χ^a are chiral superfields containing (ϕ^a + iA^a_5, η^a) where η̄^a =^{(1+γ5 )}_2 λ^{a1}. The Z_2 × Z^′_2 boundary conditions of these N = 1 superfields are given by

V^a(−y) = z_aV^a(y) , V^a(−y + π) = z^′_aV^a(y + π), χ^a(−y) = −z_aχ^a(y) , χ^a(−y + π) = −z^′_aχ^a(y + π) , H_I (−y) = z_I H_I (y) , H_I (−y + π) = z^′_I H_I (y + π) , H^c_I (−y) = −z_I H^c_I (y) , H^c_I (−y + π) = −z^′_I H^c_I (y + π) . (3.11)

Obviously, S_1 is from the 5D bulk terms in (3.7), while S_2 is the 4D brane action (with the superpotentials P_{h,l}) that was not written explicitly in (3.7). We have ignored the kinetic terms of bulk fields in the brane action S_2 by assuming that those terms are loop-suppressed compared to the bulk kinetic terms.

In fact, in order to write down the action in N = 1 superspace as (3.10), one needs to perform a R and B_5-dependent field redefintion. This results in a new piece of action arising from the chiral anomaly in orbifold field theory [23]. With its holomorphy property, the anomaly term can be simply determined by the following B_5-dependent transformation of fermions: λ^{ai} → ( e^{3ik|y|B5σ3/2} )_i j λ^{aj} , Ψ_I → e^{−icI k|y|B5} Ψ_I , ψ_l → e^{−3ikπB5/2}ψ_l , λ_l → e^{3ikπB5/2}λ_l , (3.12)

– 8 – which leads to

S_3 = ∫ d^5x ∫ d^2θ { 3 4 T_a(λ^b) ( z_bδ(y) + z^′_bδ(y − π) ) − 1 2 c_I T_a(Ψ_I ) ( z_I δ(y) + z^′_I δ(y − π) ) + + 3 2 T_a(ψ_l)δ(y − π) } k|y|T 16π^2

W^{aα}W^a_α + + 3 2 (T_l(λ_l) − T_l(ψ_l)) δ(y − π) kπT 16π^2

W^{lα}W^l_α + h.c. , (3.13)

S_1 and S_2 have been derived recently in [22], however we are using different superfield basis for H_I and H^c_I , which is related to [22] by the holomorphic superfield redefinition: H_I → e^{−( 3}2^{−cI )T k|y|}H_I , H^c_I → e^{−( 3}2^{+cI )T k|y|}H^c_I . In our superfield basis, the y-independent modes of 5D superfields correspond to massless 4D superfields. In the following, let V^a to denote the 4D vector superfield being the zero mode of 5D vector multiplet V^a with z_a = z^′_a = 1, H_I to be the 4D chiral superfield being the zero mode of 5D hypermultiplet H_I with z_I = z^′_I = 1, H^c_I to be the 4D chiral superfield being the zero mode of 5D hypermultiplet H_I with z_I = z^′_I = −1, and χ^a to be the 4D chiral superfield being the zero mode of 5D vector multiplet V^a with z_a = z^′_a = −1. It is then straightforward to derive the following tree level Kähler metrics of H_I , H^c_I , Q_h, Q_l [22] and also the 4D Planck mass M_{P l}: Y_{HI ,H}c_I = M_5 (^1_2 − z_I c_I )k ( e^{( 12 −zI cI )πk(T +T ∗)} − 1 ) , Y_{Ql} = e^{−πk(T +T ∗)} , Y_{Qh} = 1 , M^2_{P l} = e^{−K0/3}M^2_5 =

M^3_5 k ( 1 − e^{−kπ(T +T ∗)} ) , (3.14)

where Y_Φ = e^{−K0/3}Z_Φ for the Kähler metric Z_Φ of charged chiral superfield Φ. The calculation of the Kähler metric of χ^b (for z_b = z^′_b = −1) is more involved as there is a contribution from the tadpole of A^b_μ which is given by

A^b_μ = ∂_μA^b_5 [ y − π e^{(T +T ∗)k|y|} − 1 e^{(T +T ∗)kπ} − 1 ] .

Including this tadpole, we find Y_χb = k M_5 1 e^{πk(T +T ∗)} − 1 . (3.15)

As we have noticed, to obtain the 1-loop gauge couplings of V^A (A = a, h, l), one needs to know the holomorphic gauge kinetic functions f_A including the 1-loop threshold corrections (Δf_A) which can be determined by the loop-induced axion couplings B_5F^{Aμν}F̃^A_{μν} . A nice feature of our superfield basis is that B_5 does not have any non-derivative interaction in S_1 other than the Chern-Simons coupling. As a result, integrating out massive KK modes does not generate 1-loop B_5-coupling to F^{Aμν}F̃^A_{μν} other than those in S_3. This means that in our superfield basis, Δf_A can be simply determined by S_3 up to the subleading

– 9 – corrections of order one. We then find

f_a = πT ĝ^2_{5a} − 3 8π^2 ( T_a(Q_l) − 1 2 ∑ b z^′_bT_a(V^a) + 1 3 ∑ I z^′_I c_I T_a(H_I ) ) kπT , f_h = 1 ĝ^2_h

, f_l = 1 ĝ^2_l − 3 8π^2 ( T_l(Q_l) − T_l(V^l) ) kπT . (3.16) Applying (3.14) and (3.16) to (3.3), we easily find that the 1-loop brane couplings are given by 1 g^2_h(p) = 1 ĝ^2_h + 1 16π^2

(T_h(Q_h) − 3T_h(V^h)) ln ( M^2_5 p^2 ) , 1 g^2_l (p, k, R) = 1 ĝ^2_l + 1 16π^2

(T_l(Q_l) − 3T_l(V^l)) ln ( e^{−2πkR}M^2_5 p^2 ) , (3.17)

as one would expect. The 1-loop bulk couplings at p ≲ M_{KK} can be obtained also by applying (3.14), (3.15) and (3.16) to (3.3): 1 g^2_a(p, k, R) = πR ĝ^2_{5a} + 1 g^2_{0a} + 1 g^2_{πa} + + 1 16π^2 [ T_a(Q_h) ln ( M^2_5 p^2 ) + T_a(Q_l) ln ( M^2_5 e^{−2πkR}

p^2 ) − − T_a(Adj) ( 3 ln ( M^2_5 p^2 ) − 3πkR − ln ( M^2_5 R^2 ) ) + + ∑ z_I =z^′_I T_a(H_I ) ( ln ( k^2 p^2 ) − 2z_I c_I πkR − 2 ln ( e^{(1−2zI cI )πkR} − 1 π(1 − 2z_I c_I ) )) + + ∑ z_I =−z^′_I T_a(H_I )2z_I c_I πkR − ∑ z_b=−z^′_b T_a(V^b)z_b3πkR +

+ ∑ z_b=z^′_b=−1

T_a(V^b) ( ln ( M^4_5 p^2k^2 ) + πkR + 2 ln(1 − e^{−2πkR}) )] . (3.18)

This result gives correct cutoff scales on the UV and IR branes, i.e. M_5 and e^{−πkR}M_5, in the metric frame of g_{μν} , and also the correct M_5-dependence with b^′_a given by (2.8). In fact, the above result can be confirmed by a direct loop calculation in 5D theory which will be presented elsewhere [12].

4. Simple application and conclusion

As a simple example to show the effects of radius-running, let us consider a supersymmetric model in which the lepton superfields of the minimal supersymmetric standard model (MSSM) live on the UV brane, the MSSM quark superfields on the IR brane, the MSSM

– 10 –

Figure 2: The running of 1-loop Δ^{AdS}_a . The region 1 represents the momentum running up to p ≈ 10^{13} GeV along the line 1 of figure 1, the region 2 is the radius running from πkR = 10 to πkR = 1 along the line 2, and the region 3 is the momentum running to p ≈ M_{P l} along the line 3.

Higgs and gauge superfields in bulk. We choose k = 5 × 10^{17} GeV, M_5 = 1.5 × 10^{18} GeV, and assume the SU(5)-like unification of 5D couplings: ĝ^2_{5SU(3)} = ĝ^2_{5SU(2)} = 5ĝ^2_{5U(1)} /3. We also choose the kink masses of Higgs hypermultiplets given by c_I = 1/2, so that the Higgs zero modes are constant along y. As we have noted, the unification of ĝ^2_{5a} implies that g^2_a are unified at p ≈ 1/R ≈ M_5. If our universe has 1/R ≈ M_5, the 4D effective theory for p ≲ M_5 is the MSSM, and then this model can not be compatible with the observed low energy couplings which indicate that gauge couplings are unified at 2 × 10^{16} GeV, not at M_5 ≈ 10^{18} GeV. However if our universe has πkR ≈ 10, the momentum running along the line 1 is allowed only for p ≲ 7 × 10^{13} GeV. One then has to include the effects of radius running along the line 2, making the observed low energy couplings to be consistent with the 5D unification at M_5 as depicted in figure 2. Our example aims to show the radius running can be sizable, but it does not provide any prediction about unification as the bulk group is not unified even at the cutoff scale.

To conclude, we have examined the orbifold radius R-dependent relation of low energy 4D couplings g^2_a to the 5D fundamental couplings for bulk gauge bosons in a slice of AdS5. It is pointed out that the gauge coupling renormalization in AdS5 can be studied by means of the double running along ln p and R, as illustrated in figure 1. It is then crucial to compute the R-dependence of g^2_a to address the issue of gauge unification in AdS5. Using the gauged U(1)_R and chiral anomaly in 5D SUGRA together with the holomorphy property of 4D effective SUGRA, we could compute the R-dependence of 1-loop 4D couplings in generic AdS5 theory with N = 1 SUSY. Our result (3.18) can be used to study gauge unification in supersymmetric AdS5 model.

Acknowledgments

This work is supported by the Korean Research Foundation Grant(KRF-2002-070-C00022).

– 11 –

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].

[2] 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]; T. Gherghetta and A. Pomarol, Bulk fields and supersymmetry in a slice of AdS, Nucl. Phys. B 586 (2000) 141 [hep-ph/0003129];

S.J. Huber and Q. Shafi, Higgs mechanism and bulk gauge boson masses in the Randall-Sundrum model, Phys. Rev. D 63 (2001) 045010 [hep-ph/0005286].

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

[4] L. Randall and M.D. Schwartz, Quantum field theory and unification in AdS5, J. High Energy Phys. 11 (2001) 003 [hep-th/0108114]; Unification and the hierarchy from AdS5, Phys. Rev. Lett. 88 (2002) 081801 [hep-th/0108115].

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

[6] W.D. Goldberger and I.Z. Rothstein, High energy field theory in truncated AdS backgrounds, Phys. Rev. Lett. 89 (2002) 131601.

[7] K. Agashe, A. Delgado and R. Sundrum, Gauge coupling renormalization in RS1, Nucl.

Phys. B 643 (2002) 172 [hep-ph/0206099].

[8] R. Contino, P. Creminelli and E. Trincherini, Holographic evolution of gauge couplings, J.

High Energy Phys. 10 (2002) 029 [hep-th/0208002].

[9] 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].

[10] W.D. Goldberger and I.Z. Rothstein, Effective field theory and unification in AdS backgrounds, hep-th/0208060.

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

[12] K. Choi and I.-W. Kim, One loop gauge couplings in AdS_5, Phys. Rev. D 67 (2003) 045005 [hep-th/0208071].

[13] K. Agashe and A. Delgado, A note on CFT dual of rs model with gauge fields in bulk, Phys.

Rev. D 67 (2003) 046003 [hep-th/0209212].

[14] K. Agashe, A. Delgado and R. Sundrum, Grand unification in RS1, hep-ph/0212028.

[15] R. Altendorfer, J. Bagger and D. Nemeschansky, Supersymmetric Randall-Sundrum scenario, Phys. Rev. D 63 (2001) 125025 [hep-th/0003117];

A. Falkowski, Z. Lalak and S. Pokorski, Supersymmetrizing branes with bulk in five-dimensional supergravity, Phys. Lett. B 491 (2000) 172 [hep-th/0004093]; T. Gherghetta and A. Pomarol, Bulk fields and supersymmetry in a slice of AdS, Nucl. Phys. B 586 (2000) 141 [hep-ph/0003129];

J. Bagger, D. Nemeschansky and R.-J. Zhang, Supersymmetric radion in the Randall-Sundrum scenario, J. High Energy Phys. 08 (2001) 057 [hep-th/0012163];

– 12 –

A. Falkowski, Z. Lalak and S. Pokorski, Four dimensional supergravities from five dimensional brane worlds, Nucl. Phys. B 613 (2001) 189 [hep-th/0102145]; J.A. Casas, J.R. Espinosa and I. Navarro, Unconventional low-energy SUSY from warped geometry, Nucl. Phys. B 620 (2002) 195 [hep-ph/0109127].

[16] K.R. Dienes, E. Dudas and T. Gherghetta, Extra spacetime dimensions and unification, Phys.

Lett. B 436 (1998) 55 [hep-ph/9803466]; Grand unification at intermediate mass scales through extra dimensions, Nucl. Phys. B 537 (1999) 47 [hep-ph/9806292].

[17] R. Contino, L. Pilo, R. Rattazzi and E. Trincherini, Running and matching from 5 to 4 dimensions, Nucl. Phys. B 622 (2002) 227 [hep-ph/0108102].

[18] L.J. Hall and Y. Nomura, Gauge coupling unification from unified theories in higher dimensions, Phys. Rev. D 65 (2002) 125012 [hep-ph/0111068].

[19] Z. Chacko, M.A. Luty and E. Ponton, Massive higher-dimensional gauge fields as messengers of supersymmetry breaking, J. High Energy Phys. 07 (2000) 036 [hep-ph/9909248]; Y. Nomura, Strongly coupled grand unification in higher dimensions, Phys. Rev. D 65 (2002) 085036 [hep-ph/0108170];

Y. Nomura, D.R. Smith and N. Weiner, GUT breaking on the brane, Nucl. Phys. B 613 (2001) 147 [hep-ph/0104041].

[20] V. Kaplunovsky and J. Louis, Field dependent gauge couplings in locally supersymmetric effective quantum field theories, Nucl. Phys. B 422 (1994) 57 [hep-th/9402005].

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

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

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

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

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

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].

– 13 –