arXiv:hep-th/0106256 27 Jun 2001

UAB-FT-518 June 2001

Supersymmetric theories with compact extra dimensions

in N = 1 superfields

Daniel Martí and Alex Pomarol

IFAE, Universitat Autònoma de Barcelona, E-08193 Barcelona, Spain

Abstract

We present an N = 1 superfield formulation of supersymmetric gauge theories with a compact extra dimension. The formulation incorporates the radion superfield and allows to write supersymmetric theories on warped gravitational backgrounds. We apply it to study the breaking of supersymmetry by the F -term of the radion, and show that, for flat extra dimensions, this leads to the same mass spectrum as in Scherk-Schwarz models of supersymmetry breaking. We also consider scenarios where supersymmetry is broken on a boundary of a warped extra dimension and compare them with anomaly mediated models.

1 Introduction

Supersymmetry and extra dimensions are well-motivated extensions of the Standard Model. They could play a role in the hierarchy problem, or be crucial ingredients in a quantum description of gravity, as is the case in string theory. Also extra dimensions and supersymmetry could be connected to the origin of the electroweak symmetry breaking [1].

To study supersymmetric theories it is very useful to have a superfield description where supersymmetry invariance is manifest, and nonrenormalization theorems are easily derived [2]. The N = 1 superfield formalism has been extensively analyzed in four dimensions. In higher dimensions, however, supersymmetry is usually presented in component fields, since a superfield description is usually not known. A first attempt to write higher-dimensional supersymmetric theories in superfields was presented in Ref. [3] for theories in 10 dimensions, and has been recently extended to other dimensions in Ref. [4]. The formulation of Refs. [3, 4] is based on writing higher-dimensional supersymmetric theories using N = 1 four-dimensional superfields. These are the ordinary superfields defined in a 4D superspace. Higher-dimensional supersymmetric theories contain the 4D supersymmetry and therefore it is always possible to write them using N = 1 superfields. With this formulation, only the N = 1 supersymmetry is manifest. In spite of this limitation, we think that the formulation is already very useful for supersymmetric theories with extra dimensions. The effective action is simpler to write than in component fields, and the bulk-boundary couplings are easily obtained. Nonrenormalization theorems can also be derived.

Here we will use the N = 1 superfield formulation to write the action of a 5D supersymmetric theory with a compact extra dimension. The important new ingredient of our formulation is that it incorporates the radion superfield T . This will allow us to write the supersymmetric action for fields living in either a flat or a warped extra dimension. In particular, we will consider a gauge theory with 5D vector multiplets and charged hypermultiplets in an extra dimension (1) flat and compactified in a circle S^1 or orbifold S^1/Z_2, (2) warped as in the Randall-Sundrum (RS) scenario [5].

We will apply this superfield formulation to study supersymmetry breaking induced by the F -term of the radion superfield. This occurs when a constant superpotential is present in the bulk of the extra dimension. For a flat extra dimension we will show that this is equivalent to break supersymmetry by boundary conditions (Scherk-Schwarz (SS) mechanism [6]). In particular, we will derive the mass spectrum of the models of Refs. [7, 8]. Our formulation therefore will provide a superfield description of the SS mechanism and will show that the SS breaking of supersymmetry is spontaneous.

For a warped extra dimension, we will consider the breaking of supersymmetry induced by a boundary superpotential, and derive the mass spectrum in the gauge sector. We will show the similarities of this breaking with models of anomaly mediated supersymmetry breaking (AMSB) [9].

A final comment is in order. In our formulation we will be only considering part of the 5D supergravity multiplet, the radion superfield T . Therefore our approach does not incorporate the full 5D gravitational sector. The action derived below must be considered as that of supersymmetric theories on nontrivial gravitational backgrounds. A complete formulation with the full 5D supergravity multiplet is a subject of future research.

2 5D superfield action with a flat and compact extra dimension

Let us consider a 5D theory in M^4 × S^1. The metric is given by

ds^2 = η_{μν} dx^μdx^ν + R^2dy^2 , (1)

where R is the radion of the extra dimension labeled by y, which ranges from 0 to 2π. We want to derive the action of superfields living on the 5D gravitational background of Eq. (1). For this purpose, we need to promote R to a superfield. This corresponds to a 4D chiral superfield T that, together with R, it is known to contain the fifth-component of the graviphoton B_5, the fifth-component of the right-handed gravitino Ψ^5_R and a complex auxiliary field F_T , and we will write it as

T = R + iB_5 + θΨ^5_R + θ^2F_T . (2)

2.1 Vector supermultiplet

The off-shell 5D N = 1 vector supermultiplet consists of a 5D vector A_M , two Weyl gauginos λ_{1,2}, a real scalar Σ, and a real and complex auxiliary field D and F_χ respectively. Under the N = 1 supersymmetry, they form a vector supermultiplet V and a chiral supermultiplet χ^1:

V = −θσ^μθ̄A_μ − iθ̄^2θλ_1 + iθ^2θ̄λ̄_1 + 1 2 θ̄^2θ^2D , χ = 1 √ 2 (Σ + iA_5) + √ 2θλ_2 + θ^2F_χ , (3)

where V is given in the Wess-Zumino gauge. Let us first consider an Abelian theory. Under a gauge transformation, the superfields transform as

V → V + Λ + Λ^† , χ → χ + √ 2∂_5Λ , (4)

where Λ is an arbitrary chiral field. The gauge invariant action is given by

S_5 = ∫ d^5x [ 1 4g^2_5 ∫ d^2θ T W^αW_α + h.c. + 2 g^2_5 ∫ d^4θ 1 (T + T^†) ( ∂_5V − 1 √ 2 (χ + χ^†)

)_2] . (5)

It is easy to check that this superfield action leads to the right action in component fields. We must perform the integrals over θ taking ⟨T ⟩ = R, eliminate the auxiliary fields using their equation of motion

F_χ = 0 , D = −

∂_5Σ R^2

, (6)

1We will follow the notation of Ref. [2].

and rescale the fields according to Σ → RΣ, λ_2 → −iRλ_2. We finally obtain

S_5 = 1 g^2_5 ∫ d^5x √ −g [ − 1 2 ∂_M Σ∂^M Σ − 1 4 F_{MN}F^{MN} + i 2 ¯˘iγ^M ∂M ˘i ] , (7)

where we have defined the symplectic-Majorana spinors [˘_i]^T ≡ (λ_i, ϵ_{ij}λ̄_j) in order to make Eq. (7) manifestly invariant under the SU(2) automorphism group [10].

For the non-Abelian case, the second term of Eq. (5) must be replaced by 2 g^2_5 ∫ d^4θ 1 (T + T^†) Tr [ {e^{V/2}, ∂_5e^{−V/2}} + 1 √ 2 (e^{V/2}χ^†e^{−V/2} + e^{−V/2}χe^{V/2}) ]_2

, (8)

that is gauge invariant under the gauge transformation χ → U^{−1}(χ − √ 2∂_5)U , e^V → U^{−1}e^V U^{−1 †} , (9) χ^† → U^†(χ^† + √ 2∂_5)U^{−1 †} , e^{−V} → U^†e^{−V} U , (10)

where U = e^{−Λ}, U^† = e^{−Λy} , Λ = Λ^aT^a, χ ≡ χ^aT^a and V ≡ V^aT^a. For T = constant, Eq. (8) differs from Ref. [4] only in chiral or antichiral terms which vanish under the integration over the whole superspace ∫ d^4θ. Nevertheless, these terms are nonzero for the case in which T is a superfield with a nontrivial θ dependence, and they must be taken into account.

2.2 Hypermultiplet

The off-shell 5D hypermultiplet consists in two complex scalars, ϕ and ϕ^c, a Dirac fermion Ψ and two complex auxiliary fields F_Φ and F_Φc. It can be arranged in two N = 1 chiral superfields, Φ and Φ^c. Assuming that they are charged under some gauge group and transform as Φ → U^{−1}Φ and Φ^c → Φ^cU, we have that the 5D action for the hypermultiplet is given by

S_5 = ∫ d^5x {∫ d^4θ 1 2 (T + T^†) ( Φ^†e^{−V} Φ + Φ^ce^V Φ^{c †} ) + ∫ d^2θ Φ^c [ ∂_5 − 1 √ 2 χ ] Φ + h.c. } . (11)

For ⟨T ⟩ = R, the auxiliary fields are given by

F_Φ = 1 R ( ∂_5 + 1 2 (Σ − iA_5) ) ϕ^{c †} , F^a_χ = g^2_5 R √ 2 ϕ^†T^aϕ^{c †} , F^†_Φc = − 1 R ( ∂_5 − 1 2 (Σ + iA_5) ) ϕ , D^a = − ∂_5Σ^a R^2 + g^2_5 2 (ϕ^†T^aϕ − ϕ^cT^aϕ^{c †}) . (12)

By rescaling Σ and λ_2 as in Section 2.1, Eq. (11) gives

S_5 = ∫ d^5x √ −g { −|D_M ϕ|^2 − |D_M ϕ^c|^2 + iΨ̄γ^M D_M Ψ − 1 √ 2 (ϕ^c ¯˘_1Ψ − ϕ^† ¯˘_2Ψ) + h.c. − i 2 Ψ̄ΣΨ − 1 4 (ϕ^†_i Σ^2ϕ_i) − g^2_5 8 ∑ m,a (ϕ^†_i (σ^m)_{ij}T^aϕ_j)^2 } , (13) where in the last two terms we have defined {ϕ_1, ϕ_2} ≡ {ϕ, ϕ^{c †}} and the gauge covariant derivative as D_M = ∂_M −^i_2 A^a_M T^a. A supersymmetric mass for the hypermultiplet, ∫ d^2θ Φ^cmΦ + h.c. , (14)

can be easily included by performing in Eq. (11) the shift χ → χ − √ 2m that in Eq. (13) corresponds to Σ → Σ − 2m.

2.3 The orbifold S^1=Z_2 and bulk-boundary couplings

The above bulk action is not modified if the extra dimension is compactified in the orbifold S^1/Z_2, which corresponds to the circle S^1 with the identification y ↔ −y. This identification leads to a manifold with two boundaries at y = 0 and at y = π.

There can be fields living on these 4D boundaries. They respect an N = 1 supersymmetry and therefore their superfield action is the ordinary one. The couplings of the boundary fields to the bulk fields are easily obtained using superfields. Assuming that V and χ are respectively even and odd under the Z_2 parity, we have that χ vanishes on the boundaries and therefore only V couples to fields on the boundaries. For the hypermultiplet, if we assume that Φ and Φ^c are respectively even and odd under the Z_2, we have that only Φ can couple to the boundary fields. For a chiral superfield Q living on the y = 0 boundary these couplings are simply given by S_5 = ∫ d^5x [ ∫ d^4θ ( Q^†e^{−V} Q + e^{−V} ξ ) + ∫ d^2θ W (Φ, Q) + h.c. ] δ(y) , (15)

where W is a superpotential that can depend on Φ and Q, and ξ is a Fayet-Iliopoulos term that can be present for an Abelian vector supermultiplet. The boundary couplings Eq. (15) change the auxiliary field equation of motion by δ-function terms: D = − ∂_5Σ R^2 + g^2_5 2 δ(y) ( Q^†Q + ξ ) , F_Φ = 1 R ( ∂_5 + 1 2 (Σ − iA_5) ) ϕ^{c †} − δ(y) ∂W ∂Φ | | | |_{Φ=ϕ} . (16)

Similarly we can obtain the couplings on the boundary at y = π.

3 Superfield action in a warped 5D space

The above action can be generalized to the case where the extra dimension is warped. As an example, we will consider the RS scenario [5] where the extra dimension y is compactified on an orbifold S^1/Z_2 of radius R, with −π ≤ y ≤ π. The 5D space is defined by the metric

ds^2 = e^{−2Rσ}η_{μν} dx^μdx^ν + R^2dy^2 , (17) where σ = k|y| , (18) and 1/k is the curvature radius. This space corresponds to a slice of AdS_5. The supersymmetric version of the RS model has been recently studied in Refs. [11, 12]. The supersymmetric conditions for vector and hypermultiplets on the background of Eq. (17) were derived in Ref. [11]. Here we will present the action written in superfields.

3.1 Vector supermultiplet

The action for the Abelian vector superfield is given by

S_5 = ∫ d^5x [ 1 4g^2_5 ∫ d^2θ T W^αW_α + h.c. + 2 g^2_5 ∫ d^4θ e^{−(T +T y)σ} (T + T^†) ( ∂_5V − 1 √ 2 (χ + χ^†)

)_2] . (19)

The auxiliary fields are given by

F_χ = 0 , D = − e^{−2Rσ} R^2

(∂_5 − 2Rσ^′) Σ , (20)

where σ^′ = ∂_5σ. After the rescaling Σ → RΣ, λ_1 → e^{−3Rσ/2}λ_1, λ_2 → −iRe^{−Rσ/2}λ_2, we obtain the action

S_5 = − 1 g^2_5 ∫ d^5x √ −g [ 1 2 ( ∂_M Σ

)_2 + 1 2 m^2_ΣΣ^2 + 1 4 F^2_{MN} − i 2 ¯˘iγ^M DM ˘i − mλ^i_2^¯˘i[σ3]ij˘j ] , (21)

where σ_3 = diag(1, −1), D_M ˘_i = ∂_M ˘_i + Γ_M [σ_3]_{ij}˘_j, being Γ_M the spin connection, Γ_M = (σ^′γ_5γ_μ/2, 0), and where

m^2_Σ = −4k^2 + 2 σ^{′′} R , m_λ = 1 2 σ^′ , (22)

in agreement with Ref. [11].

3.2 Hypermultiplet

The action is given by

S_5 = ∫ d^5x {∫ d^4θ 1 2 (T + T^†)e^{−(T +T y)σ} ( Φ^†e^{−V} Φ + Φ^ce^V Φ^{c †} )

+ ∫ d^2θ e^{−3T σ} Φ^c [ ∂_5 − 1 √ 2 χ − (3 2 − c ) T σ^′ ] Φ + h.c. } , (23)

where following Ref. [11] we have parametrized the hypermultiplet mass as cσ^′. Neglecting for simplicity the gauge sector, we have that the auxiliary fields are given by

F_Φ = e^{−Rσ} R [ ∂_5 + (3 2 − c ) Rσ^′ ] ϕ^{c †} , F^†_Φc = − e^{−Rσ} R [ ∂_5 − (3 2 − c ) Rσ^′ ] ϕ , (24) that after the rescaling Ψ → e^{−Rσ/2}Ψ yields,

S_5 = ∫ d^5x √ −g {( −|∂_M ϕ|^2 − |∂_M ϕ^c|^2 − m^2_ϕ|ϕ|^2 − m^2_ϕc|ϕ^c|^2 + iΨ̄γ^M (∂_M + Γ_M )Ψ − im_ΨΨ̄Ψ )} , (25)

where

m^2_{ϕ,ϕ}c = ( c^2 ± c − 15 4 ) k^2 + (3 2 ∓ c )σ′′ R , m_Ψ = cσ^′ . (26)

3.3 Low-energy 4D effective theory

At energies below the KK masses (that in the warped case are of order ke^{−Rkπ}), the KK can be integrated out and the effective theory can be written with only the massless sector. For the 5D vector superfield this corresponds to the zero mode of the superfield V . Its wave-function f_0(y) is determined by ∂_5f_0 = 0, so it is y-independent [13]. The 4D effective lagrangian for the massless mode of V is therefore the same as the one with a flat extra dimension:

L_{4D} = π 2g^2_5 ∫ d^2θ T W^αW_α + h.c. . (27)

For the hypermultiplet only the chiral superfield Φ (even under Z_2) has a massless mode. Its wave-function satisfies [∂_5 − (^3_2 − c)T σ^′]f_0 = 0 that yields f_0 = e^{( 3}2^{−c)T σ}. After integrating over y, we get the effective lagrangian

L_{4D} = ∫ d^4θ 1 (_1 2 − c ) k ( e^{( 12 −c)(T +T y)kπ} − 1 ) Φ^†e^{−V} Φ . (28)

3.4 Bulk-boundary couplings

For a chiral superfield Q living on the y = 0 boundary the bulk-boundary couplings are the same as those in Eq. (15). On the other boundary, at y = π, we have

S_5 = ∫ d^5x [ ∫ d^4θ e^{−(T +T y)kπ} ( Q^†e^{−V} Q + e^{−V} ξ ) + ∫ d^2θ e^{−3T kπ}W (Φ, Q) + h.c. ] δ(y − π) . (29)

4 Supersymmetry breaking by the radion F -term

As an application of the action derived above, we will calculate the spectrum of soft masses that is obtained when supersymmetry is broken by a nonzero F -term of the radion superfield. We will first consider the case of a flat extra dimension with a constant (y-independent) F_T . We will show that the resulting mass spectrum is the same as that in models with SS supersymmetry breaking. For a warped extra dimension we will consider the case when F_T is induced on the boundary. We will see that F_T is exponentially suppressed, generating small soft masses.

4.1 A flat extra dimension

The simplest model to break supersymmetry by the radion F -term is the no-scale model [14]. In superfields this is given by

S_5 = ∫ d^5x [ −3M^3_5 ∫ d^4θ φ^†φ (T + T^†) 2 + ∫ d^2θ φ^3W + h.c. ] , (30)

where W is a “superpotential” that can arise in gauged supergravity theories [15]. We are considering that W is constant (y-independent) and real. Eq. (30) corresponds to the effective action of the radion of a flat extra dimension. We have introduced the conformal compensator φ [16]. This is a non-propagating superfield useful to incorporate the supergravity effects to the effective radion potential. The superfield φ makes the 4D supergravity action manifestly invariant under a conformal transformation. The breaking of the superconformal group down to the super-Poincare group is parametrized by the scalar component of φ and the F -term of φ corresponds to the auxiliary component of the supergravity multiplet:

φ = 1 + θ^2F_φ . (31)

From Eq. (30) we obtain

F_T = 2W M^3_5

, F_φ = 0 , (32)

that leads to a vanishing potential for the radion (at tree level). Therefore if the vacuum expectation value of W is nonzero, supersymmetry is broken by a nonzero F_T with zero cosmological constant. This is a very simple example of breaking supersymmetry by F_T . This model, however, does not stabilize the radius R. For this purpose, one could need some extra massive matter fields, as for example in Ref. [17]. Other scenarios have been proposed in Ref. [18]. In what follows, we will assume that the radius is stabilized without affecting Eq. (32).

Let us derive the soft masses in the gauge sector for this scenario. Taking T = R + θ^2F_T in Eq. (5), we obtain an extra mass term for the 5D gauginos: L_{soft} = 1 2 F_T 2R ˘^T_i C˘i , (33)

where C is the charge-conjugation matrix in 5D. Eq. (33) is a Majorana mass term. In the case of the orbifold S^1/Z_2 where we decompose the 5D fields in KK states, λ_1 = ∑ cos(ny)λ^{(n)}_1 (x) and λ_2 = ∑ sin(ny)λ^{(n)}_2 (x), the gaugino masses are given by L_{mass} = F_T 2R λ^{(0)}_1 λ^{(0)}_1 + 1 R ∞∑ n=1 ( λ^{(n)}_1 λ^{(n)}_2 ) (F_T /2 n n F_T /2 ) ( λ^{(n)}_1 λ^{(n)}_2 ) + h.c. , (34)

which give rise to Majorana gaugino masses |F_T /2 ± n|/R. This is the same spectrum as the one obtained by SS supersymmetry breaking with an R-symmetry [7]. The correspondence is F_T /2 = q_R that implies W/M^3_5 = q_R, where q_R is the R-charge defined in Ref. [7]. For F_T = 1 it also corresponds to the gaugino mass spectrum of Ref. [8]. Notice that the scalar Σ does not get a soft mass as it is also predicted by SS supersymmetry breaking since the R-charge of Σ is zero.

For the hypermultiplet a nonzero F_T gives in Eq. (11) an extra contribution to the F -terms of the scalars. These are now given by

F_Φ = 1 R ( [∂_5 + iα]ϕ^{c †} − 1 2 F_T ϕ ) , F^†_Φc = − 1 R ( [∂_5 + iα]ϕ + 1 2 F_T ϕ^{c †} ) , (35)

where, for later use, we have also included a supersymmetric mass, Eq. (14), with m = iα. After KK reduction in a circle S^1 (imposing periodic boundary conditions), the mass term for the scalars is given by L_{mass} = − 1 R^2 ∞∑ n=−∞ ( ϕ^{(n) †} ϕ^{c (n) †} ) ( (n + α)^2 + F^2_T /4 i(n + α)F_T −i(n + α)F_T (n + α)^2 + F^2_T /4 ) ( ϕ^{(n)} ϕ^{c (n)} ) , (36)

that corresponds to scalars with masses |n + α ± F_T /2|/R. Fermions do not get soft masses and the mass spectrum is given by |n + α|/R. Let us compare the mass spectrum of Eq. (36) with that in the models of Refs. [7] and [8].

In Ref. [8] quarks and leptons were associated to hypermultiplets that would correspond to the above hypermultiplet with α = 0, F_T = 1 and, after orbifolding, n = 0, 1, 2, .... To derive the mass spectrum of the Higgs of Ref. [8], we must proceed as follows. Let us absorb the supersymmetric mass m = iα of the hypermultiplet by the redefinition^2

Φ^0 = e^{iαy}Φ , Φ^{c 0} = e^{−iαy}Φ^c , (37)

and assign the following Z_2 parities: Φ^0 (y) → Φ^0 (−y) and Φ^{c 0} (y) → −Φ^{c 0} (−y). For α = 1/2, we have that the KK decomposition in the S^1/Z_2 orbifold is given by Φ^0 = ∑ n cos[(n + 1/2)y]Φ^{(n)}(x) and Φ^{c 0} = ∑ n sin[(n + 1/2)y]Φ^{c (n)}(x) where n = 0, 1, 2, .... The mass spectrum is supersymmetric and is given by |n + 1/2|/R. Let us now turn on the F_T and break supersymmetry. The scalar mass matrix will be given by Eq. (36) with α = 1/2 and n = 0, 1, 2, ..., and therefore the scalar masses will be |n + 1/2 ± F_T /2|/R. For F_T = 1 we obtain the same mass spectrum as that of the Higgs in Ref. [8]. There is a single massless scalar that is associated with the SM Higgs.

In Ref. [7] quarks and leptons were localized on the boundaries of the orbifold while the Higgs sector was living in the bulk. To give masses to the fermions, the Higgs sector had to consist in two hypermultiplets (Φ_i, Φ^c_i ) i = 1, 2. Assigning the Z_2 parity as Φ(y) → ηΦ(−y), with η = +1(−1) for Φ_1 and Φ^c_2 ( Φ^c_1 and Φ_2), the Higgs sector can be written as

S_5 = ∫ d^5x {∫ d^4θ 1 2 (T + T^†) ( Φ^†_i Φ_i + Φ^c_i Φ^{c †}_i ) + ∫ d^2θ Φ^c_i (∂_5δ_{ij} + mϵ_{ij})Φ_j + h.c. } , (38)

2This y-dependence of the hypermultiplet can be the result of imposing the (supersymmetric) boundary condition Φ^0 (x, y + 2π) = ei^2παΦ^0 (x, y) and similarly for Φc^0 .

where a supersymmetric mass m compatible with the Z_2 parity has been introduced. For F_T ≠ 0, the scalar masses are given by |m − F_T /2 ± n|/R and |m + F_T /2 ± n|/R, while the fermion sector has masses |m ± n|/R. This spectrum is identical to that of Ref. [7] with the identification m = q_H and F_T = 2q_R.

In conclusion, we have showed that a constant (y-independent) W yields supersymmetry breaking parametrized by the F -term of the radion and gives the same spectrum as supersymmetry broken by boundary conditions. In particular, we have recovered the mass spectrum of the models of Refs. [7] and [8]. Since supersymmetry is broken by the F -term of T , the Goldstino field corresponds to the fermionic component of T that is the fifth-component of the right-handed gravitino, Ψ^5_R (in a different way, this has also been shown in Ref. [19]).

What happens when W is localized on the boundary instead of in the bulk?^3 In this case the gaugino mass term Eq. (33) is localized on the boundary and therefore will only affect the even modes^4: L_{soft} = δ(y) R W M^3_5 λ_1λ_1 + h.c. , (39)

for a canonically normalized λ_1. This term can be thought to arise from Eq. (5) with F_T = 2δ(y)W/M^3_5 . The term (39) produces a mixing between the KK. To obtain the mass spectrum one has to redefine the KK states. It is much simpler, however, to obtain the mass spectrum by solving the 5D equation of motion of the gauginos with the term Eq. (39) included. This has already been done in Ref. [21]. Instead of repeating this here, we will consider this scenario of supersymmetry breaking in a warped extra dimension.

4.2 A warped extra dimension

The interesting situation for a warped extra dimension is when the breaking of supersymmetry is located on the boundary at y = π. In this case the soft masses are exponentially suppressed, explaining the hierarchy between the weak and the Planck scale [11, 22, 23, 24]. Here we will consider the effects of triggering a constant superpotential term W on the y = π boundary. This breaks supersymmetry inducing a gaugino mass given by L_{soft} = δ(y) R e^{−Rkπ}W M^3_5 λ_1λ_1 + h.c. . (40)

Eq. (40) shifts the gaugino mass spectrum from the gauge-boson one. The exact mass eigenvalues m_n of the gauginos are derived in the Appendix. For large supersymmetry breaking, W ≫ M^3_5 , the Majorana gaugino masses become independent of W : ± √ 2 Rkπ ke^{−Rkπ} , ± 5 4 πke^{−Rkπ} , ± 9 4 πke^{−Rkπ} , ... . (41) 3As far as the low-energy effective theory is concerned (the one describing physics below the KK masses and consisting of only of the zero modes), it is clear that there is no difference from the case where W is coming from the bulk as long as W/M^3_5 ø 1 and the zero modes can be considered lighter than the KK.

4See Ref. [20] for the case of the gravitino.

Notice that in this limit, W/M^3_5 → ∞, the gauginos can be combined in Dirac fermions and the theory becomes U(1)_R invariant. This is exactly the same spectrum as the one obtained when supersymmetry is broken by boundary conditions [22].

For small supersymmetry breaking, W ≪ M^3_5 , only the zero modes are substantially affected (the KK masses get small corrections as it is shown in the Appendix). We can analyze these effects by just considering the effective theory at energies below the KK masses with only the zero modes. For the vector and hypermultiplet sector the effective theory is given by Eqs. (27) and (28). For the radion, the effective lagrangian is given by [25]

L_{4D} = −

6M^3_5 k ∫ d^4θφ^†φ(1 − e^{−(T +T y)kπ}) + ∫ d^2θφ^3 [ W_0 + e^{−3T kπ}W + h.c. ] , (42)

where W_0 and W are the superpotentials on the boundary at y = 0 and y = π respectively. W_0 has been introduced to cancel the cosmological constant as we will see below. From Eq. (42), we obtain the auxiliary fields F_T = e^{−Rkπ} W 2πM^3_5 + W_0 2πM^3_5

, F_φ = kW_0 2M^3_5

, (43)

and the effective radion potential V = 3k 2M^3_5 ( e^{−4Rkπ}|W |^2 − |W_0|^2 ) . (44)

Unlike the flat case, the vanishing of the potential is not guaranteed for a constant W . In fact, one must tune |W_0|^2 = e^{−4Rkπ}|W |^2 to have a zero cosmological constant. In this case, we get

F_T = W 2πM^3_5 e^{−Rkπ} , F_φ = πF_T e^{−Rkπ} . (45) We see that, as expected, the F -term of the radion is exponentially suppressed and F_φ, although nonzero, is exponentially smaller than F_T . Although this is not a realistic model since R is not stabilized, it can be considered as a simple example of a supersymmetry breaking scenario with F_T ∼ e^{−Rkπ}. Turning on a nonzero F_T in Eqs. (27) and (28), we obtain the supersymmetry breaking masses

m_{λ1} = F_T 2R , m_ϕ = | | | | (1/2 − c)kπF_T 2 sinh[(1/2 − c)Rkπ] | | | | . (46)

Notice that m_ϕ has its maximum for c = 1/2 and tends exponentially to zero when c deviates from this value.

The result of Eq. (46) has an interesting 4D interpretation using the AdS/CFT correspondence, that is based on the conjecture that theories on AdS_5 are dual to 4D strongly coupled conformal field theories (CFT) in the large N limit [26]. This correspondence between AdS and CFT theories has been also extended to the RS set-up, giving a useful tool to understand the physics of this 5D scenario from a 4D point of view. For example, it has been argued that placing the boundary at y = 0 in the AdS_5 space corresponds, in the 4D dual picture, to break explicitly the conformal group by introducing an ultraviolet cutoff at k and by adding new (ultraviolet) degrees of freedom [27]. For the case of a 5D theory with gravity and a gauge sector in the bulk, these new degrees of freedom correspond to a graviton and a gauge boson coupled to the CFT (it corresponds to a gauging of the Poincare group and a global symmetry of the CFT). The boundary at y = π has a different correspondence in the 4D dual. It corresponds to a spontaneous breaking of the conformal group at the scale ke^{−Rkπ}. The radion is associated to the Goldstone boson of the broken conformal symmetry, that we will call the dilaton. This has been recently checked in different ways in Ref. [28]. Under the conformal transformation, g_{μν} → Ω^2g_{μν} , the superfields of the effective theory of Eqs. (27)–(29) must transform according to T → T + 1 kπ ln Ω , V → V , Φ → Ω^{(c−3/2)}Φ , Q → Q . (47) The lagrangian of Eqs. (27) and (28) is, however, not fully invariant under the transformation Eq. (47) due, as we said, to the y = 0 boundary. In Eq. (27) the appearance of T coupled to the vector multiplet breaks the conformal symmetry. In the 4D dual picture this corresponds to the coupling of the dilaton to the gauge vector supermultiplet at the one-loop level due to the conformal anomaly. In 5D it appears at the tree-level according to the duality relation [28] g^2_5 b_{CF T} /(8π^2) = 1/k. For the hypermultiplet zero mode, Eq. (28), the effect of the y = 0 boundary becomes exponentially suppressed for c ≪ 1/2. In this limit the zero mode is localized on the boundary at y = π and corresponds in the 4D dual picture to a bound state arising from the spontaneously broken CFT.

Our scenario where supersymmetry is broken by the F -term of the radion corresponds in the 4D dual to break supersymmetry with the dilaton F -term. This is similar to AMSB where the breaking of supersymmetry is parametrized by the F -term of the conformal compensator φ. In AMSB models gaugino and scalar masses are generated at the loop level due to the conformal anomaly. In our case, the role of φ is played by T . It is also the anomaly (in the 4D dual) responsible for the gaugino masses. The scalar mass of ϕ tends to zero at tree level in the conformal limit c ≪ 1/2, but it is generated at the one-loop level, similarly to AMSB, due to a wave function renormalization. In the opposite limit, c ≫ 1/2, the zero mode of the hypermultiplet is localized on the y = 0 boundary and corresponds in the 4D picture to a new degree of freedom. In this case its tree-level mass is also small since its direct coupling to the dilaton (arising from the CFT) is exponentially suppressed.

5 Conclusions

We have presented the 5D action of a supersymmetric gauge theory with a compact extra dimension using N = 1 superfields. For a flat extra dimension the action is given in Eqs. (5) and (11), while for a warped extra dimension as in the RS scenario this is given in Eqs. (19) and (23).

We have applied the above results to study the breaking of supersymmetry by the F -term of the radion. We have showed that, for a flat extra dimension, this type of breaking leads to the same mass spectrum as in Scherk-Schwarz models of supersymmetry breaking. One can therefore consider our formulation as a superfield description of the SS mechanism.

We have also considered scenarios where supersymmetry is broken on a boundary of a warped extra dimension. The spectrum in this case presents certain similarities with that in AMSB models.

Acknowledgments

Work partially supported by the CICYT Research Project AEN99-0766.

Appendix

In this Appendix we will derive the mass spectrum for the gaugino sector in a theory with a warped extra dimension where the breaking of supersymmetry induces a Majorana gaugino mass on the boundary as in Eq. (40).

Redefining λ_i → e^{−2Rσ}λ_i i = 1, 2 to absorb the spin connection term, the equations of motion for the gauginos are given by

ie^{Rσ}σ̄^μ∂_μλ_2 + 1 R (∂_5 + 1 2 Rσ^′)λ̄_1 = 0 , ie^{Rσ}σ̄^μ∂_μλ_1 − 1 R (∂_5 − 1 2 Rσ^′)λ̄_2 − 1 2 W M^3_5 R δ(y − π)λ̄_1 = 0 . (48)

We will solve these equations in the bulk, ignoring boundary effects which will only play a role when imposing boundary conditions. Looking for solutions of the form λ_i(x, y) = ∑ λ^{(n)}(x)f^{(n)}_i (y) and using the orthogonality condition of the modes, Eq. (48) leads to the second order differential equations [ 1 R^2 e^{Rσ}∂_5(e^{−Rσ}∂_5) − (1 4 ± 1 2 ) k^2 ] f^{(n)}_{1,2} = e^{2Rσ}m^2_nf^{(n)}_{1,2} , (49)

with solutions

f^{(n)}_1 (y) = e^{Rσ/2} N_n [ J_1 (m_n k e^{Rσ} ) + b_1(m_n)Y_1 (m_n k e^{Rσ} )] , (50)

f^{(n)}_2 (y) = σ^′ k e^{Rσ/2} N_n [ J_0 (m_n k e^{Rσ} ) + b_2(m_n)Y_0 (m_n k e^{Rσ} )] , (51)

where b_i and m_n will be determined by the boundary conditions, and N_n are normalization constants.

Taking into account the Z_2 assignment, f^{(n)}_i must fulfill the following conditions on the y = 0 boundary:

f^{(n)}_2 | | |_{y=0} = 0 , ( d dy + R 2 σ^′ ) f^{(n)}_1 | | |_{y=0} = 0 , (52)

which imply

b_1(m_n) = b_2(m_n) = −

J_0 (_{mn} k ) Y_0 (_{mn} k ) . (53)

On the other hand, the presence of the Majorana gaugino mass on the y = π boundary in Eq. (48) requires the following condition:

f^{(n)}_2 (π) = 1 2 W 2M^3_5 R f^{(n)}_1 (π) . (54)

Eqs. (53) and (54) yield 2 [ J_0 (m_n k e^{Rkπ} ) − J_0 (_{mn} k ) Y_0 (_{mn} k )Y_0 (m_n k e^{Rkπ} )] = W 2M^2_5 R [ J_1 (m_n k e^{Rkπ} ) − J_0 (_{mn} k ) Y_0 (_{mn} k )Y_1 (m_n k e^{Rkπ} )] , (55)

that determines the mass spectrum. Let us look for solutions of Eq. (55) in the limit kR ≫ 1. For the lightest modes we can take the limit m_ne^{Rkπ}/k ≡ ϵ ≪ 1 in Eq. (55) that becomes 2 = W 2M^3_5 [ ϵ 2 − 1 πkR 1 ϵ ] . (56)

If the breaking of supersymmetry is small, W/M^3_5 ≪ 1, the only solution to Eq. (56) fulfilling ϵ ≪ 1 is given by m ≃ W 4M^3_5 πR e^{−Rkπ} . (57) This corresponds to the zero mode mass. In the strong supersymmetry breaking case, W/M^3_5 ≫ 1, there are two solutions to Eq. (56) given by m ≃ ± √ 2 πkR ke^{−Rkπ} . (58) On the other hand, the masses of the heavier KK modes are easily obtained from Eq. (55) in the limit ϵ > 1 that becomes

J_0 (_{mn} k e^{Rkπ} ) J_1 (_{mn} k e^{Rkπ} ) = W 4M^3_5

. (59)

If the breaking of supersymmetry is weak, W/M^3_5 ≪ 1, the Majorana mass spectrum is approximately given by m_n ≃ ( n + 3 4 ± W 4πM^3_5 ) πke^{−Rkπ} , n = 1, 2, ..., (60) whereas in the strong supersymmetry breaking limit, W/M^3_5 ≫ 1, we have m_n ≃ ( n + 1 4 ± 4M^3_5 πW ) πke^{−Rkπ} . (61)

References

[1] See I. Antoniadis, Phys. Lett. B 246 (1990) 377, and G. Dvali and M. Shifman, Nucl.

Phys. B 504 (1997) 127, for the first attempts in this line.

[2] J. Wess and J. Bagger, Supersymmetry and Supergravity, Princeton 1992.

[3] N. Marcus, A. Sagnotti and W. Siegel, Nucl. Phys. B 224 (1983) 159.

[4] N. Arkani-Hamed, T. Gregoire and J. Wacker, hep-th/0101233.

[5] L. Randall and R. Sundrum, Phys. Rev. Lett. 83 (1999) 3370.

[6] J. Scherk and J. H. Schwarz, Phys. Lett. B 82 (1979) 60; Nucl. Phys. B 153 (1979) 61.

[7] A. Pomarol and M. Quiros, Phys. Lett. B 438 (1998) 255; I. Antoniadis, S. Dimopoulos, A. Pomarol and M. Quiros, Nucl. Phys. B 544 (1999) 503; A. Delgado, A. Pomarol and M. Quiros, Phys. Rev. D 60 (1999) 095008.

[8] R. Barbieri, L. J. Hall and Y. Nomura, Phys. Rev. D 63 (2001) 105007.

[9] L. Randall and R. Sundrum, Nucl. Phys. B 557 (1999) 79; G. F. Giudice, M. A. Luty, H. Murayama and R. Rattazzi, JHEP 9812 (1998) 027.

[10] E. A. Mirabelli and M. E. Peskin, Phys. Rev. D 58 (1998) 065002; E. Sharpe, Nucl. Phys.

B 523 (1998) 211.

[11] T. Gherghetta and A. Pomarol, Nucl. Phys. B 586 (2000) 141.

[12] R. Altendorfer, J. Bagger and D. Nemeschansky, Phys. Rev. D 63 (2001) 125025;

N. Alonso-Alberca, P. Meessen and T. Ortin, Phys. Lett. B 482 (2000) 400; A. Falkowski, Z. Lalak and S. Pokorski, Phys. Lett. B 491 (2000) 172; E. Bergshoeff, R. Kallosh and A. Van Proeyen, JHEP 0010 (2000) 033; S. Nojiri and S. D. Odintsov, Phys. Rev. D 64 (2001) 023502; H. Nishino and S. Rajpoot, hep-th/0105138; T. Fujita, T. Kugo and K. Ohashi, hep-th/0106051.

[13] H. Davoudiasl, J. L. Hewett and T. G. Rizzo, Phys. Lett. B 473 (2000) 43; A. Pomarol, Phys. Lett. B 486 (2000) 153; Phys. Rev. Lett. 85 (2000) 4004.

[14] E. Cremmer, S. Ferrara, C. Kounnas and D. V. Nanopoulos, Phys. Lett. B 133 (1983) 61.

[15] S. Ferrara, C. Kounnas, M. Porrati and F. Zwirner, Nucl. Phys. B 318 (1989) 75; M. Porrati and F. Zwirner, Nucl. Phys. B 326 (1989) 162; S. Ferrara, C. Kounnas and F. Zwirner, Nucl. Phys. B 429 (1994) 589; E. Dudas and C. Grojean, Nucl. Phys. B 507 (1997) 553 [hep-th/9704177].

[16] E. Cremmer, B. Julia, J. Scherk, S. Ferrara, L. Girardello and P. van Nieuwenhuizen, Nucl.

Phys. B 147 (1979) 105; E. Cremmer, S. Ferrara, L. Girardello and A. Van Proeyen, Nucl. Phys. B 212 (1983) 413.

[17] E. Ponton and E. Poppitz, hep-ph/0105021.

[18] M. A. Luty and R. Sundrum, Phys. Rev. D 62 (2000) 035008.

[19] I. Antoniadis, S. Dimopoulos and G. Dvali, Nucl. Phys. B 516 (1998) 70; I. Antoniadis and M. Quiros, Phys. Lett. B 416 (1998) 327;

[20] F. Zwirner, Talk at the Euresco Conference “From the Planck Scale to the Electroweak Scale”, La Londe-les-Maures (France).

[21] N. Arkani-Hamed, L. Hall, Y. Nomura, D. Smith and N. Weiner, hep-ph/0102090. [22] T. Gherghetta and A. Pomarol, Nucl. Phys. B 602 (2001) 3. [23] A. Falkowski, Z. Lalak and S. Pokorski, hep-th/0102145.

[24] S. Dimopoulos, S. Kachru, N. Kaloper, A. E. Lawrence and E. Silverstein, hepth/0104239;hep-th/0106128.

[25] M. A. Luty and R. Sundrum, hep-th/0012158; J. Bagger, D. Nemeschansky and R. Zhang, hep-th/0012163.

[26] J. Maldacena, Adv. Theor. Math. Phys. 2 (1998) 231. [27] See for example, S. S. Gubser, hep-th/9912001.

[28] N. Arkani-Hamed, M. Porrati and L. Randall, hep-th/0012148; R. Rattazzi and A. Zaffaroni, JHEP 0104 (2001) 021; M. Perez-Victoria, JHEP 0105 (2001) 064.