arXiv:hep-th/0608058v2 23 Dec 2006

CERN-PH-TH-2006-141 HD-THEP-06-14 August 8, 2006

Radion Stabilization In 5D SUGRA

Filipe Paccetti Correia^{a1}, Michael G. Schmidt^{b2}, Zurab Tavartkiladze^{c3}

aCentro de Física do Porto, Faculdade de Ciências da Universidade do Porto Rua do Campo Alegre 687, 4169-007 Porto, Portugal b Institut für Theoretische Physik, Universität Heidelberg Philosophenweg 16, 69120 Heidelberg, Germany c Physics Department, Theory Division, CERN, CH-1211 Geneva 23, Switzerland

Abstract

We present a detailed study of radion stabilization within 5D conformal SUGRA compactified on an S^{(1)}/Z_2 orbifold. We use an effective 4D superfield description developed in our previous work. The effects of tree level bulk and boundary couplings, and in particular of one loop contributions and of a non perturbative correction on the radion stabilization are investigated. We find new examples of radion stabilization in non SUSY and (meta-stable) SUSY preserving Minkowski vacua.

1E-mail address: paccetti@fc.up.pt 2E-mail address: m.g.schmidt@thphys.uni-heidelberg.de 3E-mail address: zurab.tavartkiladze@cern.ch

1 Introduction

The stabilization of moduli is a central problem if one is searching for vacua of string theory and their possible realization in the real world. Models with one extra dimension allow to study this and other questions in a simplified setting. They might lead to interesting insights in physics [1], e.g. concerning the generation of hierarchies, the discussion of SUSY breaking, or a new look to inflation in early cosmology. They even may be directly related to string/M-theory in an intriguing way, if Calabi-Yau and 5D compactification differ in scale. Last not least 5D supergravity is an (admittedly still technically complicated but) in principle well understood field.

For supergravity with a fifth dimension on a S^{(1)}/Z_2 orbifold off-shell SUGRA (i.e. with auxiliary field components, not integrated out) certainly is a very good choice. This was pioneered in [2]. In our line of research [3–5] we rely on the work of Fujita, Kugo, Ohashi [6] on 5D superconformal gravity including also vector and hypermultiplets and using compensators of that type. We have reformulated important parts of this work^4 in terms of a 4D superfield formalism (see also [8] and subsequent developments [9]) including vector and chiral multiplets and 4D supergravity. In a recent paper we [5] succeeded to integrate out a multiplier real superfield W_y contained in the even part of the 5D Weyl multiplet. Thus we obtained a superspace action where the radion field e^5_y is now contained only in chiral superfields. Depending on the problem one wants to attack one can gauge fix the superconformal symmetries already in the 5D theory or only in the effective 4D theory which turns out to be still 4D superconformal invariant in this version.

There have been numerous studies of moduli (radion) stabilization (see for instance [10]- [19], [5] and references therein) and various mechanisms were suggested. In this work we consider this issue within our formalism which greatly simplifies investigations. Also, new examples of moduli stabilization are presented.

The paper is organized as follows: Starting point in sect. 2 is a brief presentation of our formalism developed further in our recent work [5]. In sect. 3 the issue of moduli stabilization is discussed and examples of stabilization due to 1-loop corrections and non perturbative effects are presented. In section 4 we discuss the uplift and stabilization in SUSY breaking and SUSY preserving (meta-stable) Minkowski (M_4) vacua. In sect. 5 we present some mass formulas and estimates. We also mention some possible phenomenological implications of considered scenarios. In sect. 6 we conclude with a short summary. Appendix A deals with calculational tools of the various 1-loop corrections to the Kähler potential.

2 Effective 4D Superconformal Description

We use an effective 4D superconformal description of 5D SUGRA in which case the gauge and hypermultiplet action can be built by knowing the forms of the Kähler potential K, the superpotential W and the gauge kinetic function f_{IJ} . The Lagrangian couplings are

L^{(4D)}_D = −3 ∫ d^4θ e^{−K/3} ϕ^+ϕ , (1)

4What is still lacking is a superfield formulation of the odd part of the Weyl multiplet and of related covariant derivatives. This would be needed for a genuine loop calculation containing gravitational higher KK modes in super language like in [7].

L^{(4D)}_W = ∫ d^2θϕ^3W , (2)

L^{(4D)}_V = 1 4 ∫ d^2θ f_{IJ} (Σ)W̃^{αI}W̃^J_α + h.c. (3)

where ϕ is the 4D conformal compensator, a chiral superfield.

If the theory under discussion is 5D orbifold SUGRA, then as derived in [5], at tree level we have the Kähler potential

K = − ln Ñ (Σ + Σ^†) − 2 ln ( 1 − H^+e^{−gI V I} H ) , (4)

where Σ is a modulus emerging from a 5D gauge supermultiplet and H is a chiral superfield which is part of the 5D hypermultiplet and which is charged under the 4D vector superfields V^I (here we assume that the hyperscalar manifold is the simplest one). The W̃ denotes the 4D gauge fieldstrength superfield, while f_{IJ} (Σ) = −N̂_{IJ} (Σ) with double derivative N̂_{IJ} obtained from the 3^{rd} order norm function N (Σ) by setting at the end the odd fields to zero (more relations between 4D and 5D objects are given below).

The scalar potential derived from (1)-(3) consists of two parts: the F-term potential is given in terms of the Kähler potential and the superpotential as

V_F = M^4_{Pl} e^K ( K^{IJ̄} D_I W D¯_JW̄ − 3|W |^2 ) , with D_I ≡ ∂_I + K_I (5)

where I runs over chiral multiplets emerging from both hyper and vector scalars (I = H, Σ). It is easy to write down also the D-term potential

V_D = − 1 4 M^4_{Pl}N̂_{IJ} D^I D^J , with D^I = −N̂^{IJ} g_{4J} q_iK_{Hi} H_i , (6)

where we took into account that the K includes the hypermultiplets as K(H^†_i e^{−qig4I V I} H_i) (here we have restored the U(1) charge q_i of the chiral superfield H_i). Eq. (6) does not contain contributions from FI terms arising if the compensator hypermultiplet is charged under U(1)_R. D-terms may play crucial role for uplifting to the Minkowski or de-Sitter vacua [19]. In this work we will not consider D-term potentials but instead will investigate the role of F -term potentials (of eq. (5)) in the radion stabilization.

Our investigation will focus mostly on the vector moduli Σ, as the hyper moduli H can be stabilized in a fairly simple way by using tree-level brane potentials. Stabilization of vector moduli is more complicated because they do not couple directly to the branes. Here indeed lies the difficulty of radion stabilization. Recall that the radion (the e^5_y component of 5D Weyl multiplet) is related to the chiral superfields Σ^I_5

Σ^I_5 = 1 2 (e^5_yM^I + iA^I_y) + · · · (7)

Since for this paper we consider unwarped geometries, the zero modes of the various superfields are y-independent. In the following we consider a dimensionless e^5_y and a fixed length R (−πR < y < πR) is introduced. Note that R is not dynamical, but for practical reasons we will take it to coincide with the size of the extra-dimension (after the latter is stabilized).

Before closing this section we present relations between 5D and 4D objects and give some explanation for the notations used in the paper. The fields Σ, H in eq. (4) and appearing in 4D Lagrangian densities are dimensionless and are related to the corresponding 5D components as

Σ = κ_5Σ_5 , H = κ_5H_5 , with κ_5 = M^{−3/2}_5 , M^2_{Pl} = 2πRM^3_5 . (8)

Moreover, we have Ñ = κ^2_5N , W̃ = √ 2πRW , √ 2πRg_4 = g_5 . (9)

At some places (for instance in eqs. (14), (16), (A.9), (A.21)) we also present 5D Lagrangian couplings. In order to make expressions more compact there we omit subscript 5 for the 5D objects, hoping that this will not create any confusion.

3 Moduli Stabilization

We start our discussion with a Kähler potential including gauge moduli only. At tree level, due to the no-scale nature of the Σ, which means that at tree-level K^{ΣΣ̄}K_ΣK¯_Σ = 3, and with moduli independent superpotential W = constant, from (5) we see that a vector modulus is a flat direction and V_F = 0. Inclusion of moduli dependent tree level superpotentials (consistent with gauge symmetries) can lead to moduli stabilization however in an AdS vacuum in simple minded cases [5]. The vacuum uplifting is an important issue and different mechanisms can be applied. Later in this paper we will use and discuss some of them.

As far as the hypermultiplet H moduli (’hypers’) are concerned, they can be stabilized in a simpler way. The brane localized superpotential W (H) can fix the value of H. Apart from this, hyper moduli generate positive definite contribution to the potential

V_F (H) = M^4_{Pl} e^KK^{HH̄} D_H W D¯_HW̄ , (10)

which can also serve for a self consistent uplift as we will discuss in more detail in section 4.

3.1 Stabilization and uplift by 1-loop corrections

As originally proposed in [11, 12], one-loop corrections to the Kähler potential, due to bulk multiplets, can lead to moduli stabilization in M_4 vacuum. A more detailed discussion of this kind of stabilization mechanism was then presented in refs. [13,14] (see [15] for a discussion of two-loop effects), for the one modulus (i.e. the radion) case. Here we will present the supergravity embedding of these models, generalizing them to the many moduli case, and consider new one-loop corrections to K(Σ, Σ^+). The new corrections will be crucial to remove the flatness of the potential in the axionic directions, as they break the continuous shift symmetry present at tree-level.

There are loop corrections to the Kähler potential which may be either moduli-independent or moduli-dependent. Moduli dependence can appear in a combination which measures the size of the extra dimension, the radion. Moduli also may appear in different combinations. The latter happens when some multiplets are charged under some bulk abelian gauge symmetries (that is, some isometries of the scalar manifolds are gauged by vector multiplets). These two kinds of corrections correspond to the contributions of massless and massive bulk multiplets of rigid supersymmetry of refs. [12, 14].

In our studies we will include moduli-independent corrections coming in general from bulk Weyl, vector and hyper supermultiplets. For the generation of moduli dependent corrections we will introduce bulk hypermultiplets. As we will see shortly, each type of correction will be important for moduli stabilization in Minkowski vacuum. Let’s consider these 1-loop corrections to the Kähler potential in more detail.

Moduli-independent one-loop contributions

We consider first the contributions of the gravitational sector, of abelian vector multiplets in the unbroken phase, and of uncharged hypermultiplets. These lead to a 1-loop correction to the low-energy D-term Lagrangian of the form,

ΔL_V = − ∫ d^4θ α R^3W^2_y

+ (higher powers in a super-der. expansion), (11)

where α = (−2 − N_V + N_H )^{ζ(3)}_{2(2π)5} depends on the number N_V of ”massless” vector multiplets and on the number N_H of ”massless” hypermultiplets. Note that (11) is a 5D Lagrangian coupling. Integrating out W_y [5] one finds (still in the 5D theory) an effective 4D one-loop Kähler potential

K(Σ, Σ^+) = − ln ( Ñ (Σ + Σ^+) + Δ ) , (12)

where Δ = Δ_α ≡ κ^2_5 α R^3

. (13)

Note that here the N_H dependent part, arising by integrating out the hypermultiplets, can be obtained from the cases presented below by taking the superpotential coupling of moduli with the hypermultiplets to be zero (setting g_β = 0 in eq. (15)).

Moduli-dependent one-loop contributions

There are several ways of gauging isometries of the scalar manifold and therefore there are also different possible corrections to K(Σ, Σ^+):

Let us start with a physical 5D hypermultiplet H = (H, H^c) ∼ (+, −) charged under the vector multiplet V = (V, Σ) ∼ (−, +), where the parities under S^{(1)}/Z_2 orbifolding are shown in brackets. The relevant coupling is [3] ∫ d^2θ (2H^c∂_yH − g_βΣ(H^2 − H^{c2})) + h.c. . (14)

Note again that eq. (14) is a 5D Lagrangian density (it should not be confused with the effective 4D description of (1)-(3)) and all fields and coupling is five dimensional. This form is useful as a starting point when making loop calculations. The corresponding one-loop correction due to hypermultiplets running in the loop, obtained in appendix A.1, is

Δ_β = κ^2_5 β R^3 ∞∑ k=1 1 k^3 (e^{−k2πRgβ Σ} + e^{−k2πRgβ Σ+} ) ( 1 + kπRg_β(Σ + Σ^+) ) , (15)

Re(Σ) Im(Σ) V/V_0

Figure 1: Effective potential as a function of Re(Σ) and Im(Σ), for ᾱ = 0.437, β̄ = 0.5, γ̄ = 1.5 and b = 0.3, c = 1. V_0 = 8.5 · 10^{−6}M^4_{Pl}|W |^2.

with β = N_{Hβ} /4(2π)^5, where N_{Hβ} is the number of charged hypermultiplets. There are several ways of deriving eq.(15), the most elegant one using the relation of the Kähler potential of N = 2 supergravity to the prepotential. Another way is to make a KK reduction and then to use the standard tools in order to evaluate the 1-loop correction to the Kähler potential. These two ways are presented in appendix A.1. For our purposes the higher powers in the superderivative expansion do not play an important rôle, we will therefore discard them in the following. Another feature which we did not display is that (15) is only valid for Re(Σ) > 0, for Re(Σ) < 0 we must replace Σ → −Σ. This expression leads to new contributions to K(Σ, Σ^+) in eq.(12). In the most general case g_βΣ can be replaced by a linear combination of moduli g_I Σ^I .

Another type of 5D coupling between a hypermultiplet and a vector multiplet with the same orbifold parities as in the previous example, is ∫ d^2θ 2H^c(∂_y − g_γ ϵ(y)Σ)H + h.c., (16)

where ϵ(y) = ∂_y|y| is the periodic step-function. Integrating out the hypermultiplets we get the following contribution to Δ

Δ_γ = κ^2_5 γ R^3 ∞∑ k=1 1 k^3 e^{−kπRgγ (Σ+Σ+)} ( 1 + kπRg_γ (Σ + Σ^+) ) , (17)

where γ = N_{Hγ} /2(2π)^5 and N_{Hγ} is the number of hypermultiplets coupled with the modulus through the odd coupling g_γ ϵ(y). This expression can e.g. be obtained from formulas given in [13, 14] by the 5D lifting of the 1-loop Kähler potential obtained by super-graph method. In appendix A.2 we present its derivation in detail. One crucial difference to the case discussed previously lies in the fact that the lowest KK mode is now massless before supersymmetry is broken. The other relevant difference to eq.(15) is that it doesn’t depend on the axionic modulus Im(Σ).

Now we are ready to study the issues of moduli stabilization. Let us consider the following setup: In addition to a constant (brane) superpotential W we include the three types of the 1- loop corrections to the Kähler potential discussed in this subsection. Furthermore we assume the radion to be the only existing modulus Σ. By a suitable arrangement of the parameters ᾱ = κ^2_5α/R^3 = 2πα/(RM_{Pl})^2, β̄ = κ^2_5β/R^3 = 2πβ/(RM_{Pl})^2 and γ̄ = κ^2_5γ/R^3 = 2πγ/(RM_{Pl})^2, as well as b = πRg_β/κ_5 = g_{4β}πRM_{Pl} and c = πRg_γ /κ_5 = g_{4γ} πRM_{Pl}, one can obtain a M_4 (or dS) minimum for Σ. This is possible since the Δ_β gives a correction opposite to Δ_γ because the imaginary part stabilizes in such a way as to make some part of the potential negative. In Fig.1 we plot such a potential for a specific choice of parameters. Re(Σ) and Im(Σ) shown in the plot are dimensionless 4D fields (related to the 5D states according to eq. (8)). We tuned α in such a way as to obtain a Minkowski minimum at Re(Σ) ≃ 3.5. Note that the axionic component of Σ is stabilized as well, in contrast to models previously proposed in the literature (see e.g. [13]).

Note that there is a class of parameters related to those of Fig. 1 for which the stabilization in the M_4 vacuum is achieved. To see this, it is useful to realize that the scalar potential remains invariant (up to the scale factor) under the following rescalings

R → sR , (g_{4β} , g_{4γ} ) → s^{−1/3}(g_{4β} , g_{4γ} ) , Σ → s^{−2/3}Σ , (18)

where the scale factor s is a real number. Note that under this transformation the scalar potential transforms as V → s^2V (due to the exponential e^K in (5)). However, this change with factor s^2 lives the potential at zero in the vacuum. With these rescalings the parameters of the model change as (ᾱ , β̄ , γ̄) → s^{−2}(ᾱ , β̄ , γ̄) , (b , c) → s^{2/3}(b , c) , (19) allowing to find the class of parameters from those corresponding to Fig. (1) and to have different values of stabilized Σ in the M_4 vacuum.

The symmetry displayed in (18) is useful also for discussing some physical implications. With this rescaling the Kähler potential transforms as

K → K + 2 ln s . (20)

Now it is easy to realize that the particle masses undergo linear rescalings. Namely, according to (53) and (50) the gravitino and canonically normalized radion component masses change as

m_{3/2} → s · m_{3/2} , m_± → s · m_± . (21)

Therefore, for the class of the parameters related to each other by the transformation (19) the ratio m_{3/2}/m_± is fixed m_± m_{3/2} = R_± . (22)

For the parameters of Fig. 1 we have R_+ ≃ 0.17 and R_− ≃ 0.15. Thus, with m_{3/2} ≃ 1 TeV we have m_+ ≃ 170 GeV and m_− ≃ 150 GeV for the two radion scalar component masses. More generally, since we have a constant superpotential, for the scalar potential we have V ∝ e^K|W |^2 and comparing with (53) we can expect m_± ∼ m_{3/2} unless some cancellation occurs. Therefore with low energy SUSY (i.e. m_{3/2} ∼ 1 TeV) we expect to have radion’s two real scalar modes in the 100 GeV-1 TeV range. This makes the model testable in ongoing and future collider experiments. More details concerning this issue will be discussed in sect 5.

Closing this subsection, let us mention that the conditions in (A.37) for this model can be easily satisfied with low energy SUSY breaking. This is due the fact that F -terms and the radion mass are close to the TeV scale. Therefore, all effects caused by higher super-derivative operators can be safely ignored.

3.2 Non-perturbative stabilization from gaugino condensation

As we have already mentioned, the flatness of the potential will be lifted either if the Kähler potential receives non cubic (with respect to Σ^I + Σ^{I†}) corrections, or the superpotential has a moduli dependent part. In this subsection we will show that the radion stabilization can be achieved by gaugino condensation. In this case the effective superpotential will have a moduli dependent (non perturbative) part. Also the Kähler potential gets a non perturbative correction. The whole effective action still can be written in a superconformal form −3 ( e^{−K/3}ϕ^†ϕ ) D + ( ϕ^3W ) F + h.c. . (23)

Discussing the gaugino condensation, we follow an effective 4D description dealing with zero modes of the relevant bulk fields. Thus, the arguments applied for a pure 4D gaugino condensation scenario will be appropriate. For this case the super and Kähler potentials include perturbative (p) and non-perturbative (np) parts [20]: W = w_p + w_{np} , e^{−K/3} = e^{−Kp/3} − ke^{−Knp/3} , (24) where k is some constant. The action with (24) is valid below a scale Λ corresponding to energies where the gauge sector becomes strongly coupled.

For demonstrative purposes we will consider an example with one non Abelian SU(N) YM theory which is responsible for the gaugino condensation. Taking the norm function

N (M^I ) = M^3 − MTr(M_g)^2 , with M_g = 1 2 λ^aM^a , a = 1, · · · , N^2 − 1 , (25)

the coupling of the moduli superfield Σ with the gauge field strength will be − 1 4 ( N_{IJ} (Σ)W^I W^J ) F + h.c. → 1 4 (ΣW^aW^a)_F + h.c. (26)

The effective 4D superconformal theory with (23), (26) possesses Weyl and chiral U(1) symmetries at classical level. However, one superposition of these two U(1)s is anomalous on the quantum level. Namely, a mixed gauge-chiral anomalous term is generated and the counter term [21] −2c ( 1 4 ln ϕW^aW^a ) F + h.c (27) is needed to take care of the anomaly cancellation. The coefficient c in (27) is related to the gauge group b-factor and is positive for asymptotically free theories.

Therefore, the coupling of the composite chiral superfield U = ⟨W^aW^a⟩ with moduli and compensating superfields is given by 1 4 ((Σ − 2c ln ϕ)U)_F + h.c. (28)

Eq. (28) is the starting point for computing the non perturbative effective action Γ(Σ, U). After obtaining the form of Γ(Σ, U), one can minimize it with respect to U (determining the condensate U_0) and then plug back the value of U = U_0 in Γ(Σ, U) to derive the effective action for Σ-moduli. In case of a single condensate the non perturbative Kähler and superpotentials are given by [20] K_{np} = 3 2c (Σ + Σ^†) , w_{np} = w̃e^{− 3Σ2c} . (29)

The tree level perturbative Kähler potential has the form K_p = −3 ln(Σ + Σ^†). Therefore the total Kähler potential will be

K = −3 ln ( Σ + Σ^† − ke^{− Σ+Σ†2c} ) . (30)

We also assume that the perturbative part of the superpotential is moduli independent w_p = const. (often this is the case at tree level). Note that a non perturbative correction to the Kähler potential in the problem of radion stabilization has not been taken into account so far in the literature. There is no physical reason to exclude the k-term from considerations. It also contributes to the kinetic coupling (ΣΣ^†)_D for the moduli field. Since the k is related to a mass scale, we expect that it will have impact on the stabilized value of Σ moduli. With k ≠ 0 the eq. (30) lifts the flatness of the K_I K^{IJ̄} K¯_J − 3 part. The resulting potential has the form

V = M^4_{Pl} 3|w_p|^2 (2c)^3 | |^{w̃}_{wp} | |^2 (2 + r)e^{−2r} + 2 | |^{w̃}_{wp} | | cos (Ω − 1.5ρ) e^{−0.5r} − α

(r − αe^{−r})^2(1 + 2αe^{−r} + αre^{−r}) e^{−r} ,

with r = 1 c Re(Σ) , ρ = 1 c Im(Σ) , α = k 2c , Ω = Arg ( w̃ w_p ) . (31)

For w̃ = 0 the radion stabilization is impossible. Thus, the moduli dependent superpotential plays an important role. For w̃ ≠ 0 the complex part of the modulus gets fixed as ⟨ρ⟩ = 2 3 (Ω − π) , (32)

and also the real part is stabilized. In Fig. 2 we give plots for the cases k = 0, k > 0 and k < 0, where for the complex part we have taken the value of eq. (32). Obviously, the inclusion of the non perturbative part of the Kähler potential introduces significant changes. In all cases the vacuum energy in the minimum is negative. In fact, one can easily check that SUSY is unbroken in the minimum: D_ΣW = 0. The solution of the latter equation, i.e. | | | w̃ w_p | | | (1 + r)e^{−1.5r}e^{i(Ω−1.5ρ)} + 1 + αe^{−r} = 0 , (33)

(i)

(iii)

(ii) r

V/V_0

Figure 2: Moduli potential for different cases. V_0 = M^4_{Pl}^{3|wp|2}_{(2c)3} ,^{w̃}_{wp} = 2. (i) k = 0; (ii)^k_{2c} = 0.5; (iii) k 2c = −0.5.

coincides with the minimum of the potential in (31). Now it is clear why the vacuum (V = −3e^K|W |^2) is AdS. An additional contribution to the potential must be generated [10] in order to set it to zero.

We have seen that even though moduli stabilization can be achieved with the inclusion of nonperturbative effects due to bulk gaugino condensation, this mechanism still lacks a consistent uplift mechanism in order to obtain Minkowski or de Sitter vacua. Such possibilities will be discussed in the next section.

4 Uplift by Boundary Couplings and Stabilization in SUSY Minkowski Vacuum

In this section we consider the possibility of uplifting through the boundary couplings. Also the stabilization in a SUSY preserving Minkowski vacuum is discussed.

The general form of the scalar (F -term) potential is given by

V = M^4_{Pl}e^K ( K^{IJ̄} D_I W D¯_JW̄ − 3|W |^2 ) . (34)

Since the first term in (34) is positive definite, we see that with fixed W the minimal possible value of V is achieved if the conditions

D_I W = ∂_I W + K_I W = 0 (35)

are satisfied. With (35) we have indeed^{∂V}_{∂ΣI} = −3M^4_{Pl}e^KW̄ D_I W = 0 and therefore the SUSY preserving solution (35) is an extremum. However, the vacuum is AdS (V = −3M^4_{Pl}e^K|W |^2) unless the superpotential along this solution is zero (this possibility will be discussed later on).

It must be noticed that the extremum equation^{∂V}_{∂ΣI} = 0 can have solution(s) along which (35) is not satisfied. Therefore, there is a chance of having a (meta-stable) vacuum with broken SUSY.

If in this minimum it is possible to set (fine tune) V = 0, we can have stabilization in a Minkowski vacuum.

The chiral superfields coming from 5D hypermultiplets can play a crucial role for uplifting. Consider the case with one bulk gauge modulus Σ and a set of 4D chiral multiplets H_i coming from bulk hypers (the H_i are even under orbifold parity). Assume that the superpotential W = W (Σ, H_i) is arranged in such a way that there is a minimum with broken SUSY (i.e. either D_ΣW or at least one D_{Hi} W is non vanishing). Then along this configuration the potential is

V = M^4_{Pl}e^K ( K^{ΣΣ†} |D_ΣW |^2 + K^{HiH†i} |D_{Hi} W |^2 − 3|W |^2 ) . (36)

If the potential (36) fixes Σ and H_i and if in addition

K^{ΣΣ†} |D_ΣW |^2 + K^{HiH†i} |D_{Hi} W |^2 = 3|W |^2 (37)

is arranged, then the vacuum is M_4.

This can be applied for the case with the gaugino condensation discussed in the previous section. Another interesting example which gives tree level stabilization is with linear superpotential

W (Σ) = gΣ . (38)

As was discussed in [5] this superpotential arises when the compensator hypers are charged under Σ (the U(1)_R is gauged). Including also the superpotential W (H) for further chiral superfields, the total superpotential will be W = gΣ + W (H) . (39)

Restricting ourself to one H, coming from the bulk hyper, the Kähler potential is

K = −3 ln(Σ + Σ^†) − 2 ln(1 − H^†H) . (40)

For W and K given in (39) and (40), one can show that although uplift to M_4 can be obtained, not all states are stabilized. Some of them remain massless. This happens for an arbitrary form of W (H) (an interesting result). The situation can be improved if for example in K the Δ corrections (discussed in sect. 3.1) are included. However, this goes beyond the tree level analysis and is more involved. Instead, below we consider a model with a superpotential combining a gaugino condensation part and the linear one given in (38). Although separately both parts lead to the stabilization in AdS vacua, we will see that together they provide an elegant stabilization in a SUSY preserving M_4 vacuum. Thus, no inclusion of the hypermultiplets is needed.

The reason we below concentrate on a stabilization in a SUSY preserving Minkowski vacuum is the following. The phenomenologically viable SUSY breaking can occur in the low energy effective 4D theory by one of the mechanisms widely discussed in the literature. Note that whatever is a SUSY breaking mechanism, it is preferable to have the gravitino mass much smaller than the mass of the moduli. In this way the latter will not be destabilized by the SUSY breaking effects. This also has other advantages especially from cosmological viewpoints [24].

Stabilization in SUSY Minkowski vacuum

Σ̃

V/V_0

Figure 3: Moduli potential for^g_a = 0.02, b = 2.3. Σ̃ ≡ ln (2Re(Σ)/3), V_0 = 10^{−5}a^2M^4_{Pl}.

Now we discuss the issue of the stabilization in a SUSY preserving M_4 vacuum. In order to have unbroken SUSY, the conditions (35) must be satisfied for all fields. With these conditions, on the other hand, the potential of (34) is negative definite unless the superpotential vanishes in the vacuum. Thus, in order to have the Minkowski vacuum we require for the superpotential ⟨W ⟩ = 0 . (41)

This condition in most cases can be achieved by fine tuning. Moreover, it is very likely that there is another solution with preserving SUSY but ⟨W ⟩ ≠ 0. This means that the vacuum (41) is a local minimum. If the latter is sufficiently long lived we should not worry much about it and proceed with model building. Thus, we further invoke the conditions (35), (41) which are equivalent to

⟨∂_I W ⟩ = 0 , ⟨W ⟩ = 0 , I = 1, 2, · · · (42)

Of course, one should make sure that the vacuum determined by these conditions is a minimum. Thus, second derivatives should be evaluated.

With conditions (42) we have from (34)

V_I¯_J ≡

∂^2V ∂Σ^I ∂Σ^{J̄†} = M^4_{Pl}e^KK^{MN̄} (∂_M ∂_I W )(∂¯_N ∂¯_JW̄ ) , V_{IJ} = V¯_I¯_J = 0 . (43)

The V_I¯_J is positive definite and one should make sure that there is no massless mode(s) in the spectrum.

In case of one modulus, we have only V_{ΣΣ}† and investigation is simplified. Consider the superpotential couplings W = gΣ + ae^{−bΣ} − g b ln eab g . (44)

The first term emerges by U(1)_R gauging, while the second term can come from gaugino condensation as was discussed in the previous section. All conditions (42) are satisfied and Σ gets stabilized at ⟨Σ⟩ = 1 b ln ab g . (45)

Note that this result does not depend on the form of the Kähler potential because the latter does not appear in the conditions of eq. (42). Moreover, the corresponding second derivative ∂^2_ΣW = gb is non zero. Therefore, the desired stabilization in a SUSY preserving Minkowski vacuum is obtained (imaginary part of Σ is also fixed). However, there is another SUSY preserving vacuum along the solution D_ΣW = 0 (with W ≠ 0) which is AdS. The potential’s profile for one possible choice of parameters (which gives Im(Σ) = 0) is shown in Fig. 3. As was analyzed in early times [25] the Minkowski vacuum can be fairly long lived, i.e. meta-stable (for a recent discussion see [26]).

Before concluding this section, it is useful to present some expressions for the case of two fields. Consider one gauge modulus Σ and a 4D chiral superfield H (of positive parity) coming from a bulk hypermultiplet. In general, the superpotential W is a function of both superfields W = W (Σ, H). For bulk modulus and hyper, the tree level Kähler potential is given by (4) and therefore K_{ΣH}† = 0. From (43) we have

V_{ΣΣ}† ≡

∂^2V ∂Σ∂Σ^† = M^4_{Pl}e^K ( K^{ΣΣ†} |∂^2_ΣW |^2 + K^{HH†} |∂_Σ∂_H W |^2 ) ,

V_{ΣH}† ≡ ∂^2V ∂Σ∂H^† = ( ∂^2V ∂Σ^†∂H )_∗ = M^4_{Pl}e^K ( K^{ΣΣ†} (∂^2_ΣW )(∂_Σ† ∂_H†W̄ ) + K^{HH†} (∂_Σ∂_H W )(∂^2_H†W̄ ) ) , V_{HH}† ≡ ∂^2V ∂H∂H^† = M^4_{Pl}e^K ( K^{ΣΣ†} |∂_Σ∂_H W |^2 + K^{HH†} |∂^2_H W |^2 ) , (46)

and all remaining second derivatives vanish. In order the vacuum to be a local minimum all eigenvalues of the matrix

4V_{ΣΣ}† 0 V_{ΣH}† + V_Σ†_H i(V_Σ†_H − V_{ΣH}† ) 0 4V_{ΣΣ}† i(V_{ΣH}† − V_Σ†_H ) V_{ΣH}† + V_Σ†_H V_{ΣH}† + V_Σ†_H i(V_{ΣH}† − V_Σ†_H ) 4V_{HH}† 0 i(V_Σ†_H − V_{ΣH}† ) V_{ΣH}† + V_Σ†_H 0 4V_{HH}† , (47)

must be positive. This condition should be required together with (42). A more detailed investigation will be required if by chance some of the eigenvalues vanish.

In the concrete case with a superpotential given by W = W (Σ)+W (H) all off diagonal elements in (47) vanish and the eigenvalues are positive semidefinite. Thus, the model building is extremely simplified.

5 Mass Spectrum and Phenomenological Implications

Now we present mass formulas for the stabilized modulus and also for the 4D gravitino. We consider the case of one modulus without hypers. Inclusion of the hypers and boundary chiral multiplets and a generalization of the corresponding expressions are straightforward.

The canonically normalized scalar component Σ_c =^{1√}_2 (Σ^R_c + iΣ^I_c ) of the modulus superfield is related to Σ by the differential relation

dΣ_c = M_{Pl}K^{1/2}_{ΣΣ†} dΣ . (48)

After Re(Σ) and Im(Σ) get stabilized, in general Σ^R_c − Σ^I_c mixing occurs and the squared mass matrix is given by ( V_{RR} V_{RI} V_{RI} V_{II} ) , with

V_{RR} + V_{II} = 2 M^2_{Pl}K_{ΣΣ}†

V_{ΣΣ}† , V_{RR}V_{II} − V^2_{RI} = 1 M^4_{Pl}K^2_{ΣΣ†} ( V^2_{ΣΣ}† − V_{ΣΣ}V_Σ†_Σ† ) . (49)

Here and below we omit ⟨· · ·⟩ symbols keeping in mind that all quantities are evaluated in the vacuum. The eigenvalues of the mass matrix in (49) are given by

m^2_± = 1 M^2_{Pl}K_{ΣΣ}†

(V_{ΣΣ}† ± |V_{ΣΣ}|) . (50)

These mass scales are phenomenologically constrained. Namely, the radion’s scalar component’s masses should not be less than few·10^{−3} eV [22] in order to avoid an unacceptable large deviation from the Newton’s 4D gravitational potential. The source for the deviation is the exchange of light scalar modes.

In case of an unbroken SUSY in M_4 vacuum (i.e. ∂_ΣW = W = 0) we have from (43) V_{ΣΣ} = 0 and both components of the Σ_c have the same mass:

m^2_{Σc} = 1 M^2_{Pl}K_{ΣΣ}†

V_{ΣΣ}† = M^2_{Pl}e^K|K^{ΣΣ†} ∂^2_ΣW |^2 . (51)

Of course, for this case the fermionic partner of Σ^c, the modulino, has the same mass and the gravitino mass m_{3/2} vanishes. For the example presented in sect. 4 with superpotential given in eq. (44) we have

m_{Σc} = g 3 ( 2b ln ab g )_{1/2} M_{Pl} . (52)

Clearly, by an appropriate selection of g (not fixed yet) it is possible to get a phenomenologically acceptable mass value.

In case of broken SUSY the gravitino obtains mass. With the F -term SUSY breaking (which we consider in this paper) in M_4 vacuum we have

m_{3/2} = M_{Pl}|W |e^{K/2} . (53)

The masses of the radion’s scalar components should be evaluated by eq. (50). The fermionic component of the superfield Σ is a goldstino absorbed into the 1/2-spin mode of the gravitino. (The F_ϕ component of a compensator is zero and the only source here for the SUSY breaking is a non zero F^Σ term).

For the example presented in sect. 3.1, the value of the constant superpotential W is not fixed. Thus, this scenario allows to select W in such a way as to keep m_{3/2} in the TeV range. This is one advantage of this model over scenarios where uplifting and SUSY breaking occur by a (fixed) D-term. For the choice of parameters corresponding to Fig. 1 for the gravitino and radion’s scalar component masses we have respectively

m_{3/2} ≃ 5 · 10^{−2}M_{Pl}|W | , m_+ ≃ 10^{−2}M_{Pl}|W | , m_− ≃ 8 · 10^{−3}M_{Pl}|W | . (54)

With |W | ∼ 10^{−15} all these states lie near the TeV scale. As was already pointed out in sect. 3.1, for this model we naturally expect m_± ∼ m_{3/2}, unless due to a cancellation m_− is much smaller then m_{3/2}. This can happen with V_{ΣΣ}† ≃ V_{ΣΣ} (see eq. (50)) realized when the potential weakly depends on the axionic component of the radion, i.e. with strongly suppressed β̄. However, in this case apart from problem of axionic component’s stabilization it is difficult (if not impossible) to stabilize also the real component in the M_4 vacuum. Thus, we conclude that with low energy SUSY breaking radion scalar components masses are expected to be in the 100 GeV-1 TeV energy range. This opens up a window for a collider physics with an interesting phenomenological signature [23].

6 Summary

In this paper we have presented several new examples of radion stabilization and found possibilities of uplifting to Minkowski vacuum which is a highly non trivial task. We have applied an effective 4D superfield description which makes investigations rather simple and provides an excellent playground for studying various ideas and for phenomenological model building. The formalism also allows us to test various mechanisms of moduli stabilization. This can for example be useful for a more detailed study of inflation together with radion stabilization, but also for a more general moduli dynamics in the early Universe. These issues will be discussed elsewhere.

Acknowledgments

We thank Emilian Dudas, Boris Kors, Sergei Kuzenko and Marek Olechowski for useful discussions. The research of F.P.C. is supported by Fundação para a Ciência e a Tecnologia (grant SFRH/BPD/20667/2004).

A One-loop corrections to the Kähler potential from bulk hypermultiplets

A.1 Case with even coupling

First we derive a 1-loop correction to the Kähler potential due to hypermultiplets coupled with the vector modulus through even coupling [eq. (14)]. There are several ways of deriving eq.(15).

Calculation from prepotential

First we will take the following approach: we calculate first the prepotential F(Σ) of N = 2 supergravity compactified on the S^1 and then use the well-known expression (see e.g. [27])

K = − ln ( −2(F + F^+) + (F_I + F^+_Ī )(Σ^I + Σ^{Ī+}) ) , (A.1)

to obtain the Kähler potential K(Σ, Σ^+) from F(Σ). The reason one can use the S^1 result also in the orbifold case is due to the fact that the relevant KK spectrum is essentially the same in both cases.

Recall that the prepotential F(Σ) determines the holomorphic gauge couplings through its second derivative: − 1 4 ∫ d^2θF^{′′}(Σ)WW + h.c. (A.2)

Knowing the Σ dependent 1-loop correction to the gauge coupling we will be able to obtain F and therefore to determine the Kähler potential. It is not difficult to find out that

F^{′′}(Σ) = B ln 2 sinh(πRg_βΣ) = B [ πRg_βΣ − ∞∑ k=1 e^{−k2πRgβ Σ} k ] , (A.3)

with B = 2π^2g^2_β/R. A double integration gives F = B [ πRg_β 6 Σ^3 − ∞∑ k=1 e^{−k2πRgβ Σ} (2πRg)^2k^3 ] . (A.4)

The first term (on the r.h.s.) amounts to a renormalization of the Chern-Simons term ∼ M^3 in the norm-function. The second term in F is the correction (ΔF) we are searching for. It gives

Δ_β = −2(ΔF + ΔF^+) + (ΔF^′ + ΔF^{′+})(Σ + Σ^+) . (A.5)

Using in (A.5) the second term of (A.4) we arrive at the expression given in (15). Next we present a derivation by a different method.

Calculation in terms of N = 1 superfields

Since we are able to write our 5D action in terms of 4D N = 1 superfields, we can take an advantage and use some results existing in 4D constructions. If the Lagrangian couplings are written in terms of 4D superfields as ∫ d^4θK(ϕ̂, ϕ̂) + ∫ d^2θW_0(ϕ) + h.c + · · · (A.6)

the 1-loop correction to K (this should not be confused with K used for the Kähler potential in the effective 4D superconformal description) is given by^5 [29]

ΔK = 1 (2π)^4 ∫ d^4p p^2 [ Tr log K̂ + 1 2 Tr log ( p^2 + K̂^{−1}Ŵ_0K̂^{−1T} Ŵ_0 ) − Tr log ( Ĥp^2 + Ŝ )] , (A.7)

where K̂_{IJ} = K_{IJ} (ϕ̂, ϕ̂) , (Ŵ_0)_{IJ} = (W_0)_{IJ} (ϕ̂) , etc. (A.8)

The 5D Lagrangian of hypermultiplets coupled to the modulus by an even coupling is given by [3]

L(H) = 2 ∫ d^4θW_y(H^†H + H^{c†}H^c) + ∫ d^2θ ( 2H^c∂_yH − gΣ(H^2 − H^{c2}) ) + h.c. (A.9)

5One can also proceed with technics presented in [28] evaluating the log of a super determinant which is written as (A.15).

where we have set V = 0, and all objects are five dimensional. (Here and in the equations below instead of g_β we use g to make expressions more compact). In order to write this Lagrangian in the form of (A.6) here we perform the KK decomposition and integrate over the fifth dimension y. Thus we will be able to apply the expression (A.7) for each KK state, summing at the end over the full tower. For chiral superfields with positive and negative orbifold parities respectively we will have H = 1 √ 4πR H^{(0)} + 1 √ 2πR ∞∑ n=1 H^{(n)} cos ny R , H^c = 1 √ 2πR ∞∑ n=1 H^{c(n)} sin ny R (A.10) ∫ dyL(H) = ∫ d^4θW_y (_∞ ∑ n=0 H^{(n)†}H^{(n)} + ∞∑ n=1 H^{c(n)†}H^{c(n)} )

− ∫ d^2θ ( 1 R ∞∑ n=0 nH^{c(n)}H^{(n)} + g 2 Σ ∞∑ n=0 (H^{(n)})^2 − g 2 Σ ∞∑ n=1 (H^{c(n)})^2 ) + h.c. (A.11)

Comparing this with eqs (A.6), (A.8) we see that K̂ and Ŵ_0 are matrices in KK space:

H^{(0)} H^{(n)} H^{c(n)}

K̂ =

H^{(0)†} H^{(n)†} H^{c(n)†} W_y 0 0 0 W_y 0 0 0 W_y , H^{(0)} H^{(n)} H^{c(n)}

Ŵ =

H^{(0)} H^{(n)} H^{c(n)} −gΣ 0 0 0 − gΣ^n_R 0^n_R gΣ

. (A.12)

and

M^2_H ≡ K̂^{−1}Ŵ_0K̂^{−1T} Ŵ_0 =

|ω|^2 0 0 0 n^2 + |ω|^2 − n(ω^† − ω) 0 − n(ω − ω^†) n^2 + |ω|^2

1_{R2W2y} , (A.13)

where ω = gRΣ. Eigenvalues of M^2_H are |ω|^2 R^2W^2_y , 1 R^2W^2_y ( (n ± 1 2 |ω^† − ω|)^2 + 1 4 (ω + ω^†)^2 ) , n = 1, 2, · · · (A.14)

Therefore,

ΔK(Σ) = 1 32π^2 ∫ dp^2Tr log(p^2 + M^2_H ) = − 1 32π^2 1 R^2W^2_y ∫ dt t^2 tre^{−R2 W2yM2H t} ≡ 1 32π^2 1 R^2W^2_y

I . (A.15)

where we have dropped Σ-independent parts. We furthermore evaluate I. Using Poisson resummation we have I = ∫ dt t^2 e^{−(ω+ω†)2t/4} +∞∑ n=−∞ e^{(n+|ω†−ω|2/2)2 t} = √ π ∫ dt t^{5/2} e^{−(ω+ω†)2t/4} +∞∑ k=−∞ e^{−π2k2/t}e^{iπk|ω†−ω|} . (A.16)

The k = 0 term gives

I_{k=0} = √ π ∫ dt t^{5/2} e^{−(ω+ω†)2t/4} ∼ |ω + ω^†|^3Λ^3 ∼ (Σ + Σ^†)^3Λ^3 , (A.17)

where Λ is the UV cut off (t_{UV} ∼ 1/Λ^2). This contribution renormalizes the tree level Kähler potential. For us contributions coming from k ≠ 0 terms are interesting. These contributions are finite for Λ → ∞. Using the integration formula ∫_∞ 0 dt t^{5/2} e^{−at−b/t} = √ π 2b^{3/2}

(1 + 2 √ ab)e^{−2√ab} , (A.18) and the abbreviation 2gRΣ̂ = |ω + ω^†| + i(ω^† − ω) , (A.19) from (A.15) and (A.16) we get finally

ΔK(Σ) = − 1 64π^4 1 R^2W^2_y ∞∑ k=1 1 k^3 ( e^{−2πkgRΣ̂} + e^{−2πkgRΣ̂†} ) ( 1 + πkgR(Σ̂ + Σ̂^†) ) . (A.20)

Recalling that we are dealing only with the zero mode of Σ we can write ΔK(Σ) =^1_{2πR} ∫ dyΔK(Σ) and we precisely get the expression of eq. (15) for Δ_β (with taking into account that the 4D Δ is related to 5D one as Δ = κ^2_5Δ_5).

A.2 Case with odd coupling

In this case, the relevant hypermultiplet 5D Lagrangian couplings are

L(H) = 2 ∫ d^4θW_y(H^†H + H^{c†}H^c) + 2 ∫ d^2θH^c (∂_y − gΣϵ(y)) H + h.c. (A.21)

To obtain eq.(17) we will have to resort to a different, less elegant, technique. Note that the eigenvalues of the matrix M^2_H ≡ K̂^{−1}Ŵ_0K̂^{−1T} Ŵ_0 coincide with the KK mass spectrum. Therefore, instead of KK decomposition we will find the mass eigenvalues by solving the 5D eigenstate equations with appropriate boundary conditions for hypers’ component chiral superfields.

In the D-term part of (A.21), we use the replacement d^2θ̄^2 = −^1_4D̄^2 and treat the W_y and Σ as backgrounds^6: D^2W_y = D̄^2W_y = D^2Σ = D̄^2Σ = 0 etc. Then from (A.21) we can write equations of motion for superfields H, H^c − 1 4 W_yD̄^2H^† − (∂_y + gΣϵ(y))H^c = 0 , − 1 4 W_yD̄^2H^{c†} + (∂_y − gΣϵ(y))H = 0 . (A.22)

With change of variables H = e^{gΣ|y|}Φ , H^c = e^{−gΣ|y|}Φ^c , (A.23)

6We assume that higher super-derivative terms have negligible effect on a result. This assumption must be justified and we will discuss this issue at the end of this appendix.

using the identity D^2D̄^2 = D̄^2D^2 +8iD̄σ^μD∂_μ +16□_4 and making some manipulations, from (A.22) we obtain W^2_ym^2Φ + e^{−g(Σ+Σ†)|y|}∂_y ( e^{g(Σ+Σ†)|y|}∂_yΦ ) = 0 ,

W^2_ym^2_c Φ^c + e^{g(Σ+Σ†)|y|}∂_y ( e^{−g(Σ+Σ†)|y|}∂_yΦ^c ) = 0 , (A.24)

where we have used □_4Φ = m^2Φ and □_4Φ^c = m^2_c Φ^c. The (A.24) should be solved by boundary conditions

Φ(−y) = Φ(y) , Φ^c(−y) = −Φ^c(y) , H(y + 2πR) = H(y) , H^c(y + 2πR) = H^c(y) , (A.25)

which also give discrete values of m^2 and m^2_c . In the interval 0 < y < πR we have the solution Φ = e^{−g(Σ+Σ†)y/2} ( Ae^{ωy} + Be^{−ωy} ) , with ω = ( g^2 4 (Σ + Σ^†)^2 − W^2_ym^2 )_{1/2} , (A.26)

and for −πR < y < 0 Φ = e^{g(Σ+Σ†)y/2} ( Ae^{−ωy} + Be^{ωy} ) . (A.27) Using (A.24) and the boundary conditions we get

ωR = in . (A.28)

Thus, for the mass eigenvalues we get

m^2_n = 1 R^2W^2_y ( n^2 + 1 4 g^2R^2(Σ + Σ^†)^2 ) . (A.29)

Similarly, we obtain (m^2_c )_n = 1 R^2W^2_y ( n^2 + 1 4 g^2R^2(Σ + Σ^†)^2 ) . (A.30)

Therefore, we can write

ΔK(Σ) = − 1 32π^2 1 R^2W^2_y ∫ dt t^2 ∞∑ n=−∞ e^{−R2 W2ym2nt} = − 1 32π^2 1 R^2W^2_y ∫ dt t^2 ∞∑ n=−∞ e^{−[n2+g2R2(Σ+Σ†)/4]t} . (A.31) Making similar steps as in the previous subsection, we finally get

ΔK(Σ) = − 1 32π^4 1 R^2W^2_y ∞∑ k=1 1 k^3 ( 1 + πkgR|Σ + Σ^†| ) e^{−πkgR|Σ+Σ†|} , (A.32) which for Δ_γ gives the expression given in (17).

In our analysis we have ignored the higher superderivative terms which are powers of D^2Σ, D^2W_y, D̄^2D^2W_y etc. In general, the solution eqs. (A.26), (A.27) receive the following type of corrections ∑ a_{ij} (D^2Σ)^i(D^2W_y)^j + ∑ b_i(D̄^2D^2W_y)^i + · · · (A.33) because of modification of (A.22), (A.24). One can check out that these corrections can be safely ignored if the following conditions are satisfied

m^2, m^2_c ≫

(W_y)_D W_y

, m^2, m^2_c ≫ g_52πR|Σ_5|m^2_Σ = g_42πRM_{Pl}|Σ|m^2_Σ . (A.34)

For W_y we have [5]

W_y = ( κ^{−2}_5 (Ñ + Δ) h^†h )_{1/3} = M_{Pl} e^{−K/3} (ϕ^†ϕ)^{1/2}

, (A.35)

and therefore (W_y)_D

W_y = | | |1 3 K_I F^I + 1 2 F_ϕ ϕ | | |^2 . (A.36)

For the conditions (A.34) to be satisfied it is enough to take the zero mode masses m^2_0 and (m^2_c )_0. Thus, taking into account (A.29), (A.30), and (A.36), eq. (A.34) can be rewritten as

g^2_4 4W^2_y

(Σ + Σ^†)^2M^2_{Pl} ≫ | | | 1 3 K_I F^I + 1 2 F_ϕ ϕ | | | 2 , g_42πRM_{Pl}|Σ|m^2_Σ . (A.37)

Now it is easy to see that these conditions restrict the amount of SUSY breaking and the value of the radion mass. For a concrete model one can easily check out whether these conditions are met or not.

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] M. Zucker, “Minimal off-shell supergravity in five dimensions,” Nucl. Phys. B 570 (2000) 267 [hep-th/9907082]; “Supersymmetric brane world scenarios from off-shell supergravity,” Phys. Rev. D 64 (2001) 024024 [hep-th/0009083].

[3] F. Paccetti Correia, M. G. Schmidt and Z. Tavartkiladze, “Superfield approach to 5D conformal SUGRA and the radion,” Nucl. Phys. B 709 (2005) 141 [hep-th/0408138].

[4] F. P. Correia, M. G. Schmidt and Z. Tavartkiladze, “(BPS) Fayet-Iliopoulos terms in 5D orbifold SUGRA,” Phys. Lett. B 613 (2005) 83 hep-th/0410281; “The radion in 5D conformal SUGRA: Superspace action,” Fortsch. Phys. 53 (2005) 592 [hep-th/0501209]; “Gauge and modulus inflation from 5D orbifold SUGRA,” Nucl. Phys. B 739 (2006) 156 [hep-th/0504083].

[5] F. P. Correia, M. G. Schmidt and Z. Tavartkiladze, “4D superfield reduction of 5D orbifold SUGRA and heterotic M-theory,” Nucl. Phys. B 751 (2006) 222 [hep-th/0602173].

[6] T. Fujita, T. Kugo and K. Ohashi, “Off-shell formulation of supergravity on orbifold,” Prog.

Theor. Phys. 106 (2001) 671 [hep-th/0106051];

T. Kugo and K. Ohashi, “Superconformal tensor calculus on orbifold in 5D,” Prog. Theor. Phys. 108 (2002) 203 [hep-th/0203276].

[7] I. L. Buchbinder, S. J. J. Gates, H. S. J. Goh, W. D. I. Linch, M. A. Luty, S. P. Ng and J. Phillips, “Supergravity loop contributions to brane world supersymmetry breaking,” Phys. Rev. D 70 (2004) 025008 [hep-th/0305169];

R. Rattazzi, C. A. Scrucca and A. Strumia, “Brane to brane gravity mediation of supersymmetry breaking,” Nucl. Phys. B 674 (2003) 171 [hep-th/0305184];

T. Gregoire, R. Rattazzi, C. A. Scrucca, A. Strumia and E. Trincherini, “Gravitational quantum corrections in warped supersymmetric brane worlds,” Nucl. Phys. B 720 (2005) 3 [hepth/0411216];

S. M. Kuzenko and W. D. I. Linch, “On five-dimensional superspaces,” JHEP 0602 (2006) 038 [hep-th/0507176].

[8] H. Abe and Y. Sakamura, “Superfield description of 5D supergravity on general warped geometry,” JHEP 0410 (2004) 013 [hep-th/0408224].

[9] H. Abe and Y. Sakamura, “Dynamical radion superfield in 5D action,” Phys. Rev. D 71 (2005) 105010 [hep-th/0501183]; “Consistent dimensional reduction of five-dimensional offshell supergravity,” Phys. Rev. D 73 (2006) 125013 [hep-th/0511208].

[10] M. A. Luty and R. Sundrum, “Radius stabilization and anomaly-mediated supersymmetry breaking,” Phys. Rev. D 62 (2000) 035008 [hep-th/9910202].

[11] E. Ponton and E. Poppitz, “Casimir energy and radius stabilization in five and six dimensional JHEP 0106 (2001) 019 [hep-ph/0105021].

[12] M. A. Luty and N. Okada, “Almost no-scale supergravity,” JHEP 0304 (2003) 050 [hepth/0209178].

[13] E. Dudas and M. Quiros, “Five-dimensional massive vector fields and radion stabilization,” Nucl. Phys. B 721 (2005) 309 [hep-th/0503157].

[14] G. von Gersdorff, M. Quiros and A. Riotto, “Scherk-Schwarz supersymmetry breaking with radion stabilization,” Nucl. Phys. B 689 (2004) 76 [hep-th/0310190].

[15] G. von Gersdorff and A. Hebecker, “Radius stabilization by two-loop Casimir energy,” Nucl.

Phys. B 720 (2005) 211 [hep-th/0504002].

[16] For stabilization within warped geometries see: W. D. Goldberger, M. B. Wise, “Modulus stabilization with bulk fields,” Phys. Rev. Lett. 83 (1999) 4922 [hep-ph/9907447]; W. D. Goldberger, I. Z. Rothstein, “Quantum stabilization of compactified AdS(5),” Phys. Lett. B 491 (2000) 339 [hep-th/0007065];

M. A. Luty, R. Sundrum, “Hierarchy stabilization in warped supersymmetry,” Phys. Rev. D 64 (2001) 065012 [hep-th/0012158];

M. Eto, N. Maru, N. Sakai, “Radius stabilization in a supersymmetric warped compactification,” Phys. Rev. D 70 (2004) 086002 [hep-th/0403009];

T. Kobayashi, K. Yoshioka, “Radiative stabilization of warped space,” JHEP 0411 (2004) 024 [hep-ph/0409355];

A. Katz, M. Redi, Y. Shadmi, Y. Shirman, “Supersymmetry breaking and moduli stabilization in AdS,” JHEP 0606 (2006) 048 [hep-th/0512246]; and references therein.

[17] M. Becker, G. Curio, A. Krause, “De Sitter vacua from heterotic M-theory,” Nucl. Phys. B 693 (2004) 223 [hep-th/0403027].

[18] G. von Gersdorff and A. Hebecker, “Kaehler corrections for the volume modulus of flux compactifications,” Phys. Lett. B 624 (2005) 270 [hep-th/0507131];

M. Berg, M. Haack and B. Kors, “On volume stabilization by quantum corrections,” Phys. Rev. Lett. 96 (2006) 021601 [hep-th/0508171].

[19] G. Villadoro and F. Zwirner, “de Sitter vacua via consistent D-terms,” Phys. Rev. Lett. 95 (2005) 231602 [hep-th/0508167];

A. Achucarro, B. de Carlos, J. A. Casas and L. Doplicher, “de Sitter vacua from uplifting D-terms in effective supergravities from realistic strings,” JHEP 0606 (2006) 014 [hepth/0601190];

S. L. Parameswaran, A. Westphal, “de Sitter string vacua from perturbative Kaehler corrections and consistent D-terms,” JHEP 0610 (2006) 079 [hep-th/0602253]; E. Dudas and Y. Mambrini, “Moduli stabilization with positive vacuum energy,” hepth/0607077.

[20] C. P. Burgess, J. P. Derendinger, F. Quevedo and M. Quiros, “On gaugino condensation with field-dependent gauge couplings,” Annals Phys. 250 (1996) 193 [hep-th/9505171]; See also references therein.

[21] J. P. Derendinger, S. Ferrara, C. Kounnas and F. Zwirner, “On loop corrections to string effective field theories: Field dependent gauge couplings and sigma model anomalies,” Nucl. Phys. B 372 (1992) 145;

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].

[22] E. G. Adelberger, B. R. Heckel and A. E. Nelson, “Tests of the gravitational inverse-square law,” Ann. Rev. Nucl. Part. Sci. 53 (2003) 77 [hep-ph/0307284].

[23] T. Han, J. D. Lykken and R. J. Zhang, “On Kaluza-Klein states from large extra dimensions,” Phys. Rev. D 59 (1999) 105006 [hep-ph/9811350];

G. F. Giudice, R. Rattazzi and J. D. Wells, “Graviscalars from higher-dimensional metrics and curvature-Higgs mixing,” Nucl. Phys. B 595 (2001) 250 [hep-ph/0002178]; G. D. Kribs, “TASI 2004 lectures on the phenomenology of extra dimensions,” hep-ph/0605325; And references therein.

[24] J. J. Blanco-Pillado, R. Kallosh and A. Linde, “Supersymmetry and stability of flux vacua,” JHEP 0605 (2006) 053 [hep-th/0511042].

[25] S. Weinberg, “Does Gravitation Resolve The Ambiguity Among Supersymmetry Vacua?,” Phys. Rev. Lett. 48 (1982) 1776.

[26] K. Intriligator, N. Seiberg and D. Shih, “Dynamical SUSY breaking in meta-stable vacua,” JHEP 0604 (2006) 021 [hep-th/0602239].

[27] E. Cremmer, C. Kounnas, A. Van Proeyen, J. P. Derendinger, S. Ferrara, B. de Wit and L. Girardello, “Vector Multiplets Coupled To N=2 Supergravity: Superhiggs Effect, Flat Potentials And Geometric Structure,” Nucl. Phys. B 250 (1985) 385;

J. P. Derendinger, S. Ferrara, A. Masiero and A. Van Proeyen, “N=1 Formulation Of General N=2 Yang-Mills Supergravity Couplings,” Phys. Lett. B 140 (1984) 307.

[28] I. L. Buchbinder and S. M. Kuzenko, “Ideas and methods of supersymmetry and supergravity:

Or a walk through superspace,” IOP, Bristol, 1998;

See also lectures presented by S. Kuzenko, Nov. 2005, Heidelberg (web page: http://www.thphys.uni-heidelberg.de).

[29] A. Brignole, “One-loop Kaehler potential in non-renormalizable theories,” Nucl. Phys. B 579 (2000) 101 [hep-th/0001121].