Published by Institute of Physics Publishing for SISSA/ISAS Received: September 20, 2004 Accepted: November 30, 2004

Stringy corrections to Kähler potentials, SUSY breaking, and the cosmological constant problem

Vijay Balasubramanian

David Rittenhouse Laboratories, University of Pennsylvania Philadelphia, PA 19104, U.S.A. E-mail: vijay@physics.upenn.edu

Per Berglund

Department of Physics, University of New Hampshire Durham, NH 03824, U.S.A. E-mail: per.berglund@unh.edu

Abstract: The moduli of N = 1 compactifications of IIB string theory can be stabilized by a combination of fluxes (which freeze complex structure moduli and the dilaton) and nonperturbative superpotentials (which freeze Kähler moduli), typically leading to supersymmetric AdS vacua. We show that stringy corrections to the Kähler potential qualitatively alter the structure of the effective scalar potential even at large volume, and can give rise to non-supersymmetric vacua including metastable de Sitter spacetimes. Our results suggest an approach to solving the cosmological constant problem, so that the scale of the 1-loop corrected cosmological constant can be much smaller than the scale of supersymmetry breaking.

Keywords: Superstring Vacua, Supersymmetry Breaking.

© SISSA/ISAS 2005 http://jhep.sissa.it/archive/papers/jhep112004085 /jhep112004085 .pdf

Contents

1. Introduction 1

2. Stringy corrections to the Kähler potential 2 2.1 A brief review 2 2.2 Leading no-scale violations in the Kähler potential 4 2.3 Insights from N = 2 supersymmetry 6

3. Supersymmetry breaking 9 3.1 Large |W_0| and supersymmetry breaking 9 3.2 On the cosmological constant problem 13

4. Dynamical transitions? 16

1. Introduction

It has been argued recently that by using a combination of fluxes, D-branes and nonperturbative effects, all the geometric moduli in some string theory compactifications can be stabilized supersymmetrically in a well-controlled region [1, 2]. Specifically, in certain Type IIB orientifold models, all the complex structure moduli and the ten-dimensional dilaton are frozen by fluxes and a superpotential generated either by instantons or by gaugino condensation can freeze all the Kähler moduli.

Here we show that α^′ corrections to the Kähler potential (e.g., [3]–[5]) qualitatively change the structure of the effective scalar potential in these theories, even at large volume. This is initially surprising since one usually neglects such corrections when volumes are large. However, because the classical scalar potential in these settings has a “no-scale” structure (i.e., is independent of the Kähler moduli), no-scale violating effects in both the Kähler potential and the superpotential must be accounted for even at large volume. Indeed the leading (perturbative) correction to the Kähler potential dominates over the leading (non-perturbative) corrections to the superpotential at large volumes, causing the scalar potential to approach zero from above rather than from below. Thus, any minimum in the potential at finite volume is protected by a barrier from the supersymmetric Minkowski vacuum at infinite volume.

If the flux contribution to the classical superpotential is sufficiently large, it turns out that the Kähler moduli cannot be stabilized supersymmetrically. However, due to stringy modifications of the metric on the Kähler moduli space, a non-supersymmetric minimum can appear in the scalar potential. For a range of parameters, this minimum is under reliable semiclassical control, in a region where the well-understood leading perturbative

– 1 – correction to the Kähler potential gives an accurate description of the physics. Depending on the sign of the scalar potential at the minimum, this will give rise to non-supersymmetric AdS, Minkowski and de Sitter vacua. Thus, the no-go theorems eliminating Kaluza-Klein de Sitter compactifications of M theory [6] are avoided by the inclusion of known stringy higher derivative corrections in the effective action [3]–[5]. (For other recent works on how to obtain de Sitter vacua from M-theory, see [7]–[12].)

In flat space, once supersymmetry is broken, the gravitino mass, which is the order parameter for supersymmetry breaking, also sets the overall scale for one-loop contributions to the cosmological constant [13]. This leads to the cosmological constant problem: how can the scale of the cosmological constant be so much smaller than the scale of supersymmetry breaking in the real world? Our results suggest an approach to this problem — a nonsupersymmetric AdS vacuum can be lifted by one-loop corrections to a de Sitter vacuum with a very small cosmological constant if the supersymmetry breaking scale is of the same order as the AdS scale. We discuss how these scales are estimated and how this scenario can be realized in our setup. We also raise the possibility that non-supersymmetric vacua of the kind we describe could tunnel eventually to deeper supersymmetric vacua that lie outside the geometric region of the moduli space.

2. Stringy corrections to the Kähler potential

2.1 A brief review

The work of Kachru et al. (KKLT) [1], developing from earlier studies including [14]–[19], has shown how all the geometric moduli might be stabilized in IIB orientifold or F-theory compactifications with N = 1 supersymmetry in d = 4 dimensions. (For a more detailed review, see [20].) The starting point in the type IIB setting is a string compactification with NS and RR 3-form fluxes, H and F respectively, through the three-cycles of a Calabi-Yau manifold M. (See [21] for a sampling of recent work in additional settings.) This gives rise to a classical superpotential [22],

W_0 = ∫ M Ω ∧ G , G = F − τH , (2.1) where τ is the axion-dilaton. In terms of the effective four-dimensional supergravity theory there is a scalar potential (see, e.g., [13])

V = e^K (G^{ij̄} D_iW D¯_jW − 3|W |^2) , (2.2)

where D_iW = ∂_iW + W ∂_iK, G_i¯_j = ∂_i∂¯_j K is the Kähler metric derived from the classical Kähler potential,

K = − log (∫ M Ω ∧ Ω̄ ) − log (τ − τ̄) − 2 log (∫ M J^3 ) , (2.3)

(with J the Kähler form and Ω the holomorphic 3-form on M) and i runs over all the scalar fields in the theory, including the complex structure moduli, z_j , the dilaton τ, and the complexified Kähler moduli, ρ_k = b_k + iσ_k. Here b_k is an axion charge coming from

– 2 – the RR 4-form and σ_k is the volume of a 4-cycle. We can write

σ_k = ∂_{tk} V = 1 2 κ_{ijk}t^it^j , (2.4)

in terms of t^i which measure areas of 2-cycles and where the classical volume is V = ∫ M J^3 = 1 6 κ_{ijk}t^it^jt^k . (2.5)

We should understand V as an implicit function of the the complexified 4-cycle moduli ρ_k via the relation between σ_k and the t^i in (2.4).^1

Supersymmetric vacua are obtained by requiring that D_iW = 0. For a generic choice of flux G, this extremization of W fixes all the z_j and τ. Also, since the classical superpotential is independent of the ρ_k, the 3|W |^2 cancels out exactly from V (see [19] and references therein), leading to a no-scale potential. The net result, having stabilized the z_j and τ supersymmetrically, is that the potential becomes entirely independent of the Kähler moduli, which therefore remain free to take any value.

In order to stabilize the Kähler moduli we require an effect that causes the superpotential to depend on ρ_k. KKLT proposed two mechanisms [1]: (I) brane instantons or (II) gaugino condensation. In either scenario, the contribution to the superpotential will be of the general form W = A_ke^{iak ρk} , (2.6) where A_k is a one-loop determinant that depends on the complex structure, a_k = 2π/N_k and N_k = 1 for case (I) while N_k is the dual Coxeter number for the gauge group in case (II). (For more details, see [1].) In fact, there can be an infinite series of such terms from multi-instanton contributions W ∼ ∑ m A_{k,m}e^{imak ρk} . (2.7) We will study moduli stabilization in situations such that a_kσ_k is sufficiently larger than 1 to require only the leading term (2.6).

In both cases the superpotential can receive a contribution of the form (2.6) from each 4-cycle in M that descends from a divisor in the Calabi-Yau 4-fold with arithmetic genus 1 [23, 24]. (For gaugino condensation to occur the complex structure moduli must also be frozen in such a manner as to admit an enhanced gauge symmetry from coincident 7-branes. See [25, 26] and references therein for discussions of when this is possible.) It was shown in [27] that for certain Calabi-Yau 4-folds it is possible to choose a basis for the Kahler form J such that every associated divisor has arithmetic genus 1. For such F-theory compactifications every Kähler modulus will appear in the non-perturbative superpotential and the scenario of [1] can stabilize all moduli supersymmetrically at finite (and possibly large) volume [2].^2

1To write the Kähler potential in this form a dilaton dependent rescaling of the Kähler parameters has been done in both [1] and [3]. We will discuss the details of this later.

2In fact, it has been recently argued that in the presence of fluxes, the condition on the arithmetic genus can be relaxed, and both the brane instantons and gaugino condensation can occur in a wider class of settings [25]. See, however, [28] for a contrary argument.

– 3 –

Figure 1: General form of scalar potential for Kähler moduli. For convenience, only one Kähler parameter is shown. (a) Potential with non-perturbative superpotential generated by 3-brane instantons or gaugino condensation. (b) Effects of the α^{′3} correction to the Kähler potential. The scalar potential approaches zero from above. The situation depicted is for sufficiently small W_0 — a supersymmetric AdS minimum persists. The dashed line is the location of the (naive) singularity in the potential at V = ξ.

For a general choice of flux there can be multiple supersymmetric extrema at any of which the contribution to the superpotential from the fluxes is given by (2.1). Thus, from the point of view of the Kähler moduli W_0 is constant and the effective superpotential takes the form

W = W_0 +

h_{11}∑

k=1 A_ke^{iak ρk} . (2.8) with h_{11} the number of Kähler moduli on M. In general the constants A_k and a_k may be different for the different Kähler moduli ρ_k depending on which particular mechanism is used to stabilize the moduli. For purposes of argument we will follow KKLT [1] and take A_k ∼ 1 to be real, a_k ∼ 2π/N and W_0 to be real and negative. (The latter turns out to be necessary, given the real A_k, for the existence of supersymmetric minima in which the RR 4-forms complexifying the Kähler moduli are not turned on.) Qualitatively, the structure of the potential then looks like figure 1a. Namely, V → 0 from below as the moduli grow large, and there is a supersymmetric AdS minimum for large values of the moduli.

2.2 Leading no-scale violations in the Kähler potential

Above we discussed the classical no-scale structure of the scalar potential for the Kähler moduli and recalled the argument of [1] that non-perturbative effects will produce no-scale violating terms in the superpotential, of which only the leading terms (2.8) are relevant at moderate volumes. In fact, it is known that the no-scale structure of the classical scalar potential is also violated by stringy corrections to the Kähler potential [3]. These effects are often neglected because they are most important when curvatures are large and thus should be suppressed at large volume. However, since the classical potential for the Kähler moduli vanishes, the leading no-scale violating effects in both the superpotential and the Kähler

– 4 – potential are going to be relevant to the qualitative structure of the scalar potential even at moderate and large volumes. In the present N = 1 context, there can be perturbative corrections to the Kähler potential, worldsheet instantons, and open string effects. While little is known about these effects in the general N = 1 setting, the leading perturbative correction, which will be the most relevant term at moderate to large volumes, has been well studied by Becker, Becker, Haack and Louis (BBHL) [3].

BBHL, using previous results by other authors including [4, 5, 29], showed that the leading α^{′3} corrections to the low energy action of the Type II string (which are implied by the underlying special geometry) arise from a dilaton dependent correction to the Kähler moduli part of the Kähler potential. (Also see the recent paper [30].) In the string frame:

K = −2 log [ e^{−3ϕ0/2}2V + ξ ( −i(τ−τ̄) 2 )_{3/2}] − log [ −i ∫ M Ω ∧ Ω̄ ] − log [−i(τ−τ̄)] . (2.9)

Recall that V is the classical volume of M, where we use (2.4) to express the area of the 2-cycles, t^k, in terms of the complexified 4-cycle moduli ρ_k. The factor of exp(−3ϕ_0/2) comes from relating the Kähler moduli in the Einstein frame to the string frame, and the α^{′3} correction is given by the term proportional to ξ = −ζ(3)χ(M)/(2(2π)^3 ) with χ(M) the Euler number of M.^3 Hence the dilaton τ and the Kähler moduli ρ_k are not decoupled from each other in K. When evaluating the Kähler potential after stabilization of the dilaton, we can replace −i(τ − τ̄)/2 by the fixed value e^{−ϕ0} . However, in order to compute the derivatives required for the connection and the metric on the moduli space we must treat τ as variable.

BBHL showed that the α^{′3} correction to K breaks the no-scale structure of the classical supergravity potential (2.2). In particular, assume that the complex structure moduli z_i and the dilaton τ have been stabilized by the fluxes at a supersymmetric minimum, such that D_{zi} W = D_τ W = 0, and let the superpotential be given only by the classical contribution from the flux, W = W_0. The scalar potential then takes the form [3] V = 3ξ (ξ^2 + 7ξV + V^2) (V − ξ)(2V + ξ)^2 e^K |W_0|^2 . (2.10)

Thus, even in the absence of the Kähler moduli dependent nonperturbative superpotential, V is not a constant – there is a runaway to large volume where the potential vanishes in the usual manner. Notice that the potential (naively) diverges at finite volume V = ξ. This divergence can be traced to a vanishing of the determinant of the metric, g_{ρρ̄}, on the Kähler moduli space at V = ξ in this approximation. However, at such small volumes additional corrections will be important. In section 3 we will argue that the structure of the metric on the moduli space can lead to supersymmetry breaking minima in the scalar potential that can be reliably understood using only the leading corrections to the Kähler potential (2.9) because they are located at sufficiently large volume.

3We use a slightly different convention than that of [3] in which geometric objects of the Calabi-Yau are measured in units of α^′, i.e., we set α^′ = 1 rather than α^′ = 1/(2π).

– 5 –

With this in mind we turn to combining the leading correction to the Kähler potential with the leading term in the non-perturbative superpotential (2.6). In their original work, KKLT did not include α^′ corrections to the Kähler potential as the Kähler moduli could be stabilized supersymmetrically at large values where the corrections do not significantly affect the structure of the vacuum [1].^4 However, because of their nature as perturbative rather than non-perturbative effects, the α^{′3} corrections give the dominant behavior for large volume. In particular, the scalar potential has to have a maximum at which V > 0 (given ξ > 0) after any moduli stabilizing (possibly supersymmetric) minimum.^5 To see this, consider the scalar potential, once again assuming that the complex structure moduli and the dilaton satisfy D_{zi} W = D_τ W = 0, respectively. The scalar potential V takes the form V = e^K [ G^{ρj ρ̄k} ( a_j A_jā_kĀ_ke^{aj ρj +ākρ̄k} + a_jA_j e^{aj ρj} W̄ ∂_{ρ̄k} K + ā_kĀ_ke^{āj ρ̄j} W ∂_{ρj} K ) + + 3ξ

(ξ^2 + 7ξV + V^2) (V − ξ)(2V + ξ)^2 |W |^2 ] . (2.11)

While the first term is positive, it is readily shown by taking the requisite derivatives that the second and third terms are negative when the ρ_j are large. Thus, without the α^′ correction, that is ξ = 0, the scalar potential is dominated by the second and third term and would approach V = 0 from below for large volume. However, with the α^′ corrections included the fourth term is the leading one and so the potential approaches V = 0 from above (see figure 1b). Note that the potential still diverges at V = ξ.

Provided we are able to stabilize the Kähler moduli at sufficiently large volume, (2.11) will provide a reliable description of the scalar potential in the vicinity of the vacuum and at larger volumes. As we have noted, at small volumes there are further important corrections to the Kähler potential about which little is known in the N = 1 setting. Since we will argue in section 3 that the existence of a singularity in (2.11) at the small volume V = ξ already has important effects in the large volume region where the potential is reliable, it is important to get some further understanding of the origin and nature of the singularity and how it might be affected by the additional corrections.

2.3 Insights from N = 2 supersymmetry

In the N = 2 context of type IIB theory compactified on a Calabi-Yau manifold M the moduli space for the hypermultiplets is a 4(h_{11}+1) (real) dimensional hyperkähler manifold. Since the dilaton is in a hypermultiplet, quantum corrections to the hypermultiplet moduli space are possible. We are interested in studying the restriction of this moduli space spanned by the h_{11} complexified Kähler moduli x^i whose imaginary parts survive the orientifolding to N = 1 SUSY. Using mirror symmetry and special geometry, the worldsheet instanton corrected N = 2 Kähler potential for the x^i, (with t^i = Im(x^i) the area of

4This has also been confirmed independently by Berg, Haack and Kors [31].

5The condition on ξ is equivalent to requiring that χ(M) < 0, which occurs generically for manifolds, M, with a small number of Kähler moduli.

– 6 – a 2-cycle) is given by [29]

K_{N=2}(x^k, x̄^k) = − log [ i 6 κ_{ijk}(x^i−x̄^i)(x^j − x̄^j)(x^k − x̄^k) + 4ξ + + ∑ {n_k} Ñ_{{nk}}(e^{2πin}k^{xi} + e^{−2πin}k^{x̄i} )(1 − iπn_k(x^i − x̄^i)) ] . (2.12)

where κ_{ijk} and ξ are given as in the N = 1 case, and the Ñ_{{nk}} are closely related to the instanton numbers of degree {n_k}. Note that at the perturbative level (second term) the N = 2 Kähler potential only receives corrections proportional to α^{′3} (which we have set to 1) while the last term corresponds to non-perturbative world-sheet instanton corrections.

Given the above N = 2 Kähler potential we can perform a naive reduction to N = 1 supersymmetry along the lines of [32]. The N = 1 Kähler potential is given by K̂(ρ_k, ρ̄_k) = 2K_{N=2}(x^k, x̄^k) where we express the 2-cycle moduli x^k on the RHS in terms of the 4- cycle moduli ρ_k.^6 To further simplify the situation we include neither a non-perturbative superpotential nor the worldsheet instanton corrections to the Kähler potential. The scalar potential then takes the form

V̂ = 3 ξ 4V − ξ e^{K̂} |W_0|^2 . (2.13)

To leading order in ξ/V, when V ≫ ξ, V̂ agrees with the scalar potential (2.10) obtained using the correct N = 1 analysis. At small values of the moduli, and hence small volume, both scalar potentials diverge. However, the singularity appears for somewhat different values of V.^7 This is not too surprising since this is a region where higher order corrections to the Kähler potential will become important. Thus, the naive N = 1 reduction of the N = 2 Kähler potential does not precisely reproduce all the features of the BBHL analysis of the N = 1 Kähler potential but has the same qualitative features. It is of interest to consider the behavior of the metric on the moduli space when the non-perturbative N = 2 corrections are taken into account, as this may give an indication of what to expect when large quantum effects are present. In particular, it may tell us about the origin of the singular scalar potential.

To be explicit, let us consider the metric on the (complexified) Kähler moduli space for the Calabi-Yau manifold, M_P 4_{[5]}, given by a quintic hypersurface in P^4 [29]. In terms of the complex parameter ψ which describes the one complex structure deformation of the mirror manifold, M̃, this metric has a logarithmic singularity, g_ψ¯_ψ ∼ − log(|ψ| − 1) as ψ → 1, the conifold point. Thus, in terms of the coordinate x relevant for the Kähler deformation of

6Strictly speaking, we have to rescale the x^k as well as the ρ_k by exp(ϕ/2) and exp(ϕ), respectively when relating string frame to Einstein frame. But since we assume that the dilaton has been stabilized by the flux, we can neglect the effect of this rescaling.

7Interestingly, one can show that when including the α^{′ 3} corrections, the determinant of metric derived for the moduli space of two-cycles, g_xi_{x̄}i = ∂_xi ∂_{x̄}i (KN=2) has the same singular behavior as the determinant of the metric derived for the N = 1 Kähler potential, after including the coupling to the dilaton in the latter.

– 7 –

M, the metric including all worldsheet instanton corrections is

g_{xx̄} = | |dψ dx | |^2g_{ψψ̄} ∼ − 1 log(ψ − 1) as ψ → 1 , (2.14)

where we have used that dψ/dx ∼ −(log(|ψ|−1))^{−1} [29]. Thus, g_{xx̄} vanishes as we approach the location which in M̃ is the conifold point.^8 Furthermore, using the mirror map between ψ and x one can show that ψ = 1 corresponds to x ∼ i1.2 [29]. Thus, the size of the 2- cycle is finite at the the conifold point. However, in the reduction from N = 2 to N = 1 supersymmetry the relevant Kähler modulus is the complexified four-cycle modulus, ρ. Just as above one can show that

g_{ρρ̄} = | |dψ dρ | |^2g_{ψψ̄} ∼ − 1 log(ψ − 1) as ψ → 1 , (2.15)

where the important part of dψ/dρ as ψ → 1 again goes as −(log(|ψ| − 1))^{−1} as follows from [29]. Furthermore, ρ is non-zero at ψ = 1 and hence the size of the 4-cycle is also finite at the conifold.

Thus, after including the worldsheet instanton corrections, the singularity in the scalar potential for the Kähler moduli of IIB string on M is associated with a conifold singularity in IIA string theory on M̃. One might wonder if quantum effects resolve this singularity. In fact, Ooguri and Vafa showed that the fully quantum corrected N = 2 hyperkähler metric obtained in type IIA on M̃ is not singular at the conifold locus [33]. This is due to Euclidean D2-branes wrapping the shrinking three-cycle at the conifold of M̃. In type IIB on M this phenomenon is translated into D5-branes which at the mirror of the conifold locus wraps a shrinking six-cycle [18, 34]. Still, while the quantum corrected metric g_ψ¯_ψ is finite it follows from the naive mirror map between ψ and ρ that g_{ρρ̄} vanishes at the conifold. It may be that the mirror map also receives quantum corrections that modify the behavior of g_{ρρ̄} at the conifold locus. In any case, the naive N = 1 reduction of the N = 2 Kähler potential for M_P 4_{[5]} indicates that the divergence in the scalar potential occurs because g^{ρρ̄} → ∞ at the conifold point. A full N = 1 analysis should be performed to see whether this explanation survives the inclusion of all of the higher order N = 1 corrections.

It is interesting to note that the N = 1 reduction of the worldsheet instanton corrected N = 2 analysis reproduces features of the N = 1 potential (discussed in section 2.2) that used only the leading perturbative correction: (a) there is a singularity in the potential at finite volume, (b) the (determinant of) the metric on the moduli space declines as we approach this locus. In section 2.2 it was not clear why V diverges except that the determinant of the metric vanishes. The above naive N = 1 reduction of the N = 2 analysis indicates the apparent relationship between the divergence of the scalar potential and a conifold degeneration in the mirror manifold.

Given the example of the M_P 4_{[5]} above we should expect such behaviour to be universal in the vicinity of conifolds even in examples with many Kähler moduli. We also expect

8From mirror symmetry we know that the complex structure moduli space of M̃ is isomorphic to the Kähler moduli space of M, and vice versa with M̃ and M interchanged. Thus, to reduce verbiage we will also loosely refer to the point x(ψ = 1) in M_P 4_{[5]} as the conifold point.

– 8 – that the higher order N = 1 corrections will not change the qualitative features we are describing here. We have already seen in section 2.2 that the leading perturbative term preserves these features, and in the next section we will find minima of the scalar potential in regions far from the singularity where this leading term dominates over the higher order perturbative and non-perturbative corrections that are possible.

3. Supersymmetry breaking

Several scenarios have been proposed for completely breaking supersymmetry to achieve a metastable de Sitter minimum in KKLT-like settings. In their original work KKLT proposed adding an anti-brane to their compactification breaking supersymmetry and contributing a positive power law to the scalar potential [1]. The resulting potential had a de Sitter minimum and approached zero from above at infinity. Silverstein and Saltman pointed out that stabilizing the complex structure moduli at a non-supersymmetric point (so the D_iW ≠ 0 for some of them) would have a similar effect — the e^K (G^{ij} D_iW D¯_jW ) term in the supergravity potential (2.2) produces a power law that can lift the KKLT AdS minimum to a de Sitter minimum [8]. Burgess et.al. proposed that adding fluxes on the D7-branes in the compactification would achieve a similar effect [10]. Further possibilities were pointed out by Escoda et al [9], Brustein and de Alwis [11], Becker et al. [7] and by Buchbinder [12]. Here we observe that when the tree-level superpotential |W_0| is sufficiently large compared to the non-perturbative contribution, supersymmetry will be broken. Furthermore, in this context, the existence of conifold loci modifies the metric on the Kähler moduli space in such a manner as to admit non-supersymmetric AdS, Minkowski and metastable de Sitter soutions.

3.1 Large |W_0| and supersymmetry breaking

Given that we have already stabilized the complex structure moduli and the dilaton supersymmetrically using fluxes, supersymmetric minima exist when D_{ρk} W = 0 for all Kähler moduli. The nonperturbative superpotential is of the form

W = W_0 + W_{np} = W_0 +

h_{11}∑

j=1 A_j e^{iaj ρj} . (3.1)

Here we have assumed that volumes are sufficiently large to ignore multi-instanton terms in the superpotential. The supersymmetry condition D_{ρk} W = 0 is solved as:

W_0 = −

h_{11}∑

j=1 A_j e^{iaj ρj} + ia_kA_ke^{iak ρk} ∂_{ρk} K . (3.2)

In order to find a solution the phases on the left and right hand sides of the equation must be appropriately matched. For purposes of argument let us simply assume here that all the A_k are real and that W_0 is real (a more general setting is easily handled). Generically, the ρ_k will not be purely imaginary, and Re(ρ_k) are determined such that W is real.

– 9 –

Small |W_0| and supersymmetric vacua: first we show that for any sufficiently small |W_0| there will be a supersymmetric AdS minimum at large volume. At large volume it is sufficient to keep the leading (nonperturbative) corrections to the superpotential and the leading (perturbative) correction to the Kähler potential (2.9). The supersymmetry condition is then of the form

W_0 = −

h_{11}∑

j=1 A_j e^{iaj ρj} + 2a_kA_ke^{iak ρk} (V + ξ/2) t^k , (3.3)

where we have used that ∂_{ρk} K = it^k 2V + ξ . (3.4)

Since the absolute value of the RHS of (3.3) is decreasing for sufficiently large ρ_k, and there are h_{11} (complex) equations in the h_{11} (complex) unknown values of ρ_k, it is clear that for any sufficiently small choice of |W_0| there will generically be a discrete set of supersymmetric minima of the scalar potential. In [1] it was argued that the requisite small values of W_0 can be obtained by tuning fluxes and this argument has been placed on firm footing by the work of [35]–[37].

Large |W_0| and supersymmetry-breaking minima: we will now argue that for sufficiently large |W_0| there is no supersymmetric minimum in the geometric region^9 of the moduli space, but that new non-supersymmetric minima appear. A clean analysis of this would require us to include all the higher perturbative and non-perturbative corrections to the Kähler potential, K, and the superpotenial. However, as we have discussed, only the leading perturbative correction to K is well understood in the N = 1 setting. Thus, the general strategy is to study properties of the leading approximation to the scalar potential as a function of |W_0|, but to only trust features that appear at sufficiently large volume where this functional form is a good approximation to the full potential.

Recall that the scalar potential (2.11) has a singularity at V = ξ which we interpret as saying that the geometric region of the moduli space lies at larger volumes V > ξ. The condition V > ξ then cuts off the apex of the classical Kähler cone. Now, for any given |W_0|, a solution to the supersymmetry condition (3.3) determines all the Kähler moduli. There are h_{11} equations in h_{11} unknowns generically giving rise to a discrete set of solutions. Consider a choice of |W_0| that leads to a solution of (3.3) on a surface of some fixed classical volume V > ξ. Then the t^k in this solution must be bounded away from zero to achieve supersymmetry, because if t^i = 0 for some i, then |W_0| = ∞ by (3.3) and thus all the t^k = 0 leading to vanishing volume for the Calabi- Yau which is counterfactual in the allowed region V > ξ. Turning this around, if we seek a supersymmetric minimum in the allowed region V > ξ, there is an upper bound on |W_0|, |W_0| ≤ W_{max} . (3.5)

9By geometric region we refer to the part of moduli space for which an expansion in α^′ is valid.

– 10 –

Figure 2: Non-supersymmetric Minkowski vacuum when the flux contribution to the superpotential, W_0, is large. An accurate description of the shaded region requires inclusion of additional corrections, but for a range of parameters the minimum lies in a region where the leading terms in the scalar potential, V , are sufficient. The dashed line is the location of the (naive) singularity in V at V = ξ, after including α^{′3} corrections to the Kähler potential.

This argument does not guarantee that for every V > ξ there is a choice of |W_0| yielding supersymmetric minima. It simply shows that there is some upper bound on |W_0| leading to supersymmetric minima in the geometric region of the moduli space. Any minima that we find in this region for |W_0| > W_{max} will break supersymmetry.

One can see that the larger the value of the |W_0| on the LHS of the supersymmetry condition (3.3), the smaller the required values of t_k on the RHS and thus the smaller the overall volume. If we track the line of minima in the potential that are obtained as we increase |W_0| from a very small value that leads to a supersymmetric AdS vacuum, there are two possibilities: (a) supersymmetric AdS minima (D_iW = 0 while W ≠ 0) could persist all the way to V = ξ or (b) supersymmetry breaking could occur at some V > ξ. Let us consider possibility (b) first. In this case, when |W_0| = W_{max} − ϵ there will be a supersymmetric AdS minimum with V = −3e^K |W |^2. Increasing |W_0| to W_{max} + ϵ will break supersymmetry, but since the potential is a continuous function of the |W_0| there will still be an AdS minimum. For sufficiently large |W_0|, the non-perturbative correction to the superpotential becomes negligible compared to the classical contribution, and thus the potential reduces to the form (2.10), monotonically decreasing from infinity at V = ξ to 0 at V = ∞. This could happen in one of two ways. The first possibility is that as |W_0| is increased, the minimum rises to a Minkoswki and then de Sitter minimum and then finally disappears. If this happens metastable de Sitter space is realized because of the barrier in the potential that we have already described. The other possibility is that the AdS minimum approaches the V = ξ locus as |W_0| is increased. In either this situation, or in case (a) where the supersymmetric minima persist all the way to V = ξ, there is some critical value |W_0| = W_{crit} where an AdS minimum crosses the V = ξ locus.^{10}

10One can easily show that case (a) always arises if there is only one Kähler modulus.

– 11 –

In these latter cases, when |W_0| = W_{crit} − ϵ, we known that there is an AdS minimum in the geometric region V > ξ. Now observe that the scalar potential is a manifestly continuous function of W_0 almost everywhere – the only subtlety can be at the locus V = ξ, where V will diverge for generic values of W_0. (This is because the terms in the last three lines of (2.11) all diverge at V = ξ, and all have different dependences on W .) So if we increase |W_0| to W_{crit} + ϵ, by continuity the scalar potential will still be negative in the vicinity of the former minimum. Since we know that the potential diverges at V = ξ, while going to zero from above at large volume in all directions, there must now be a nonsupersymmetric AdS minimum in the geometric region. Flat directions will generically not occur since there are as many equations, ∂_{σk} V = 0, as unknowns, σ_k, and because we only expect isolated minima in the context of N = 1 supersymmetry. Finally, for sufficiently large |W_0|, as discussed above, the potential will be monotonically decreasing from infinity at V = ξ to 0 at V = ∞. Thus we see that as |W_0| is increased from the critical value, non-supersymmetric AdS, Minkowski, and de Sitter vacua will occur until eventually the local minimum disappears. (See figure 2.)

The arguments we made were based on very general considerations of the qualitative structure of the scalar potential and supersymmetry conditions. In section2.3 we argued that naive N = 1 reduction of the well-understood N = 2 analysis of conifold singularities reproduced the essential qualitative features of the BBHL N = 1 potential that we have explored in detail above. Since our N = 2 discussion included stringy and quantum corrections, there is some reason to hope that the necessary qualitative structure is present even at small volume in the N = 1 setting, where higher order perturbative and non-perturbative corrections are important, at least when the N = 1 theory is obtained by orientifolding an N = 2 compactification. If so, the same continuity arguments given above will lead to non-supersymmetric minima in the scalar potential at small volume, and AdS, Minkowski and metastable de Sitter minima will all occur.

Toy model: our analysis was carried out keeping only the leading terms in the Kähler potential and superpotential. The question now becomes whether by tuning of W_0 such non-supersymmetric minima can be pushed to the region in which this approximation is justified. To see that this is indeed the case, we can study a toy example along the lines pursued in KKLT [1]. Consider a situation with one Kähler parameter, and a superpotential (3.1) with A = 1 and a = 2π/10. Let us also take the α^{′3} correction ξ/2 = ζ(3)χ/4(2π)^3 = 0.2 as it would be for a Calabi-Yau manifold with an Euler number of the order of χ = −200 (the quintic example in section 2.2, for example). Then for W_0 ∼ −1.7 there exists a non-supersymmetric Minkowski minimum in the potential where the Kähler modulus is stabilized at σ ∼ 5 which gives a classical volume V ∼ 2. Note that while this is a relatively small value, still the α^{′3} correction is only in the order of 10% since V/(ξ/2) ∼ 10. Furthermore, a σ ∼ 3. The higher order perturbative and non-perturbative corrections are suppressed at such volumes. The above toy model shows that it is indeed possible to find non-supersymmetric solutions in a region where the volume of M is (relatively) large such that the higher order corrections can be ignored.

– 12 –

An upper bound on |W_0| and and the discretuum: much of the recent work on distributions of flux vacua [35, 36, 37] has considered whether one can achieve the very small values of |W_0| necessary for supersymmetric vacua at large volume. Our considerations require rather that sufficiently large values of |W_0| can be attained. In the absence of D3-branes, as in our scenarios, a constraint on the values of |W_0| arises because there is a tadpole cancelation condition of the form χ(X) 24 = 1 2κ^2_{10}T_3 ∫ M F ∧ G , (3.6)

where χ(X) is the Euler character of the Calabi-Yau 4-fold, X, on which F-theory is compactified. Equivalently, by taking the orientifold limit it is the net D3-charge from O3-planes and induced charges on 7-branes in the IIB picture. The RHS of (3.6) involves a wedge product between the H and F fluxes, while the flux superpotential W_0 = ∫ M Ω ∧ (F − τH) arises from a wedge product between these fluxes and the holomorphic 3-form. Because the products are different, (3.6) does not immediately translate into a constraint on |W_0|. However, all else being equal, we can estimate that in order to achieve the tadpole cancelation condition the components of H and F that are orthogonal to each other will scale as |H| ∼ |F | ∼ √ χ. Here we are leaving out factors of α^′ and g_s as well as numerical factors. Note that there is no constraint on the components of H and F that are parallel to each other and these can also contribute to the superpotential. Even if we ignore such parallel components of H and F , in view of the above we estimate that the maximum value that |W_0| can achieve will at least scale as √ χ. Since the 4-folds giving rise to IIB models with a small number of Kähler moduli typically have Euler characteristics in the 1000s, there should be no difficulty in achieving |W_0| large enough to break supersymmetry in the manner discussed above.

The values that W_0 can take in this analysis form a discrete set. However, following the arguments of Bousso and Polchinski [39] and [35]–[37], the actual values that W_0 assumes will be very closely spaced, so much so that they will form a “discretuum”. Indeed, for all practical purposes we can think of W_0 as a continuously varying parameter. Thus in our setting |W_0| − W_{max} is a supersymmetry breaking parameter that varies essentially continuously as the fluxes are tuned.

It is also interesting to note that the new non-supersymmetric minima that we discuss are closely related to the locus in the Kähler moduli space which is related to the conifold in the mirror manifold. It has been argued in [36, 37] that when fluxes freeze complex structure moduli, the resulting stable vacua tend to cluster near conifold points. (For another argument in favor of enhanced symmetry points, see [38].) It is tempting to speculate, particularly in view of mirror symmetry, that similar concentrations of vacua may occur in the Kähler moduli space partly via the mechanisms described in this paper.

3.2 On the cosmological constant problem

Once supersymmetry is broken, the lack of Bose-Fermi degeneracy means that there will be a one-loop correction to the cosmological constant. In flat space, the order parameter for supersymmetry breaking is the gravitino mass m_λ [13] and the one-loop cosmological

– 13 – constant will be proportional to m^4_λ. The precise coefficient is model dependent because, for example, the contribution to Λ from a particular superfield could be positive or negative (see, e.g., [40]) depending on whether bosons or the fermions have been lifted. But since all mass splittings will be proportional to m_λ (see [13] for example), we will always find that Λ_{1−loop} = C_{model} m^4_λ (3.7) where C_{model} is model dependent. This is one precise version of the cosmological constant problem: once supersymmetry is broken, the one-loop contribution to the cosmological constant is set by the supersymmetry breaking scale, a theoretical prediction that is badly violated by the real world. Anthropic considerations cannot solve this problem unless it is shown that there actually exists some mechanism to stabilize the cosmological constant at a scale much smaller than the supersymmetry breaking scale. Indeed, even the KKLT scenario [1] suffers from this — although the cosmological constant is tuned to be small and positive, by adding anti-branes to an AdS vacuum, the large supersymmetry breaking scale from anti-branes will be communicated by interactions into a large one-loop correction to the bulk cosmological constant.

If the cosmological constant arising from the supergravity potential with stringy and instanton corrections does not vanish, further care is necessary. This is because in the presence of a cosmological constant, the gravitino mass is never zero even if Λ < 0 and supersymmetry is preserved. Indeed, in an AdS background the gravitino mass is [13]

m_λ = e^{K/4}|W |^{1/2} (3.8)

even if the vacuum is supersymmetric. Since the graviton is itself massless, how can Bose- Fermi cancellation of the 1-loop cosmological constant occur in such a supersymmetric vacuum? At a supersymmetric vacuum D_iW = 0 in the scalar potential (2.2) and so V = −3|W |^2e^K . The length scale R associated with this negative energy density is 1 R ∼ |V |^{1/4} ∼ |W |^{1/2}e^{K/4} . (3.9)

This is of the same order as the length scale associated to the supersymmetric gravitino mass (3.8), i.e., 1/m_λ ∼ R. For wavelengths λ ≪ 1/m_λ we are effectively in flat space and above the scale of Bose-Fermi splitting, so that 1-loop contributions to the vacuum energy cancel. When λ ≥ (1/m^∗_λ) ≈ R, flat space reasoning is inadequate and we have to account for the details of AdS propagators to see Bose-Fermi cancelation despite the mass splitting. If supersymmetry is broken in an AdS vacuum, the length scale R̃ associated with the negative energy density will be larger than the length scale associated with the gravitino mass. Consider a situation with 1 m_λ ≪ R̃ . (3.10)

Then, for wavelengths in the range 1/m_λ ≪ λ ≪ R̃ flat space reasoning applies and we should expect a loop correction of the general form

Λ_{1−loop} ∼ m^4_λ − 1 R^4

= e^K |W |^2 − 1 R̃4 (3.11)

– 14 – with model dependent coefficients. Contributions from larger wavelengths (λ > R̃) will be negligible when 1/m_λ ≪ λ ≪ R̃ since the cosmological constant arises from potential UV divergences, and at very short wavelengths λ ≪ 1/m_λ, the theory is still supersymmetric so the contribution is zero. Thus, when 1/m_λ ≪ R̃, (3.11) should be a good estimate of the one-loop correction to the negative cosmological constant up to a model dependent coefficient. Let us also note in passing that if the vacuum in question has a cosmological constant that is close to zero, m^4_λ will again be a good estimate of the order of magnitude of Λ_{1−loop}, up to model dependent coefficients.

In view of all this, our results suggest a simple route around the cosmological constant problem. If we start in a non-supersymmetric AdS vacuum, and tune the breaking scale appropriately, the one-loop corrected cosmological constant

Λ = Λ_{AdS} + Λ_{1−loop} (3.12)

can have a scale much smaller than the supersymmetry breaking scale. The scenarios considered in this paper naturally realize this possibility. As we have discussed, as the tree level superpotential is raised from its critical value, there is a line of non-supersymmetric AdS vacua whose vacuum energy decreases to 0 as |W_0| increases. At the same time, as |W_0| increases, the supersymmetry breaking scale increases from 0 at |W_0| < W_{max} to larger positive values. Thus, assuming a positive one-loop contribution to the vacuum energy, there will necessarily be values of |W_0| at which the one-loop correction will be comparable to the bare vacuum potential energy, thus leading to a net positive cosmological constant close to zero.

A key ingredient in this argument is once again the fact that the possible values of W_0 form a “discretuum” [35]–[37] and [39] and thus can be tuned with high precision. Given this argument establishing the plausible existence of vacua with a small cosmological constant despite large mass splittings between superpartners, anthropic considerations can serve as a selection principle. In fact, this sort of idea had been suggested some time ago by Nilles [41],^{11} and we are arguing that it will be naturally realized here. The basic idea is applicable to any string compactification setting in which the supersymmetry breaking scale in an AdS minimum can be tuned to be comparable to the AdS scale.

While we will not attempt to review the many other recent approaches to tuning the cosmological constant in both stringy and brane world settings, it is worth comparing our remarks to those of Bousso and Polchinski [39]. They noted that the many fluxes present in M-theory can allow a classical and anthropic [42] tuning of the cosmological constant to a small value by adding a positive energy density to a bare negative cosmological constant. We are pointing out that in our setting the scale of supersymmetry breaking is set by fluxes and thus can be discretely tuned so that the net, one-loop corrected, cosmological constant can be much smaller than the scale of Bose-Fermi splitting. (See [43] for other comments on the supersymmetry breaking scale in the context of the landscape of string vacua, and [44] for related ideas for fine tuning scalar masses.)

11We thank Brent Nelson for pointing out this reference.

– 15 –

4. Dynamical transitions?

In the previous section we explained that if the tree level superpotential is sufficiently large, a supersymmetric minimum of the scalar potential cannot be found in the geometric region of the moduli space. However, it could well be that there is a supersymmetric extremum in a non-geometric phase that can lie beyond the apparent singularity in the scalar potential. One reason why it is important to consider such scenarios is that dynamical transitions might be possible between between the non-supersymmetric vacua we discuss and supersymmetric vacua with stabilized moduli that lie in a non-geometric region of the moduli space.

In order to understand whether this kind of transition can occur, besides determining which of the (meta)stable vacua has lowest energy, one needs to understand whether instantons exist at all for tunneling between spacetimes with different cosmological constants.^{12} The classic work of Coleman and de Luccia (CdL) showed that transitions between universes with vanishing and negative cosmological constants can only occur if the difference between their vacuum energies exceeds a certain bound [45]. What is more, even if such a transition occurs, they argued that the result is not a stable AdS space, but rather an FRW universe with a Big Crunch. Banks [46] has argued, following [47] and [48], that transitions between supersymmetric AdS vacua are not possible because of a CdL-like bound, that transitions between non-supersymmetric AdS vacua would likely lead to singular collapse, and that there are questions about the consistency of such transitions in light of the AdS/CFT correspondence. But the question of possible decays from and to asymptotically locally AdS spacetimes is not yet settled^{13} and we should explore every dynamical avenue for vacuum selection that might be available. The present indications are that if one phenomenologically acceptable vacuum of string theory is found, many others are likely to lie nearby, making vacuum selection on anything other than anthropic grounds impossible unless tunneling between the relevant vacua occurs [39, 35, 42, 36, 37]. In the absence of supersymmetry this might yet be possible.

Acknowledgments

The authors would like to thank: Tom Banks, Volker Braun, Michael Douglas, Tristan Hübsch, Sheldon Katz, Shamit Kachru, Albrecht Klemm, Peter Mayr, Asad Naqvi, Brent Nelson, Sav Sethi. P.B. thanks the Theory Group/Math-Physics Group at the University of Pennsylvania, the Department of Mathematics at University of Durham and the particle theory group at University of California at San Diego for their hospitality at various stages of this project. V.B. and P.B. would like to thank the Aspen Center for Physics where this project was initiated, and Addie Berglund for so patiently waiting to be born after this paper was completed. Work on this project at Penn was supported by the DOE under cooperative research agreement DE-FG02-95ER40893, by the NSF under grant PHY- 0331728 and by an NSF Focused Research Grant DMS0139799 for “The Geometry of

12We thank Tom Banks for useful exchanges on this subject.

13For example, some asymptotically locally AdS backgrounds can decay via bubbles of nothing [49].

– 16 –

Superstrings”. Work on this project at UNH was supported by NSF grant PHY-0355074 and by funds from the College of Engineering and Physical Sciences and the Graduate School at UNH.

References

[1] S. Kachru, R. Kallosh, A. Linde and S.P. Trivedi, De Sitter vacua in string theory, Phys.

Rev. D 68 (2003) 046005 [hep-th/0301240].

[2] F. Denef, M.R. Douglas and B. Florea, Building a better racetrack, J. High Energy Phys. 06 (2004) 034 [hep-th/0404257].

[3] K. Becker, M. Becker, M. Haack and J. Louis, Supersymmetry breaking and alpha’-corrections to flux induced potentials, J. High Energy Phys. 06 (2002) 060 [hep-th/0204254].

[4] D.J. Gross and E. Witten, Superstring modifications of Einstein’s equations, Nucl. Phys. B 277 (1986) 1.

[5] M.D. Freeman and C.N. Pope, Beta functions and superstring compactifications, Phys. Lett.

B 174 (1986) 48;

M.T. Grisaru, A.E.M. van de Ven and D. Zanon, Four loop divergences for the N = 1 supersymmetric nonlinear sigma model in two-dimensions, Nucl. Phys. B 277 (1986) 409.

[6] G.W. Gibbons, Aspects of supergravity theories, in Supersymmetry, supergravity and related topics, F. de Aguila, J.A. de Azcarraga and L. Ibanez eds., World Scientific, Singapore, 1985, p. 346;

J.M. Maldacena and C. Núñez, Supergravity description of field theories on curved manifolds and a no go theorem, Int. J. Mod. Phys. A 16 (2001) 822 [hep-th/0007018].

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

[8] A. Saltman and E. Silverstein, The scaling of the no-scale potential and de Sitter model building, J. High Energy Phys. 11 (2004) 066 [hep-th/0402135].

[9] C. Escoda, M. Gomez-Reino and F. Quevedo, Saltatory de Sitter string vacua, J. High Energy Phys. 11 (2003) 065 [hep-th/0307160].

[10] C.P. Burgess, R. Kallosh and F. Quevedo, de Sitter string vacua from supersymmetric d-terms, J. High Energy Phys. 10 (2003) 056 [hep-th/0309187].

[11] S.P. de Alwis, On potentials from fluxes, Phys. Rev. D 68 (2003) 126001 [hep-th/0307084];

R. Brustein and S.P. de Alwis, Moduli potentials in string compactifications with fluxes: mapping the discretuum, Phys. Rev. D 69 (2004) 126006 [hep-th/0402088].

[12] E.I. Buchbinder, Raising anti de Sitter vacua to de Sitter vacua in heterotic M-theory, Phys.

Rev. D 70 (2004) 066008 [hep-th/0406101].

[13] J. Wess and J. Bagger, Supersymmetry and Supergravity, Princeton University Press, 1992.

[14] A. Strominger, Superstrings with torsion, Nucl. Phys. B 274 (1986) 253.

[15] K. Dasgupta, G. Rajesh and S. Sethi, M-theory, orientifolds and G-flux, J. High Energy Phys. 08 (1999) 023 [hep-th/9908088].

– 17 –

[16] T.R. Taylor and C. Vafa, RR flux on Calabi-Yau and partial supersymmetry breaking, Phys.

Lett. B 474 (2000) 130 [hep-th/9912152];

P. Mayr, On supersymmetry breaking in string theory and its realization in brane worlds, Nucl. Phys. B 593 (2001) 99 [hep-th/0003198].

[17] K. Becker and M. Becker, Supersymmetry breaking, M-theory and fluxes, J. High Energy Phys. 07 (2001) 038 [hep-th/0107044];

B.S. Acharya, A moduli fixing mechanism in M-theory, hep-th/0212294; S. Kachru, M.B. Schulz and S. Trivedi, Moduli stabilization from fluxes in a simple IIB orientifold, J. High Energy Phys. 10 (2003) 007 [hep-th/0201028];

A.R. Frey and J. Polchinski, N = 3 warped compactifications, Phys. Rev. D 65 (2002) 126009 [hep-th/0201029];

M. Haack and J. Louis, M-theory compactified on Calabi-Yau fourfolds with background flux, Phys. Lett. B 507 (2001) 296 [hep-th/0103068].

[18] J. Polchinski and A. Strominger, New vacua for type-II string theory, Phys. Lett. B 388 (1996) 736 [hep-th/9510227];

J. Michelson, Compactifications of type-IIB strings to four dimensions with non-trivial classical potential, Nucl. Phys. B 495 (1997) 127 [hep-th/9610151].

[19] S.B. Giddings, S. Kachru and J. Polchinski, Hierarchies from fluxes in string compactifications, Phys. Rev. D 66 (2002) 106006 [hep-th/0105097].

[20] A.R. Frey, Warped strings: self-dual flux and contemporary compactifications,

hep-th/0308156;

V. Balasubramanian, Accelerating universes and string theory, Class. and Quant. Grav. 21 (2004) S1337 [hep-th/0404075];

E. Silverstein, TASI/PiTP/ISS lectures on moduli and microphysics, hep-th/0405068.

[21] J.F.G. Cascales and A.M. Uranga, Chiral 4d N = 1 string vacua with D-branes and NS-NS and RR fluxes, J. High Energy Phys. 05 (2003) 011 [hep-th/0303024]; R. Blumenhagen, D. Lüst and T.R. Taylor, Moduli stabilization in chiral type-IIB orientifold models with fluxes, Nucl. Phys. B 663 (2003) 319 [hep-th/0303016]; K. Becker, M. Becker, K. Dasgupta and S. Prokushkin, Properties of heterotic vacua from superpotentials, Nucl. Phys. B 666 (2003) 144 [hep-th/0304001];

E.I. Buchbinder and B.A. Ovrut, Vacuum stability in heterotic M-theory, Phys. Rev. D 69 (2004) 086010 [hep-th/0310112];

S. Gukov, S. Kachru, X. Liu and L. McAllister, Heterotic moduli stabilization with fractional Chern-Simons invariants, Phys. Rev. D 69 (2004) 086008 [hep-th/0310159]; G.L. Cardoso, G. Curio, G. Dall’Agata and D. Lüst, Heterotic string theory on non-kaehler manifolds with h- flux and gaugino condensate, Fortschr. Phys. 52 (2004) 483 [hep-th/0310021];

P.G. Camara, L.E. Ibáñez and A.M. Uranga, Flux-induced SUSY-breaking soft terms, Nucl. Phys. B 689 (2004) 195 [hep-th/0311241];

K. Behrndt and M. Cvetič, General N = 1 supersymmetric flux vacua of (massive) type-IIA string theory, hep-th/0403049.

[22] S. Gukov, C. Vafa and E. Witten, CFT’s from Calabi-Yau four-folds, Nucl. Phys. B 584 (2000) 69 [hep-th/9906070].

[23] E. Witten, Non-perturbative superpotentials in string theory, Nucl. Phys. B 474 (1996) 343 [hep-th/9604030].

– 18 –

[24] S. Katz and C. Vafa, Geometric engineering of N = 1 quantum field theories, Nucl. Phys. B 497 (1997) 196 [hep-th/9611090].

[25] L. Görlich, S. Kachru, P.K. Tripathy and S.P. Trivedi, Gaugino condensation and nonperturbative superpotentials in flux compactifications, hep-th/0407130.

[26] P.G. Camara, L.E. Ibáñez and A.M. Uranga, Flux-induced SUSY-breaking soft terms on D7-D3 brane systems, hep-th/0408036.

[27] A. Grassi, Divisors on elliptic Calabi-Yau four folds and the superpotential in F-theory, 1, J.

Geom. Phys. 28 (1998) 289.

[28] D. Robbins and S. Sethi, A barren landscape, hep-th/0405011.

[29] P. Candelas, X.C. De La Ossa, P.S. Green and L. Parkes, A pair of Calabi-Yau manifolds as an exactly soluble superconformal theory, Nucl. Phys. B 359 (1991) 21.

[30] T.W. Grimm and J. Louis, The effective action of N = 1 Calabi-Yau orientifolds, Nucl. Phys.

B 699 (2004) 387 [hep-th/0403067].

[31] M. Haack, talk at the KITP, Santa Barbara, communicated to us by S. Kachru, M. Berg, M. Haack and B. Körs, Loop corrections to volume moduli and inflation in string theory,

hep-th/0404087;

Also see A.R. Frey, M. Lippert and B. Williams, The fall of stringy de Sitter, Phys. Rev. D 68 (2003) 046008 [hep-th/0305018];

for a discussion of the (meta)stability of the KKLT scenario with respect to other corrections.

[32] R. D’Auria, S. Ferrara and M. Trigiante, c-map,very special quaternionic geometry and dual kaehler spaces, Phys. Lett. B 587 (2004) 138 [hep-th/0401161].

[33] H. Ooguri and C. Vafa, Summing up D-instantons, Phys. Rev. Lett. 77 (1996) 3296 [hep-th/9608079].

[34] B.R. Greene and Y. Kanter, Small volumes in compactified string theory, Nucl. Phys. B 497 (1997) 127 [hep-th/9612181].

[35] S. Ashok and M.R. Douglas, Counting flux vacua, J. High Energy Phys. 01 (2004) 060 [hep-th/0307049].

[36] F. Denef and M.R. Douglas, Distributions of flux vacua, J. High Energy Phys. 05 (2004) 072 [hep-th/0404116].

[37] A. Giryavets, S. Kachru, P.K. Tripathy and S.P. Trivedi, Flux compactifications on Calabi-Yau threefolds, J. High Energy Phys. 04 (2004) 003 [hep-th/0312104].

[38] L. Kofman et al., Beauty is attractive: moduli trapping at enhanced symmetry points, J. High Energy Phys. 05 (2004) 030 [hep-th/0403001].

[39] R. Bousso and J. Polchinski, Quantization of four-form fluxes and dynamical neutralization of the cosmological constant, J. High Energy Phys. 06 (2000) 006 [hep-th/0004134].

[40] M.K. Gaillard, V. Jain and K. Saririan, Supergravity coupled to chiral and Yang-Mills matter at one loop, Phys. Lett. B 387 (1996) 520 [hep-th/9606135]; Supergravity at one loop, II. Chiral and Yang-Mills matter, Phys. Rev. D 55 (1997) 883 [hep-th/9606052]; J.W. Burton, M.K. Gaillard and V. Jain, Effective one loop scalar lagrangian in no scale supergravity models, Phys. Rev. D 41 (1990) 3118.

– 19 –

[41] H.P. Nilles, Supersymmetry, supergravity and particle physics, Phys. Rept. 110 (1984) 1;

Gaugino condensation, dilatons, axions and the cosmological constant in superstring theories, UGVA-DPT 1985/06-467 Presented at 9th Johns Hopkins Workshop, New Trends in Particle Theory, Florence, Italy, Jun 5-7, 1985.

[42] S. Weinberg, Anthropic bound on the cosmological constant, Phys. Rev. Lett. 59 (1987) 2607;

T. Banks, M. Dine and L. Motl, On anthropic solutions of the cosmological constant problem, J. High Energy Phys. 01 (2001) 031 [hep-th/0007206]; L. Susskind, The anthropic landscape of string theory, hep-th/0302219; T. Banks, M. Dine and E. Gorbatov, Is there a string theory landscape?, J. High Energy Phys. 08 (2004) 058 [hep-th/0309170].

[43] L. Susskind, Supersymmetry breaking in the anthropic landscape, hep-th/0405189;

M.R. Douglas, Statistical analysis of the supersymmetry breaking scale, hep-th/0405279.

[44] E. Silverstein, Counter-intuition and scalar masses, hep-th/0407202.

[45] S.R. Coleman and F. De Luccia, Gravitational effects on and of vacuum decay, Phys. Rev. D 21 (1980) 3305.

[46] T. Banks, On isolated vacua and background independence, hep-th/0011255; Heretics of the false vacuum: gravitational effects on and of vacuum decay, II, hep-th/0211160; A critique of pure string theory: heterodox opinions of diverse dimensions, hep-th/0306074.

[47] S. Weinberg, Does gravitation resolve the ambiguity among supersymmetry vacua?, Phys.

Rev. Lett. 48 (1982) 1776.

[48] M. Cvetič, S. Griffies and S.J. Rey, Static domain walls in N = 1 supergravity, Nucl. Phys. B 381 (1992) 301 [hep-th/9201007]; Nonperturbative stability of supergravity and superstring vacua, Nucl. Phys. B 389 (1993) 3 [hep-th/9206004].

[49] D. Birmingham and M. Rinaldi, Bubbles in anti-de Sitter space, Phys. Lett. B 544 (2002) 316 [hep-th/0205246];

V. Balasubramanian and S.F. Ross, The dual of nothing, Phys. Rev. D 66 (2002) 086002 [hep-th/0205290];

M. Dine, P.J. Fox and E. Gorbatov, Catastrophic decays of compactified space-times, J. High Energy Phys. 09 (2004) 037 [hep-th/0405190].

– 20 –