Published by Institute of Physics Publishing for SISSA/ISAS Received: November 11, 2004 Accepted: November 26, 2004

Stability of flux compactifications and the pattern of supersymmetry breaking

Kiwoon Choi,^a Adam Falkowski,^b Hans Peter Nilles,^c Marek Olechowski^b and Stefan Pokorski^b

aDepartment of Physics, Korea Advanced Institute of Science and Technology Daejeon 305-701, Korea bInstitute of Theoretical Physics, Warsaw University ul. Hoża 69, PL-00 681 Warsaw, Poland cPhysikalisches Institut, Universität Bonn Nussallee 12, D-53115 Bonn, Germany E-mail: kchoi@hep.kaist.ac.kr, Adam.Falkowski@fuw.edu.pl,

nilles@th.physik.uni-bonn.de, olech@fuw.edu.pl, pokorski@fuw.edu.pl

Abstract: We extend the KKLT [1] approach to moduli stabilization by including the dilaton and the complex structure moduli into the effective supergravity theory. Decoupling of the dilaton is neither always possible nor necessary for the existence of stable minima with zero (or positive) cosmological constant. The pattern of supersymmetry breaking can be much richer than in the decoupling scenario of KKLT.

Keywords: Superstrings and Heterotic Strings, Superstring Vacua, Supersymmetry Breaking, Supergravity Models.

© SISSA/ISAS 2004 http://jhep.sissa.it/archive/papers/jhep112004076 /jhep112004076 .pdf

Contents

1. Introduction 1

2. Supergravity description of flux compactifications 3 2.1 Notation and conventions 3 2.2 The proposal of KKLT 4

3. The two modulus case: S and T 4 3.1 Type-IIB case: D3/7 4 3.2 Heterotic case: H 6

4. Inclusion of the complex structure moduli 7 4.1 Type-IIB case: D3/7 7 4.2 Heterotic case: H 9

5. Soft supersymmetry breaking terms 10

6. Conclusions and outlook 13

1. Introduction

One of the central questions in superstring theory is the stabilization of moduli. In general, the moduli fields include the dilaton S, the Kähler moduli T_i and the complex structure moduli Z_i. Early attempts in the heterotic string theory tried to fix the dilaton S with a combination of gaugino condensation and nontrivial flux of the 3-form field strength H [2]. The stabilization of S turned out to be inherently connected to supersymmetry breakdown. More recently it was observed [3], that in the framework of type-IIB theory one could fix complex structure moduli as well as the dilaton with a combination of 3-form fluxes of the field strengths F_3 and H_3 [4], even in the absence of supersymmetry breakdown. These attempts were only partially successful, as the moduli directions T_i remained flat. Without a stabilization of the remaining moduli, it is difficult to draw specific conclusions about properties of the theories such as soft supersymmetry breaking terms.

In a more recent paper [1] (KKLT) a combination of 3-form flux (in the type-IIB theory) and gaugino condensation was argued to lead to complete stabilization of all moduli. The analysis in KKLT is done in the framework of a low energy supergravity approximation. They assume that the dilaton and the complex structure moduli (CSM), if present, have been fixed by H_3 and F_3 fluxes and concentrate on an effective theory for the volume modulus T (representing the Kähler moduli T_i). This decoupling procedure is self-consistent if

– 1 – the masses for S and CSM are much larger than the mass of T . Non-perturbative corrections to the superpotential are then used to stabilize T . In this analysis the ground state of the theory had a large negative vacuum energy (AdS space) and preserved supersymmetry. To reach an acceptable potential KKLT proposed a so-called uplifting mechanism that breaks supersymmetry (in a local minimum) and allows a fine tuning of the cosmological constant to a desired value (e.g. de Sitter space).

The purpose of the present paper is twofold. First, we include into the effective supergravity theory the dilaton and the CSM.^1 We compare in a rather model independent way the results of such an extended analysis with the KKLT results obtained under the decoupling assumption. Secondly, we carefully analyze the pattern of supersymmetry breaking in our extended framework. We shall see that a meaningful statement about the soft supersymmetry breaking terms is only possible once all the moduli are stabilized. The soft terms show an unexpectedly rich structure already in the (decoupled) KKLT limit and even more so in the general set-up.

We adopt the same assumptions for the supergravity analysis as in KKLT. In particular, we assume that the expectation values of T and S are large. In the region of large S and T , there are simple formulae for the defining functions of supergravity: the Kähler potential K, the gauge kinetic function f and the superpotential W . We concentrate on two specific schemes: (D3/7), the original KKLT scenario in type-IIB theory with matter on D3 [1] and/or D7 branes [6] and (H), a heterotic theory with flux stabilization on a non-Calabi-Yau manifold [7] and gaugino condensation [8].

Our results can be summarized as follows (all within the approximation stated above):

• In the first step (flux compactification without gaugino condensation) there are stable minima but there remains an unstabilized modulus (the flat direction T in the type- IIB case or the runaway direction S in the heterotic case),

• After inclusion of gaugino condensation the existence of local (supersymmetric) minima in the large S, T region is not guaranteed in all cases. It depends strongly on the model under consideration. In models without complex structure moduli, there do not exist stable supersymmetric AdS minima in the large S, T region. We find, with a quite general uplifting potential that for D3/7 a stable minimum does not exist also after uplifting. Thus, in D3/7 models without CSM the KKLT procedure of decoupling S is inconsistent. For the heterotic model, a stable minimum does exist after uplifting.

• In models with CSM, we derive the conditions on the (effective) superpotential that allow for the existence of the supersymmetric AdS vacuum, with all moduli stabilized. These conditions are restrictive but more general than the decoupling limit of KKLT. Therefore, the KKLT mechanism of stabilization works for a more general class of models than those in which both CSM and S can be decoupled. The same conditions are sufficient for the existence of a stable local minimum after uplifting.

1A similar extension of the KKLT scenario has been considered in ref. [5].

– 2 –

• For the effective superpotential satisfying the conditions allowing for a stable minima, we discuss the supersymmetry breaking parameters F_S and F_T . We find that several other options than the KKLT limit F_S ≪ F_T ≪ m_{3/2} are possible, with potentially interesting consequences for phenomenology.

We stress here again that these results are obtained within the supergravity approximation and the assumptions concerning K, f and W as given explicitly in section 2, where we set up our notation and review the mechanism of KKLT. Section 3 is devoted to an analysis of the simplest case, with just the dilaton S, one Kähler modulus T and no complex structure moduli Z_i. In section 4 we include complex structure moduli in a rather model independent way. Section 5 contains an analysis of supersymmetry breaking soft terms in the uplifted minima and the consequences for realistic model building. Conclusions and outlook follow in section 6. In the present paper we shall try to avoid the presentation of detailed technicalities of the calculations. These will be relegated to a future publication where also more examples are presented.

2. Supergravity description of flux compactifications

2.1 Notation and conventions We concentrate on the case with the dilaton S, a Kähler modulus T and complex structure moduli Z_i. Matter superfields are denoted by Q. We assume to be in a region of large S and T . Let us start with the D3/7-system [9, 10, 11]. The Kähler potential is assumed to be K = − log(S + S − |Q_7|^2) − 3 log(T + T − |Q_3|^2) + K̃(Z_i, Z_i) (2.1) where Q_3, Q_7 denote matter multiplets on the D3, D7 branes, respectively. The gauge kinetic functions are f_3 = S or f_7 = T (2.2) for gauge bosons on the D3 or D7 branes. The superpotential is given by

W = W (S, Z_i) + C exp(−aT ) + W (Q_3, Q_7) , (2.3)

where C and a are constants. The term C exp(−aT ) represents nonperturbative effects as explained in KKLT. When analyzing the potential we look for minima where Q_7 and Q_3 scalars (and therefore W (Q_i) as well) do not receive nontrivial vacuum expectation values. These minima coincide in the two cases D3 and D7, while the consequences for the soft supersymmetry breaking terms might differ.

In the heterotic case (H) we have

K_H = − log(S + S) − 3 log(T + T − |Q_H |^2) + K(Z_i, Z_i) f_H = S W = W (T, Z_i) + C exp(−aS) + W (Q_H ) , (2.4)

where C exp(−aS) comes from gaugino condensation in the hidden sector and W (T, Z_i) comes from nontrivial fluxes on specific non-Calabi-Yau manifolds [7]. As an example we consider here the compactification on half-flat manifolds as given in ref. [12].

– 3 –

2.2 The proposal of KKLT

The authors of ref. [1] consider the D3/7 case and assume that the dilaton and complex structure moduli are heavy compared to T , such that they can be integrated out leaving a constant contribution W_0 to the effective low-energy superpotential W_{eff} = W_0 + C exp(−aT ). This leads to a potential with a supersymmetric AdS minimum in which the (last) modulus T is fixed as well. To this end, they add an uplifting potential ΔV (T, T ) that breaks supersymmetry and allows a local minimum at a (fine tuned) small positive vacuum energy. The same proposal can be realized in the heterotic case where T , Z_i are integrated out and S is fixed by gaugino condensation.

One might now be interested in the analysis of the mechanism of supersymmetry breakdown and the properties of the soft terms. The sources of supersymmetry breakdown are vacuum expectation values (vevs) of the auxiliary components of the moduli superfields: F_S , F_T and F_{Zi} , and also the auxiliary component of the 4D supergravity multiplet. In the KKLT scheme, however, all but one of the moduli have been integrated out. Therefore meaningful statements can only be made for F_T in the D3/7 case (or F_S in the heterotic case). The information on the remaining moduli is hidden in W_0. For a full analysis of the nature of supersymmetry breakdown we would have to go a step back to a more fundamental level and “integrate in” the other moduli. Only then can we make meaningful statements about the relation of the values of the various auxiliary fields and check if the assumption about integrating out S was consistent.

3. The two modulus case: S and T

The simplest setup is offered by models without complex structure moduli (CSM) Z_i. Alternatively one might consider models where the complex structure moduli have been integrated out. Later, however, we shall see that this mechanism of integrating out moduli might be problematic and therefore we here explicitly assume the absence of CSM. We shall treat the two cases separately.

3.1 Type-IIB case: D3/7

We consider the D3/7 system with two moduli T = t + iτ and S = s + iσ with the Kähler potential and superpotential given by:

K = −3 log(T + T ) − log(S + S) , W = A + BS + Ce^{−aT} (3.1)

where A, B, C and a are constants. The exponent a is real and positive. For simplicity we choose parameters A, B and C to be real (the results in the general case are unchanged). We choose B and C in such a way that B · C < 0. Then we may restrict our analysis to the stationary point with vanishing axion vevs τ = σ = 0 (for positive B · C we can just shift τ by π/a).

The supersymmetric stationary point of the potential can be found by solving the equations F_S = F_T = 0, where F_X ≡ −e^{K/2}(K^{′′})^{−1Y}_X D_Y W , D_Y W ≡ (^{∂K}_{∂Y} W +^{∂W}_{∂Y} ). It

– 4 – occurs for the values of s and t satisfying the constraints: Ce^{−at} A = − 3 at + 3 , Bs A = at at + 3 . (3.2)

These constraints can be solved for s and t with the help of the Lambert W function but the above form is more useful for our analysis. In the following we will assume that the parameters of the superpotential are such that the supersymmetric stationary point at large positive values of at and s (of order 10 or larger) does exist.

In order to determine the nature of the stationary points we have to consider the second derivatives of the potential V_0 at those points. The explicit calculation shows, that all mixed real-imaginary derivatives vanish^{∂2V0}_{∂t∂τ} =^{∂2V0}_{∂t∂σ} =^{∂2V0}_{∂s∂τ} =^{∂2V0}_{∂s∂σ} = 0 and the second derivative matrix splits into two 2 × 2 matrices, V^{′′}_{0M} and V^{′′}_{0A}. After inserting the relations (3.2) we find that all diagonal entries in these matrices are positive. Nevertheless both the moduli and the axionic mass matrix has one positive and one negative eigenvalue. The instability can be easily seen by calculating the determinant of these matrices

det V^{′′}_{0M} = −

3B^4 32M^4_p s^4t^8

(4a^2t^2 + 13at + 10) ,

det V^{′′}_{0A} = −

3B^4 32M^4_p s^4t^8 at(4at + 3) (3.3)

which are negative for all at > 0. We conclude that the supersymmetric point is a saddle point with instabilities along the moduli and axionic directions. One can also check that other, non-supersymmetric extrema of V_0 are also saddle points. Furthermore, there exist directions in the (t, τ, σ) field space for which lim_{s→0}+ V_0 = −∞ and the potential is unbounded from below. This limit is, of course, outside the validity of the perturbative supergravity approximation. Still we can conclude that within the region of large S and large T there are no local minima. All the stationary points are saddle points.

This shows that in this case the mechanism of KKLT faces problems. The difference can be explained in the following way. KKLT first considered the case with C = 0 and a fixed dilaton. Then they integrated out the dilaton before they included the gaugino condensate (assuming implicitly that m_s , m_σ ≫ m_t , m_τ ). The mass of the dilaton, however, still depends on the T -modulus and therefore this procedure is not necessarily justified. Our analysis keeps S as well as T after including the gaugino condensate and shows that the assumption of KKLT is not justified at this level, as the masses of S and T are comparable.

In principle, of course, one might say that even in the absence of (supersymmetric) AdS minima one might arrive at a stable situation after uplifting. We study a quite general lifting potential of the form:

ΔV = D (T + T̄ )^{nt} (S + S̄)^{ns}

(3.4)

and consider the potential V = V_0 + ΔV . We assume that the exponents n_t and n_s are positive or zero integers. We look for solutions of the equations^{∂V}_{∂T} =^{∂V}_{∂S} = 0 with the parameter D fine-tuned such that V = 0 (or a small positive value). Such analysis shows

– 5 – that the situation in the D3/7 cases remains unstable. We do not find any stable uplifted vacua in the limit of large at. Both moduli and axionic instabilities persist, independently of the exponents in the lifting potential. In some cases there exist stable vacua at the small value of the moduli, at ∼ 1, but in this region the perturbative approximation of the potential might not be reliable.

3.2 Heterotic case: H We perform the similar analysis in the heterotic case. Here we take

K = −3 log(T + T ) − log(S + S) , W = A + BT + Ce^{−aS} . (3.5) The supersymmetric stationary points exist if the parameters satisfy the constraints: C·A > 0, B · A < 0 and |C| ≫ |A|. They occur for the values of s and t satisfying the conditions: Ce^{−as} A = 1 as − 1 , Bt A = − 3as as − 1 . (3.6)

Again the second derivative matrix at the stationary point splits into two 2 × 2 blocks with all diagonal entries positive. This time the moduli matrix V^{′′}_M has two positive eigenvalues for as > 2. But the instability is present in the axionic sector - the determinant of V^{′′}_A is negative for as > 0. We conclude that the supersymmetric point is a saddle point with an instability along the axionic direction. One can also check that other, non-supersymmetric extrema of V_0 are also saddle points. Therefore for the heterotic system as well we do not obtain local minima in the region of validity of our approximation. The behavior of the limiting values of the potential is similar to that in the D3/7 case. There are directions in the moduli space for which the potential is unbounded from below for s → 0^+.

Note, however, that the situation is somewhat different than for the D3/7 systems which have both moduli and axionic instabilities at the supersymmetric point. Moreover, the character of the axionic mass matrix can be changed by a small perturbation of the vacuum solution in eq. (3.6). Whether the stationary point is a minimum or a saddle point depends on the determinant of this matrix, which vanishes in the leading order in 1/(as). The unstable character of the supersymmetric stationary point is determined only by the subleading terms.

As we have seen, the supersymmetric stationary points in the heterotic case are only marginally unstable. Thus small corrections to the Kähler potential might lead to stable minima, while this is not possible in the D3/7 case. In fact it can be shown that any correction to K making (∂_T K)^2/∂^2_T K > 3 can lead to a stable supersymmetric AdS minimum. In this regard, an interesting possibility is to have the higher order sigma model correction yielding K = − ln [ (T + T̄ )^3 + E ] where E is a positive constant depending on the topological data of the underlying compact manifold [13]. We have analyzed this case as well as other modifications of the Kähler potential which will be presented in a future publication.

The lifting potential can also provide for a small correction to the vacuum solution and, under certain conditions, the stationary points could become stable minima. We add

– 6 – the lifting potential of eq. (3.4) and look for vacuum solutions in the large as limit and with vanishing cosmological constant. For n_t ≠ 1 the solution for which C exp(−at)/A behaves as 1/(as) (similarly as the supersymmetric solution) reads: Ce^{−as} A = (n_t − 4) 4(n_t − 1) 1 as + O ( 1 (as)^2 ) , Bt A = − 3(n_t − 2) 2(n_t − 1) + O ( 1 as ) . (3.7)

Only for n_t = 0 the above solution coincides with the supersymmetric solution (3.6) in the large as limit. For n_t > 1 the lifted solution is shifted with respect to the supersymmetric solution already at the leading order in 1/(as). The moduli directions stay stable for n_t < 1. For n_t > 1 the moduli potential develops a saddle point instability (the case n_t = 1 is more complicated and will be analyzed fully elsewhere). Calculating the determinant of the axionic mass matrix we find that for n_t = 0 the axionic direction is also stable as long as n_s ≥ 1.

4. Inclusion of the complex structure moduli

4.1 Type-IIB case: D3/7

We now include CSM Z_i in the analysis. That is we study the system described by

K = −3 log(T + T ) − log(S + S) + K̃(Z_i, Z̄_i) , W = W_{flux} + Ce^{−aT} = A(Z_i) + B(Z_i)S + Ce^{−aT} . (4.1)

In this case W_{ij} =^{∂2Wflux}_{∂Zi∂Zj} and W_{iS} =^{∂2Wflux}_{∂Zi∂S} at supersymmetric vacuum are non-vanishing in general [14]. If W_{ij} > W_{iS}, Z_i can be integrated out first, leaving an effective superpotential for S. In the following, we consider such situation that Z_i are heavy enough to be integrated out, while m_S has an arbitrary value between m_{Zi} and m_{3/2}.

The resulting effective superpotential W^S_{eff} [S] depends on the precise form of A(Z_i) and B(Z_i). We parametrize our ignorance by assuming that integrating out Z_i leaves some general function of S in the effective superpotential. Of course one might have assumed that the case discussed in the previous section, with W^S_{eff} = A + BS, has been obtained after integrating out CSM. We have already learned that the conclusions of KKLT do not hold in this specific case. We will study the equations of motion for general W^S_{eff} [S] and determine the conditions that W^S_{eff} must satisfy in order to arrive at a stable vacuum. In the next section we also study the dependence of soft breaking terms on W^S_{eff} . Thus, we consider the supergravity setup defined by:

K = −3 log(T + T ) − log(S + S) , W = W^S_{eff} [S] + Ce^{−aT} . (4.2)

Again, for simplicity we assume that C and W_{eff} [s] are real. The supersymmetric stationary points occur for s and t satisfying the constraints: Ce^{−at} W^S_{eff} = − 3 3 + 2at , sW^S_{eff}^′ W^S_{eff} = at 3 + 2at

. (4.3)

– 7 –

To determine the character of the stationary point we must study the second derivatives. The relevant parameter here is γ defined as: γ ≡ s W^S_{eff}^{′′} W^S_{eff}^′

(4.4)

with s satisfying the constraints (4.3). The second derivative matrices after inserting the relation (4.3) read:

V^{′′}_{0M} =

W^S_{eff}^{′2} 8M^2_p st^5 [ 3s^2(4a^2t^2 + 10at + 7) 3st(2at + 3 − 2γ) 3st(2at + 3 − 2γ) t^2(1 − 2γ + 4γ^2) ] (4.5)

for the moduli (t, s) and

V^{′′}_{0A} =

W^S_{eff}^{′2} 8M^2_p st^5 [ 3s^2(4a^2t^2 + 6at + 3) 3st(2at + 1 − 2γ) 3st(2at + 1 − 2γ) t^2(1 + 2γ + 4γ^2) ] (4.6)

for the axions (τ, σ). All diagonal entries are manifestly positive. Whether a stationary point is a minimum or a saddle point depends on the signs of the determinants. The general conditions for positivity of the determinants are rather complicated. The case γ = 0 was studied in the previous section and we found instabilities in both axionic and moduli direction. Therefore the KKLT setup with a simple linear superpotential W^S_{eff} [S] = A + BS is inconsistent. Stability can be achieved only when the second derivative of the S-dependent effective superpotential at the minimum s^2W^S_{eff}^{′′} is at least comparable to W^S_{eff} and sW^S_{eff}^′, that is for γ of order one or bigger. In particular, in the large (a t) limit the stability condition is very simple:

|γ| > 1 (4.7)

For γ ≫ 1 and γ ≫ at the S modulus becomes much heavier than T and is decoupled. This is the KKLT limit. For γ → ∞ we should recover all the results of KKLT. The actual magnitude of γ depends on the flux compactification model under consideration. Note that, by vacuum equations (4.3), large at of order 10 implies C ≫ sW^S_{eff}^′, thus W^S_{eff}^′ must be suppressed with respect to the string scale, such that sW^S_{eff}^′/C < 10^{−3}. This can be achieved if the flux parameters are appropriately fine-tuned or if there exist some hierarchy of parameters in W^S_{eff} . In the former case one would expect γ ≫ 1 (unless another fine-tuning makes W^S_{eff}^{′′} suppressed as well), in the latter case γ ∼ 1 can be natural.

In order to arrive at a vacuum with a vanishing (or small positive) cosmological constant we include the lifting potential eq. (3.4). The analysis is quite complicated and we shall restrict ourselves to consider only the large (a t) limit (which includes the KKLT limit when γ ≫ at). In the former case, after eliminating D and t we find the vev of s is given by the solution of the equation

(n_s −1)W^S_{eff}^2 +2s(n_s +1)W^S_{eff} W^S_{eff}^′ −2n_ss^2W^S_{eff}^{′2} +2s^2W^S_{eff} W^S_{eff}^{′′} −4s^3W^S_{eff}^′W^S_{eff}^{′′} = 0 . (4.8)

– 8 –

This can be easily solved for W^S_{eff} to give the vacuum solution in a form similar to eq. (4.3). The most compact form is obtained for n_s = 1 and in the following we restrict to this case (for n_s ≠ 1 there is no qualitative difference). In this special case we get: Ce^{−at} W^S_{eff} = − 3 2at + O ( 1 (at)^2 ) , sW^S_{eff}^′ W^S_{eff} = 2 + γ 1 + 2γ + O ( 1 at ) . (4.9)

The stability condition is somewhat more complicated (it depends also on W^S_{eff}^{′′′}) but generically it requires γ ≳ 1 as in the AdS_4 vacuum. We see that, in general, even in the large (at) limit the lifted vacuum is shifted with respect to the position of the supersymmetric AdS_4 vacuum, see eq. (4.3). Only for γ ≫ 1 the position of the lifted vacuum coincides with that of the supersymmetric vacuum (in fact eqs. (4.9) hold for arbitrary n_s then). The lifted vacuum is always stable in this limit.

4.2 Heterotic case: H One can do the analogous analysis for the heterotic case defined by

K = −3 log(T + T ) − log(S + S) , W = W^T_{eff} [T ] + Ce^{−aS} (4.10)

where W^T_{eff} [T ] represents the T -dependent part of the superpotential after integrating out the CSM. The supersymmetry preserving configurations satisfy the following conditions for the moduli t and s: Ce^{−as} W^T_{eff} = − 1 1 + 2as , t W^T_{eff}^′ W^T_{eff} = 3as 1 + 2as

. (4.11)

The character of those stationary points depends on the second derivative matrices which are given by

V^{′′}_{0M} =

W^T_{eff}^{′2} 72M^2_p s^3t^3 [ 3s^2(4η^2 − 10η + 7) 3st(2as + 3 − 2η) 3st(2as + 3 − 2η) t^2(4a^2s^2 + 2as + 1) ] , (4.12)

V^{′′}_{0A} =

W^T_{eff}^{′2} 72M^2_p s^3t^3 [ 3s^2(4η^2 − 6η + 3) 3st(2as + 1 − 2η) 3st(2as + 1 − 2η) t^2(4a^2s^2 − 2as + 1) ] (4.13)

where t and s satisfy conditions (4.11) and the parameter η is defined by η ≡ tW^T_{eff}^{′′} W^T_{eff}^′

. (4.14)

After calculating determinants of the above matrices we find that in the leading order in 1/(as) the supersymmetric stationary points (4.11) are stable minima for

|η − 1| > 1 . (4.15)

One can see that in the absence of CSM the heterotic model with η = 0 is just at the border of the (in)stability region.

– 9 –

The supersymmetric stationary points (stable or not) satisfying eq. (4.11) have negative vacuum energy. We can lift them to zero or small positive value by adding the lifting potential of the form (3.4). The conditions for the minima with vanishing energy are in general quite complicated. In the leading order in 1/(as) the values of the moduli s and t at such minima (for n_t ≠ 3) satisfy: Ce^{−as} W^T_{eff} = − 1 2as + O ( 1 (as)^2 ) , tW^T_{eff}^′ W^T_{eff} = 3(2 − n_t − η) 4 − n_t − 2η + O ( 1 as ) . (4.16)

These conditions coincide in leading order with the conditions before lifting given by eq. (4.11) only for n_t = 0 or in the large η limit.

5. Soft supersymmetry breaking terms

In this section, we discuss the soft SUSY breaking terms in various setups we have considered so far. We will concentrate on soft terms induced by the auxiliary components of S, T and the 4D supergravity multiplet under the assumption that CSM are heavy enough to be ignored. We also ignore the soft terms that might possibly be induced by the direct couplings between the visible sector and the uplifting sector.

Before presenting the results for the vevs of the auxilary components in KKLT compactifactions let us summarize the important facts about supersymmetry breaking mediation in supergravity [15, 16, 17]. The auxiliary component of 4D supergravity multiplet can be parameterized by a chiral compensator ϕ = 1 + θ^2F̂_ϕ whose F -component is given by

F̂_ϕ = m_{3/2} + 1 3 F_A∂_AK = m_{3/2} − 1 3 F̂_S − F̂_T , (5.1)

where F̂_A = F_A/(A + Ā). The auxiliary component F̂_ϕ can induce soft terms (other than B) only at loop-level by the mechanism of anomaly mediation [16]. As we will see, in some interesting limits of flux compactifications, F̂_ϕ is bigger than F̂_{S,T} by one or two orders of magnitudes, e.g. F̂_ϕ = O (8π^2F̂_{S,T} ). In this case, the loop-induced soft terms associated with F̂_ϕ can be equally important as the dilaton and/or modulus-mediated soft terms at tree-level.

To accomodate the loop-induced soft terms, let us consider the superspace lagrangian of the visible fields which includes quantum corrections at the compactification scale M_c:

L_{visible} = ∫ d^4θ [ Y_iQ̄_iQ_i + 1 16 ( G_aW^{aα} D^2 ∂^2

W^a_α + h.c )] + + [∫ d^2θ 1 6 λ_{ijk}Q_iQ_jQ_k + h.c ] , (5.2)

where the holomorphic Yukawa couplings λ_{ijk} are assumed to be moduli-independent constants. At tree level, G_a corresponds to the holomorphic gauge kinetic function f_a. In 4D supergravity, the superspace lagrangian of a Kähler potential K is given by ∫ d^4θ[−3e^{−K/3}], thus Y_i = (S + S̄)^{1/3}(T + T̄ )Z_i ,

– 10 – for K = − ln(S + S̄) − 3 ln(T + T̄ ) + Z_iQ̄_iQ_i. From (2.1), (2.2) and (2.4), one easily finds the tree-level expressions of G_a and Y_i for the D3,D7 and heterotic matter/gauge fields:

G^{(0)}_3 = G^{(0)}_H = S , G^{(0)}_7 = T,

Y^{(0)}_3 = Y^{(0)}_H = (S + S̄)^{1/3} , Y^{(0)}_7 = (S + S̄)^{−2/3}(T + T̄ ) , (5.3)

where the superscript (0) means the tree-level result.

The physical gauge and Yukawa couplings renormalized at M_c are given by 1 g^2_a

= Re(G_a) , y_{ijk} = λ_{ijk} √ Y_iY_jY_k . (5.4)

Let us define the canonically normalized gaugino masses, A-parameters and scalar masses as 1 2 M_aλ^aλ_a − 1 2 m_i^2 | |Q̃i | |^2 − 1 6 A_{ijk}y_{ijk}Q̃_iQ̃_jQ̃_k + h.c. . (5.5)

Generically these soft masses are given by

M_a = c^S_a F̂_S + c^T_a F̂_T + c^ϕ_aF̂_ϕ , A_{ijk} = a^S_{ijk}F̂_S + a^T_{ijk}F̂_T + a^ϕ_{ijk}F̂_ϕ , m^2_i = h^{SS̄}_i | |F̂_S | |^2 + h_T¯_{Ti} | |F̂_T | |^2 + (h_S¯_T F̂_S ^̄F_T + h.c) + +h^{ϕϕ̄}_i | |F̂_ϕ | |^2 + (hS^¯ϕ_i F̂_S ^̄F_ϕ + hT^¯ϕ_i F̂_T ^̄F_ϕ + h.c) . (5.6)

In our case including the limit with F̂_ϕ = O(8π^2F̂_{S,T} ), the dominant parts of soft masses at M_c can be determined by the tree-level values of c^A_a , a^A_{ijk} and h^{AB̄}_i (A, B = S, T ), the one-loop values of c^ϕ_a , a^ϕ_{ijk} and h^{Aϕ̄}, and also the two-loop values of h^{ϕϕ̄}_i . Inserting (5.3) into the superspace lagrangian (5.2), we find the following tree-level results for the D3,D7 and heterotic matter/gauge fields [15]:

c^S_3 = c^S_H = 1 , c^T_3 = c^T_H = 0 , c^S_7 = 0 , c^T_7 = 1 , a^A_{ijk} = κ^A_i + κ^A_j + κ^A_k , h^{AĀ}_i = κ^A_i , h^{AB̄}_i = 0 (A ≠ B) , (5.7)

where κ^S_3 = κ^S_H = 1 3 , κ^T_3 = κ^T_H = 0 , κ^S_7 = − 2 3 , κ^T_7 = 1 .

The one-loop values of c^ϕ_a and a^ϕ_{ijk} and the two-loop values of h^{ϕϕ̄}_i correspond to the wellknown anomaly-mediated soft terms [16]: c^ϕ_a corresponds to the one-loop beta function coefficient^{dga}_{d ln μ} = c^ϕ_a g^3_a, while a^ϕ_{ijk} = −^1_2 (γ_i + γ_j + γ_j ) and h^{ϕϕ̄}_i = −^1_4^{dγi}_{d ln μ} where γ_i =^{d ln Yi}_{d ln μ} is the anomalous dimension of Q_i. These anomaly-mediated soft masses can be most easily computed by including the ϕ-dependent one-loop corrections of G_a and Y_i in the superspace lagrangian (5.2) [16, 17]:

Re(G_a) = Re(f_a) − 1 16π^2 ( 3T_a(Adj) − ∑ i T_a(Q_i) ) ln ( ϕϕ̄ μ^2 ) + · · · , (5.8)

ln (Y_i) = ln ( Y^{(0)}_i ) − 1 32π^2 4 ∑ a T_a(Q_i) Re(f_a) − ∑ jk |λ_{ijk}|^2 Y^{(0)}_i Y^{(0)}_j Y^{(0)}_k ln ( ϕϕ̄ μ^2 ) + · · · ,

– 11 – where T_a denotes the quadratic Casimir and the ellipses stand for the ϕ-independent (but generically moduli-dependent) loop corrections which are not relevant for us. These ϕdependent parts of G_a and Y_i determine h^{Aϕ̄} also as

Δm^2_i ≡ h^{Sϕ̄}F̂_S ^̄F_ϕ + h^{T ϕ̄}F̂_T ^̄F_ϕ + h.c = 1 32π^2 ∑ jk |y_{ijk}|^2A^{(0)}_{ijk} − 4 ∑ a g^2_aT_a(Q_i)M^{(0)}_a

^̄F_ϕ + h.c , (5.9)

where M^{(0)}_a = c^S_a F̂_S + c^T_a F̂_T and A^{(0)}_{ijk} = a^S_{ijk}F̂_S + a^T_{ijk}F̂_T are the tree-level gaugino masses and A-parameters.

Let us now discuss the relative ratios between F̂_S , F̂_T and F̂_ϕ that we found in KKLT compactifications. For the D3/7 system in the limit at ≫ 1 with n_s = 1, we find

m_{3/2} ≈ sW^S_{eff}^′ 2M^2_p

1 + 2γ 4 + 2γ s^{−1/2}t^{−3/2} , F̂_S ≈ − 3 1 + 2γ m_{3/2} ,

F̂_T ≈ 1 at 6 − n_t + γ(3 + 2n_t) + 2γ^2n_t (1 + 2γ)^2 m_{3/2} . (5.10)

From (4.9), one easily finds at ∼ ln(M_p/m_{3/2}). If m_{3/2} is of the order of the TeV scale then at can be as large as 35. In such case, 1/at is comparable to the one-loop suppression factor, at = O(8π^2). The above results show that F̂_S = O(m_{3/2}) and F̂_T = O(m_{3/2}/at) for γ ∼ 1. In this case, all soft terms on D3 brane and also the scalar masses on D7 brane are dominated by the contributions from F̂_S , while the gaugino masses and A-parameters on D7 branes receive equally important contributions from F̂_T and F̂_ϕ.

On the other hand, in the KKLT limit of the D3/7 system in which m_S ≫ m_T and thus |γ| ≫ at, one always finds (for arbitrary n_s) F̂_T = O(m_{3/2}/at) and |F̂_S | ≪ |F̂_T |. Thus in the KKLT limit with weak scale supersymmetry in which at ∼ ln(M_p/m_{3/2}) = O(8π^2), soft terms on D3 brane are dominated by anomaly-mediation, while those on D7 brane are dominated by the equally important contributions from F̂_T and F̂_ϕ.

In the heterotic case without CSM, we were also able to find a stable vacuum solution after including the lifting potential. Here the pattern of soft breaking terms is different. For n_t = 0 and as ≫ 1, we find

m_{3/2} ≈ A 2M^2_p s^{−1/2}t^{−3/2} , F̂_S ≈ − 1 as 3n_s 2 m_{3/2} ,

F̂_T ≈ 1 as 3n_s 8 m_{3/2} . (5.11)

Again (3.7) indicates as ∼ ln(M_p/m_{3/2}). Although F̂_S ∼ F̂_T , the soft masses from F̂_T appear only at higher orders in either string loop expansion or α^′-expansion due to the no-scale nature. Thus, in this heterotic setup with weak scale supersymmetry, soft masses are dominated by the equally important contributions from F̂_S and F̂_ϕ.

– 12 –

For the heterotic case with CSM and the lifting potential with n_s = 1, supersymmetry breaking parameters for as ∼ ln(M_p/m_{3/2}) ≫ 1 are given by

m_{3/2} ≈ tW^T_{eff}^′ 12M^2_p 4 − n_t − 2η 2 − n_t − η s^{−1/2}t^{−3/2} , F̂_S ≈ 1 as 3(2 − n_t − η) 4 − n_t − 2η m_{3/2} , F̂_T ≈ n^t 4 − n_t − 2η m_{3/2} . (5.12)

For η ∼ 1 and n_t ≠ 0, we have F̂_T = O(m_{3/2}), while F̂_S = O(m_{3/2}/as). In this case, all of F̂_S , F̂_T and F̂_ϕ give similar contributions to soft masses. On the other hand, in the KKLT limit of heterotic set up in which m_T ≫ m_S and thus |η| ≫ 1, soft terms are dominated by the equally important contributions from F̂_S and F̂_ϕ. This feature is very similar to the D3/7 case if we interchange s with t and γ with η.

6. Conclusions and outlook

We have extended the KKLT approach to moduli stabilization by explicitly including the dilaton (or T in the heterotic model) and the complex structure moduli into the effective supergravity theory. The conditions on the effective superpotential for the dilaton (or T ) field have then been derived that allow for the existence of supersymmetric AdS vacua and a stable minimum after supersymmetry breaking and uplifting of the scalar potential. These conditions provide restrictions on the CSM and the flux configurations once explicit string models are constructed. However, they admit a much more general class of models than those in which the dilaton S (Kähler modulus T in the heterotic case) can be decoupled. In consequence, the pattern of supersymmetry breaking as given in equations (37-39) can be much richer than F_S ≪ F_T ≪ m_{3/2} (as in the KKLT limit where anomaly mediation plays an important role) and there are regions of parameter space in which tree-level mediation becomes dominant. Therefore a generalization of the scheme beyond the KKLT limit seems to be required before definite conclusions can be drawn. A more complete discussion of this situation together with the full technical details will be the subject of a future publication [18].

Acknowledgments

K.C. and H.P.N. would like to thank Gary Shiu for interesting discussions. This work was partially supported by the EU 6th Framework Program MRTN-CT-2004-503369 “Quest for Unification” and MRTN-CT-2004-005104 “ForcesUniverse”. K.C. is supported by Korean KRF PBRG 2002-070-C00022. A.F. was partially supported by the Polish KBN grant 2 P03B 129 24 for years 2003-2005. M.O. was partially supported by the Polish KBN grant 2 P03B 001 25 for years 2003-2005. S.P. would like to thank Hans Peter Nilles (Bonn) and Jan Louis (Hamburg) for their hospitality. His visits to the University of Bonn and University of Hamburg were possible thanks to a “Forschungs-Preis” of the A. von

– 13 –

Humboldt Foundation. A.F. would like to thank DESY (Hamburg) for hospitality and acknowledge A. von Humboldt Foundation Research Fellowship that made possible his stay at DESY. K.C. and H.P.N. acknowledge the support of the Aspen Center for Physics during the early stages of this work.

Note added. While completing this work we became aware of a paper by Kallosh and Linde [19] where the simplest KKLT version has been modified. Also this version is formulated in the KKLT limit (|γ| ≫ at) and should be generalized along the lines discussed above before the full picture of the pattern of supersymmetry breakdown can be analyzed.

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] J.P. Derendinger, L.E. Ibáñez and H.P. Nilles, On the low-energy D = 4, N = 1 supergravity theory extracted from the D = 10, N = 1 superstring, Phys. Lett. B 155 (1985) 65; M. Dine, R. Rohm, N. Seiberg and E. Witten, Gluino condensation in superstring models, Phys. Lett. B 156 (1985) 55;

J.P. Derendinger, L.E. Ibáñez and H.P. Nilles, On the low-energy limit of superstring theories, Nucl. Phys. B 267 (1986) 365.

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

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

K. Becker and M. Becker, M-theory on eight-manifolds, Nucl. Phys. B 477 (1996) 155 [hep-th/9605053];

J. Michelson, Compactifications of type-IIB strings to four dimensions with non-trivial classical potential, Nucl. Phys. B 495 (1997) 127 [hep-th/9610151]; S. Gukov, C. Vafa and E. Witten, CFT’s from Calabi-Yau four-folds, Nucl. Phys. B 584 (2000) 69 [hep-th/9906070], erratum ibid. B 608 (2001) 477;

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

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];

G. Curio, A. Klemm, D. Lüst and S. Theisen, On the vacuum structure of type-II string compactifications on Calabi-Yau spaces with H-fluxes, Nucl. Phys. B 609 (2001) 3 [hep-th/0012213].

[5] 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].

[6] 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].

– 14 –

[7] K. Becker and K. Dasgupta, Heterotic strings with torsion, J. High Energy Phys. 11 (2002) 006 [hep-th/0209077];

S. Gurrieri, J. Louis, A. Micu and D. Waldram, Mirror symmetry in generalized Calabi-Yau compactifications, Nucl. Phys. B 654 (2003) 61 [hep-th/0211102]; G.L. Cardoso, G. Curio, G. Dall’Agata, D. Lust, P. Manousselis and G. Zoupanos, Non-kaehler string backgrounds and their five torsion classes, Nucl. Phys. B 652 (2003) 5 [hep-th/0211118];

K. Becker, M. Becker, K. Dasgupta and P.S. Green, Compactifications of heterotic theory on non-Kähler complex manifolds, I, J. High Energy Phys. 04 (2003) 007 [hep-th/0301161]; K. Becker, M. Becker, K. Dasgupta and S. Prokushkin, Properties of heterotic vacua from superpotentials, Nucl. Phys. B 666 (2003) 144 [hep-th/0304001]; G.L. Cardoso, G. Curio, G. Dall’Agata and D. Lüst, BPS action and superpotential for heterotic string compactifications with fluxes, J. High Energy Phys. 10 (2003) 004 [hep-th/0306088];

K. Becker, M. Becker, P.S. Green, K. Dasgupta and E. Sharpe, Compactifications of heterotic strings on non-Kähler complex manifolds, II, Nucl. Phys. B 678 (2004) 19 [hep-th/0310058].

[8] H.P. Nilles, Gaugino condensation and SUSY breakdown, hep-th/0402022.

[9] 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]; Flux-induced SUSY-breaking soft terms on D7-D3 brane systems, hep-th/0408036; L.E. Ibáñez, The fluxed MSSM, hep-ph/0408064.

[10] M. Grana, T.W. Grimm, H. Jockers and J. Louis, Soft supersymmetry breaking in Calabi-Yau orientifolds with D-branes and fluxes, Nucl. Phys. B 690 (2004) 21 [hep-th/0312232]; T.W. Grimm and J. Louis, The effective action of N = 1 Calabi-Yau orientifolds, Nucl. Phys. B 699 (2004) 387 [hep-th/0403067];

H. Jockers and J. Louis, The effective action of D7-branes in N = 1 Calabi-Yau orientifolds,

hep-th/0409098.

[11] D. Lüst, P. Mayr, R. Richter and S. Stieberger, Scattering of gauge, matter and moduli fields from intersecting branes, Nucl. Phys. B 696 (2004) 205 [hep-th/0404134]; D. Lüst, S. Reffert and S. Stieberger, Flux-induced soft supersymmetry breaking in chiral type-IIB orientifolds with D3/D7-branes, hep-th/0406092;

D. Lüst, S. Reffert and S. Stieberger, MSSM with soft SUSY breaking terms from D7-branes with fluxes, hep-th/0410074.

[12] S. Gurrieri, A. Lukas and A. Micu, Heterotic on half-flat, hep-th/0408121.

[13] K. Choi, Supersymmetry breaking for the observable sector in superstring models, Z. Physik C 39 (1988) 219;

A. Klemm and S. Theisen, Considerations of one modulus Calabi-Yau compactifications: Picard-Fuchs equations, Kähler potentials and mirror maps, Nucl. Phys. B 389 (1993) 153 [hep-th/9205041];

A. Font, Periods and duality symmetries in Calabi-Yau compactifications, Nucl. Phys. B 391 (1993) 358 [hep-th/9203084];

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

[14] J.P. Conlon and F. Quevedo, On the explicit construction and statistics of Calabi-Yau flux vacua, J. High Energy Phys. 10 (2004) 039 [hep-th/0409215].

– 15 –

[15] S.K. Soni and H.A. Weldon, Analysis of the supersymmetry breaking induced by N = 1 supergravity theories, Phys. Lett. B 126 (1983) 215;

V.S. Kaplunovsky and J. Louis, Model independent analysis of soft terms in effective supergravity and in string theory, Phys. Lett. B 306 (1993) 269 [hep-th/9303040]; A. Brignole, L.E. Ibáñez and C. Muñoz, Towards a theory of soft terms for the supersymmetric standard model, Nucl. Phys. B 422 (1994) 125 [hep-ph/9308271].

[16] L. Randall and R. Sundrum, Out of this world supersymmetry breaking, Nucl. Phys. B 557 (1999) 79 [hep-th/9810155];

G.F. Giudice, M.A. Luty, H. Murayama and R. Rattazzi, Gaugino mass without singlets, J. High Energy Phys. 12 (1998) 027 [hep-ph/9810442];

P. Binetruy, M.K. Gaillard and B.D. Nelson, One loop soft supersymmetry breaking terms in superstring effective theories, Nucl. Phys. B 604 (2001) 32 [hep-ph/0011081].

[17] N. Arkani-Hamed, G.F. Giudice, M.A. Luty and R. Rattazzi, Supersymmetry-breaking loops from analytic continuation into superspace, Phys. Rev. D 58 (1998) 115005 [hep-ph/9803290].

[18] K. Choi, A. Falkowski, H. P. Nilles, M. Olechowski and S. Pokorski, to appear.

[19] R. Kallosh and A. Linde, Landscape, the scale of SUSY breaking and inflation,

hep-th/0411011.

– 16 –