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1 Introduction

Supersymmetry (SUSY) breakdown in string theory often requires the presence of fluxes

and nonperturbative effects (like gaugino condensation) [1–5]. The complete picture, how-

ever, requires the fixing of many moduli fields. This might be relatively easy to fulfill in

the framework of type IIB theory. For instance, in the KKLT scenario [6] realized in type

IIB theory, three-form fluxes, gaugino condensation (or D-brane instantons) and a specific

uplifting mechanism lead to a picture where the gravitino mass and the soft supersymmetry

breaking terms can be determined explicitly [7, 8]. The smallness of the gravitino mass

(compared to the string and Planck scales) in the low energy effective supergravity theory

originates from a small constant term W0 in the superpotential.1 The mediation of SUSY

breakdown is a variant of gravity mediation. In the simplest case the contribution to the

soft terms is suppressed by the factor 1/ ln(MPlanck/m3/2) compared to the gravitino mass

m3/2 and radiative corrections such as anomaly mediation become competitive, leading to

a scheme called mirage mediation [8–12]. Then the scale of soft terms is set essentially by

m3/2, suppressed by a factor 1/ ln(MPlanck/m3/2) ∼ 1/4π2, and the gravitino mass should

thus be in the multi-TeV range.

Recently, alternative metastable local minima of the scalar potential in type IIB theory

have been analyzed. They are characterized by large compactification volume, leading to

the so-called large volume scenario (LVS) [13, 14]. An attractive feature of this scenario is

the fact that a small value of m3/2 does not require a small constant W0 in the superpoten-

tial, but can rather be the consequence of large volume suppression. With W0 ∼ O(1), we

have the approximate relation MPlanck/Mstring ∼ Mstring/m3/2. Values of m3/2 in the TeV

1In this picture, the uplifting potential is exponentially small as it arises from a SUSY breakdown at the

tip of warped throat, and then small W0 is required to tune the cosmological constant to a nearly vanishing

value.
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range would then require the string scale at an intermediate scale around 1011 GeV. There-

fore it might be difficult to incorporate the idea of grand unification (at a scale around

1016 GeV) in the large volume scenario.

Of course, a full understanding of the situation needs a reliable computation of soft

SUSY breaking terms and their relation to the gravitino mass. Recently it was realized

that nonperturbative superpotential for the visible sector 4-cycle generically involves the

standard model gauge-charged matter superfields, and therefore can not provide a po-

tential to stabilize the corresponding Kähler modulus [15]. It is therefore appropriate to

reexamine the issue of moduli stabilization in case that there is no nonperturbative su-

perpotential for the visible sector Kähler modulus Tv. For the KKLT-type setup, it has

been noticed that Tv can be successfully stabilized even in such case, as long as the model

admits a supersymmetric solution DTvW = (∂TvK)W = 0 [16, 17]. In this variant of the

KKLT setup, the Kähler moduli without nonperturbative superpotential are stabilized by

the uplifting potential, while the other Kähler moduli are stabilized by nonperturbative

superpotential as in the original KKLT scenario. Interestingly, both types of moduli get

a comparable F -component suppressed by 1/ ln(MPlanck/m3/2), although they are stabi-

lized by different dynamical mechanism [16, 17]. Including the contribution from anomaly

mediation, the soft terms in this setup take the mirage mediation pattern as in the origi-

nal KKLT case. One can consider a further generalization of this setup, incorporating an

anomalous U(1) gauge symmetry under which Tv transforms nonlinearly to implement the

Green-Schwarz anomaly cancellation mechanism. Then there can be additional D-term

contribution of O(m3/2/8π
2) to scalar masses, as well as more model-dependent gauge

mediation contribution of the comparable size, but the qualitative structure of soft terms

remains unchanged [18].

On the other hand, for LVS without nonperturbative superpotential of Tv, it has

been suggested in a recent paper [19] that the soft terms might be tiny compared to

m3/2, for instance msoft ∼ m
3/2
3/2/M

1/2
Planck or even as small as msoft ∼ m2

3/2/MPlanck. This

would then allow the gravitino mass as large as 1011 GeV and the string scale to be of

order of 1015 GeV, which would allow the incorporation of gauge coupling unification at

MGUT ∼ 1016 GeV [19] in the LVS scheme. In a more recent paper [20], however, it has

been argued that a mechanism of “moduli mixing” could destabilize this hierarchy and

bring the soft terms closer to the gravitino mass. This is reminiscent of similar discussions

in heterotic string theory (as well as Horava-Witten theory), where higher order corrections

to gauge kinetic functions and Kähler potential were shown to destabilize such hierarchies

between msoft and m3/2 [21–26].

In this paper we would like to analyze the large volume compactification and the asso-

ciated soft terms in a class of LVS-theories taking into account the potential “instabilities”

of this scenario. Throughout the discussion, we will assume that the moduli mixing consid-

ered in [20] indeed exists. Radiative corrections to the Kähler potential and the resulting

moduli mixings are shown to become important for the values of soft terms, completely

dominating the contributions of order msoft ∼ m
3/2
3/2/M

1/2
Planck discussed in [19]. We also

stress the importance of the D-terms along the visible sector 4-cycle in the LVS-models.
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They tend to dominate the soft scalar mass terms and give a contribution of the order of the

gravitino mass m3/2. Gaugino masses and A-parameters do not receive D-term contribu-

tions, and generically tend to be loop-suppressed, being of the order of O(m3/2/8π
2). With

these contributions from moduli mixings, if the gravitino mass were of the order of 1011 GeV

as conjectured in [19] (in order to accommodate the unification scale MGUT ∼ 1016 GeV

with W0 ∼ O(1)), severe fine-tuning of the Kähler potential at the multi-loop level would

be required to keep the soft terms in the TeV range. We would therefore argue that the

gravitino mass should not exceed the (multi)-TeV range.

This paper is organized as follows. In section 2, we revisit the LVS-scheme while

incorporating the moduli redefinition discussed in [20]. We also include a discussion of the

stability of the large volume solution in the presence of moduli mixing. Section 3 discusses

the D-term stabilization of the visible sector cycle with an explicit scheme to stabilize

the remaining D-flat direction which is parameterized in this case by U(1)A-charged (but

MSSM singlet) matter fields breaking a global Peccei-Quinn symmetry spontaneously. This

scheme naturally generates an intermediate axion scale in LVS, and can be implemented

in other scenarii with a high string scale close to the Planck scale. Section 4 is devoted to

the discussion of supersymmtry breakdown and resulting soft terms, and conclusions and

outlook will be given in section 5.

2 Large volume compactification with moduli mixing

In this section, we revisit the large volume scenario (LVS) while incorporating the loop-

induced moduli mixing discussed in [20]. To achieve a large compactification volume, one

needs at least two Kähler moduli, T1 and T2, where T1 describes a 4-cycle with large volume

and T2 stands for a small 4-cycle supporting non-perturbative effects such as D3 instantons.

An exponentially large vacuum value of t1 = T1 + T ∗
1 is obtained by the competition

between the α′-correction of O(1/t
3/2
1 ) and the D3 instanton effect of O(e−aT2), yielding

t
3/2
1 ∼ |eaT2 |. In 4D effective SUGRA of LVS, the 4D Planck scale MPlanck ≡ 1/

√
8πGN

and the cutoff scale Λ of local dynamics on small 4-cycle differ by certain powers of the

compactification volume. For instance, in type IIB theory we have

M2
Planck

M2
string

∼ VCY ∼ t
3/2
1 , (2.1)

where VCY denotes the Calabi-Yau volume in the string length unit with Mstring = 1, and

therefore Λ/MPlanck ∼ 1/t
3/4
1 for the local cutoff scale Λ ∼ Mstring. Generically there can

be radiative corrections localized on a small 4-cycle, which are controlled by a coupling

inversely proportional to the 4-cycle volume t2 = T2 + T ∗
2 , and also depend logarithmi-

cally on the local cutoff scale Λ. Since MPlanck is the natural mass scale of 4D effective

SUGRA, including those quantum corrections in the Kähler potential and/or the gauge

kinetic functions would require a redefinition of t2, involving ln(MPlanck/Λ) ∝ ln t1 [20] as

t2 → t̃2 = t2 − α2 ln t1, (2.2)

where α2 is a parameter representing the size of the quantum corrections that lead to the

above moduli-mixing. (Note that this is not a redefinition of the chiral superfield, but a
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redefinition of the scalar component of the chiral superfield.) In fact, a similar phenomenon

has been noticed in heterotic string/M theory context, i.e. a redefinition of the heterotic

string dilaton [27]

s → s − α ln t, (2.3)

which is required to accommodate the loop threshold correction to 4D gauge coupling [28]

where s = S + S∗ is the heterotic string dilaton and t = T + T ∗ is a Kähler modulus in

underlying heterotic string compactification. In the heterotic M -theory limit, s corresponds

to the small volume of 6D internal space, while t describes the large length of the 11-th

dimension. Then the heterotic redefinition (2.3) in the limit t ≫ s can have a similar

geometric interpretation as the type IIB field redefinition (2.2) in LVS.

To proceed, following [13, 14, 19], we assume that all complex structure moduli and

the string dilaton are stabilized by fluxes at a supersymmetric solution, and those flux-

stabilized moduli can be integrated out without affecting the subsequent stabilization of

Kähler moduli.2 In the following, unless specified, we set the 4D Planck scale (in the

Einstein frame) MPlanck = 1.

Since we are interested in the large volume limit t1 ≫ 1, it is convenient to expand

the Kähler potential of the model in (appropriate) powers of 1/t1. Then, after the dilaton

and complex structure moduli are integrated out, the Kähler potential and superpotential

of Ti (i = 1, 2) are given by [20]

K = −3 ln t1 +
2(t̃

3/2
2 − ξα′)

t
3/2
1

+ O
(

1/t31
)

W = W0 + Ae−aT2 , (2.4)

where

t̃2 = t2 − α2 ln t1 (ti = Ti + T ∗
i ). (2.5)

The parameter ξα′ in the Kähler potential represents the α′-correction, and α2 parame-

terizes the radiative corrections that lead to the loop-induced redefinition of t2. Here we

assume that Ae−aT2 is induced by D3 instantons, so

at2
2

= Euclidean action of D3 instanton. (2.6)

The constant W0 in the superpotential might arise from 3-form fluxes, and is assumed to

be of order unity in LVS. As we will see, for the model of (2.4), we have

m3/2

MPlanck
= eK/2|W | ∼ |W0|

t
3/2
1

∼ |Ae−aT2 | (2.7)

2Once Ti are stabilized at the SUSY-breaking vacuum, nonzero F -components of the dilaton and complex

structure moduli do appear as well. However their effects are subleading compared to those of F Ti in the

large volume limit t1 ≫ 1.
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regardless of the value of W0. As a result, the value of D3 instanton action is given by

at2
2

∼ ln(MPlanck/m3/2) ∼ 4π2 (2.8)

regardless of whether W0 ∼ O(1) or hierarchically small. On the other hand, with eq. (2.5),

α2/t2 corresponds to a loop suppression factor on small 4-cycle, and thus is expected to be

O(1/8π2), which implies

aα2 = O(1). (2.9)

With appropriate R-transformation and axionic shift Im(T2) → Im(T2)+ constant, we can

always make W0 and A to be real positive parameters. In the following, we will take such

a field basis in which W0 and A are real and positive.

Let us now examine the stabilization of Kähler moduli in the 4D effective SUGRA

model of (2.4). The scalar potential of the model is given by

VSUGRA = eK
{

KIJ̄DIW (DJW )∗ − 3|W |2
}

. (2.10)

Assuming t1 ≫ 1 and also at̃2 = O(8π2) as indicated by (2.8), we can solve the equations

of motion

∂t1VSUGRA = ∂t2VSUGRA = 0 (2.11)

to find

t
3/2
1

W0
=

eat2/2

aA
ξ
1/3
α′

(

3

2
− 21 + 8aα2

12at̃2
+ O

(

1

(at̃2)2

))

,

t̃
3/2
2 = ξα′

(

1 +
3 − 13aα2

3at̃2
+ O

(

1

(at̃2)2

))

, (2.12)

where the solution is expanded in powers of 1/at̃2. The above solution shows that t1 can

indeed have an exponentially large value for the parameter values given that at2 ≫ 1.

Using the above solution, we can find the following moduli mass spectrum:

m2
t1 ≈ (3 − aα2)

ξα′

at̃2

m2
3/2

t
3/2
1

, m2
a1

= 0,

m2
t2 ≈ m2

a2
≈ (at̃2)

2m2
3/2, (2.13)

implying that we need

aα2 < 3 (2.14)

in order for the solution (2.12) to be a local minimum.

On the other hand, the form of the Kähler potential and superpotential in (2.4) is

valid only when both t2 and t̃2 are positive in the convention that a is positive, which

– 5 –
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corresponds to the condition that both the D3 instanton action and the moduli Kähler

metric are positive. Combined with the vacuum solution (2.12), this leads to

3t̃2
t2

= 3 − aα2 +
2α2

t2

(

ln(1/w0) + O(1)
)

> 0. (2.15)

For the case with W0 ∼ O(1), since α2/t2 = O(1/8π2), the vacuum stability condi-

tion (2.14) is satisfied for most part of the parameter region satisfying the above condition.

Although W0 is assumed to be O(1) in usual LVS, it can be required to be hierarchically

small in order to accommodate both the gauge unification at 1016 GeV and the soft SUSY

breaking masses ∼ 1 TeV. For instance, in the presence of moduli mixing, our discussion in

the next section implies that sfermions in the visible sector can get a soft mass of O(m3/2)

from the D-term contribution, while the gaugino masses are of O(m3/2/8π
2). In this case,

demanding gauge unification at 1016 GeV and the weak scale size of gaugino masses, one

finds Mstring ∼ 1015 GeV and m3/2 ∼ 10 TeV, which correspond to t1 ∼ 103 and W0 ∼ 10−10

(see (2.1) and (2.7)). In such case of small W0, there can be a sizable part of parameter

space which satisfies (2.15), but is excluded by the stability condition (2.14).

For aα2 < 3, the large volume solution (2.12) corresponds to an AdS vacuum (at least

at tree level) as it gives the vacuum energy density

Vvacuum ≈ −(3 − aα2)
ξα′

at̃2

m2
3/2

t
3/2
1

. (2.16)

Then, to achieve a phenomenologically viable de-Sitter vacuum, one might need an uplifting

potential induced by additional sources of SUSY breaking.3 Since mt2 = O(8π2m3/2) as

indicated by (2.13), such an uplifting potential would not significantly affect the vacuum

solution along the t2-direction, however it can cause a large shift of t1, and even might

destabilize the solution.

Here we take a phenomenological approach, simply introducing an uplifting potential

inversely proportional to certain powers of the CY volume VCY:

∆Vlift =
D0

Vn0

CY

=
D0

t
3n0/2
1

(

1 + O
(

1

t
3/2
1

))

, (2.17)

where n0 is a positive rational number and D0 is a positive constant which should be tuned

to make the final vacuum energy density nearly zero.4 Assuming |(n0−3)at̃2| ≫ 1, we then

find that the stationary solution of the total potential VTOT = VSUGRA + ∆Vlift is given by

t
3/2
1

W0
=

eat2/2

aA
ξ
1/3
α′

(

3

2
− (21 − 9n0) + (8 − 2n0)aα2

4(3 − n0)at̃2
+ O((at̃2)

−2)

)

t̃
3/2
2 = ξα′

(

1 +
3 − (13 − 4n0)aα2

(3 − n0)at̃2
+ O((at̃2)

−2)

)

, (2.18)

3Alternatively, one can assume that (quadratically divergent) radiative corrections to the vacuum energy

density do the job of uplifting [29].
4If this uplifting potential originates from an anti-brane (or any SUSY breaking branes) stabilized at

the tip of warped throat, we have n0 = 4/3.
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showing that the qualitative feature of moduli vacuum values is untouched by the uplifting

potential. Considering the moduli masses, we find mt1 is modified

m2
t1 = (3 − n0)(3 − aα2)

ξα′

t
3/2
1

m2
3/2

at̃2
(2.19)

while the other moduli masses are the same as those in (2.13). Since the uplifting is required

only for aα2 < 3 (see the vacuum energy density (2.16)), this form of the large volume

modulus mass implies that the stationary solution (2.18) becomes a saddle point when

n0 > 3, for which the uplifting potential is too steep to give a local de-Sitter minimum.

3 D-term stabilization of the MSSM cycle modulus

It has been pointed out in [15] that a 4-cycle supporting chiral matter fields can not have a

D3 instanton superpotential. This implies that the D3-instanton 4-cycle described by the

Kähler modulus T2 can not be identified as the visible sector 4-cycle supporting the MSSM

gauge and matter fields. The large volume 4-cycle also can not be identified as the visible

sector cycle as it would give a too small SM gauge coupling g2
SM ∼ 1/t1. With this observa-

tion, a third 4-cycle has been introduced in [19] to accommodate the MSSM sector under the

assumption that the corresponding Kähler modulus T3 is stabilized by a D-term potential.

As there is no instanton superpotential of the form e−bT3 , the D-term stabilization of

T3 is indeed a natural direction to be explored. For this, we need a D-term which depends

on t3 = T3 +T ∗
3 even in the limit that other (gauge charged) matter fields are all vanishing.

This would be achieved by having an anomalous U(1) symmetry under which T3 transforms

nonlinearly [30, 31], so that the associated anomaly is canceled by the Green-Schwarz (GS)

mechanism [32]:

U(1)A : VA → VA + ΛA + Λ∗
A, T3 → T3 + δGSΛA, Φi → e−2qiΛAΦi, (3.1)

where VA is the vector superfield containing the U(1)A gauge field, ΛA is a chiral super-

field parameterizing the U(1)A transformation on N = 1 superspace, δGS is a constant

of O(1/8π2) (under a proper normalization of T3), and finally Φi stand for generic chiral

matter superfields with U(1)A charge qi. The gauge boson mass and the D-term of U(1)A
are given by

M2
A = 2g2

AηIηJ̄KIJ̄ ≡ 2g2
A

(

M2
GS + M2

PQ

)

,

DA = −ηIKI ≡ ξFI + M̃2
PQ, (3.2)

where gA is the U(1)A gauge coupling, 2ηI = −δΦI/δΛA = {−δGS, 2qiΦi} denote the

holomorphic Killing vector field generating an infinitesimal U(1)A transformation of chiral

superfields ΦI = {T3,Φi}, and

M2
GS ≡

(

δGS

2

)2 〈 ∂2K

∂T3∂T ∗
3

〉∣

∣

∣

∣

Φi=0

,

ξFI ≡ δGS

2

〈

∂K

∂T3

〉∣

∣

∣

∣

Φi=0

. (3.3)
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Note that M2
GS corresponds to the U(1)A gauge boson mass-square in the limit Φi = 0,

which originates from the Stückelberg mechanism associated with the U(1)A transformation

of Im(T3), while M2
PQ ∝ 〈Φ∗

i Φi〉 stands for the contribution to M2
A from the nonzero vacuum

values of the U(1)A charged matter fields Φi. Eq. (3.2) provides the definitions of M2
PQ and

M̃2
PQ. Here we use the subscript “PQ” as MPQ corresponds to the scale of spontaneous

breaking of a U(1) Peccei-Quinn symmetry [33, 34]. The nonlinear transformation of

T3 under U(1)A gives rise to the moduli-dependent Fayet-Illiopoulos (FI) term ξFI which

should be canceled by the D-term contribution M̃2
PQ from the vacuum values of Φi.

The explicit realization of the D-term stabilization of T3 depends on the relative size of

ξFI compared to M2
GS [35–37], which would identify the D-flat direction. If T3 is stabilized

at a point with |ξFI| ≫ M2
GS, the U(1)A gauge boson gets most of its mass from the

vacuum values of Φi since M̃2
PQ ≈ −ξFI along the D-flat direction and also generically

|M2
PQ| ∼ |M̃2

PQ|. In this case, the D-term potential fixes essentially a combination of

U(1)A-charged matter fields Φi, while leaving T3 as an unfixed D-flat direction. This

would be the case when T3 is stabilized at a geometric regime where t3 ∼ 1/g2
GUT = O(1)

and the Kähler potential obeys a simple scaling behavior ∂K/∂t3 ∼ t3∂
2K/∂2t3, giving

ξFI

M2
GS

=
2

δGS

〈

∂T3
K

∂T3
∂T ∗

3
K

〉∣

∣

∣

∣

Φi=0

∼ t3
δGS

∼ O(8π2). (3.4)

Alternatively, T3 might be stabilized at or near a (singular) point with vanishing FI

term [19, 20]. In such case, it is possible to have

ξFI ∼ M̃2
PQ ∼ M2

PQ ≪ M2
GS, (3.5)

so that the U(1)A gauge boson mass-square is dominated by the Stückelberg contribution

M2
GS. Then t3 is stabilized as desired by the D-term potential of U(1)A, while the unfixed

D-flat direction is described mostly by a combination of Φi. This limit is particularly

interesting since it offers the possibility that MPQ is far below the string scale. As we

will see, in this case, MPQ can be identified as the scale of spontaneous breakdown of

an anomalous global symmetry which can solve the strong CP problem [33, 34, 38–43].

One can then have a QCD axion with phenomenologically favored decay constant MPQ ∼
109 − 1012 GeV [44] even when the string scale is close to MPlanck. Another interesting

feature of this case is that the D-flat direction can be easily stabilized by the combined

effects of supersymmetry breaking and appropriate tree-level superpotential of Φi. Thus,

in the following, we will focus on the case with ξFI ≪ M2
GS.

To proceed, let Va denote the MSSM gauge superfields localized on D-branes wrapping

the visible sector 4-cycle. Including VA and the chiral matter fields Φi together, and keeping

only the leading order terms in the expansion in 1/t1, the Kähler potential, superpotential

and gauge kinetic functions of the model are given by

K = K0(t1, t2, t3) + ZiΦ
∗
i e

2qiVAΦi + O(|Φ|4),

W = W̃0(TI) +
1

3!
λijkΦiΦjΦk + O(Φ4),

fa = γa + kaT3, fA = γA + kAT3, (3.6)

– 8 –
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where

K0 = −3 ln t1 +
2(t̃

3/2
2 − ξα′)

t
3/2
1

+
1

2tp1

(

t̃23 + O(t̃33)
)

,

W̃0 = W0 + Ae−aT2 (3.7)

for

ti = Ti + T ∗
i (i = 1, 2, 3),

t̃2 = t2 − α2 ln t1, t̃3 = t3 − α3 ln t1 − δGSVA, (3.8)

and fa and fA denote the holomorphic gauge kinetic functions for the MSSM and U(1)A
gauge superfields, respectively. The constants γa and γA in the gauge kinetic functions

might be induced by the vacuum value of the type IIB string dilaton, and they have a

value of order unity (or smaller) in general. As was noticed in [20, 27], generically it is

expected that the radiative corrections on the visible sector 4-cycle require a redefinition

of t3 depending on ln(MPlanck/Λ) ∝ ln t1, where Λ is the local cutoff scale:

t3 → t3 − α3 ln t1. (3.9)

The form of the Kähler potential of t3 is dictated by the condition that t3 is stabilized

near the point with vanishing FI-term, which can be defined as

∂K

∂t̃3

∣

∣

∣

∣

t̃3=0

= 0 (3.10)

for the U(1)A-invariant combination t̃3 including the effect of moduli mixing. For simplicity,

here we assume that the Kähler metric of t3 is independent of the second Kähler modulus

t2, however all of our subsequent discussions are valid even when the Kähler metric of t3 is

given by a generic function of t2. As for the power p of t1 in the Kähler metric of t3, one

can consider two possibilities:

p = 3/2 or 1. (3.11)

If the local cutoff scale of T3 is given by the string scale, p = 3/2 would be the correct

choice [20]. On the other hand, if the Kähler metric of T3 behaves like those of Φi, one

would have p = 1 for which the local cutoff scale corresponds to the winding mode scale

M∗ ∼ t
1/4
1 Mstring. Note that MGS takes a different value depending upon the value of p:

MGS ∼ δGSMstring (p = 3/2) or δGSM∗ (p = 1). (3.12)

Yukawa couplings of the canonically normalized matter fields localized on the MSSM

4-cycle should not have any power-law dependence on the bulk CY volume, and thus no

power-law dependence on t1. Under this requirement, the matter Kähler metric is given

by

Zi =
1

t1
Yi(t̂2, t̂3), (3.13)
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where

t̂2 = t2 − β2 ln t1, t̂3 = t3 − β3 ln t1 − δGSVA (3.14)

for the moduli mixing parameters β2,3 which generically can differ from α2,3 that describe

the moduli mixing in K0. We can always choose the normalization convention of Φi to

make Yi have a vacuum value of O(1), and also take the normalization convention of T1

and T3 for which

ξα′ = O(1), ka,A = O(1). (3.15)

Then the large volume solution (2.12) (or (2.18) in the presence of uplifting potential)

and the instanton action (2.8) indicate that the vacuum value of t2 is of O(1) and the

parameter a = O(ln(MPlanck/m3/2)) in our convention. Since the U(1)A-variation of the

gauge kinetic function should be canceled by the loops of U(1)A-charged fermions, under

the assumption that U(1)A charges of chiral matter fields are generically of O(1), we find

δGS = O(1/8π2). The parameters describing the loop-induced moduli redefinition, i.e. α2,3

and β2,3, are expected to have a similar size of O(1/8π2). Summarizing the size of model

parameters in our convention, we have

δGS ∼ α2,3 ∼ β2,3 = O
(

1

8π2

)

,

a = O
(

ln
(

MPlanck/m3/2

))

= O(8π2). (3.16)

With the Kähler potential given in (3.6), the U(1)A gauge boson mass and the D-term

are given by

M2
A = 2g2

A

(

M2
GS + M2

PQ

)

,

DA = ξFI + M̃2
PQ, (3.17)

where

M2
GS =

(

δGS

2

)2 1

tp1
, ξFI =

δGS

2

t̃3
tp1

,

M2
PQ =

∑

i

(

q2
i Zi − qiδGS∂t3Zi +

(

δGS

2

)2

∂2
t3Zi

)

〈

Φ∗
i e

2qiVAΦi

〉

,

M̃2
PQ = −

∑

i

(

qiZi −
δGS

2
∂t3Zi

)

〈

Φ∗
i e

2qiVAΦi

〉

. (3.18)

Here we use units with MPlanck = 1. The vacuum values of the gauge-invariant combi-

nations Φ∗
i e

2qiVAΦi will be determined later by the combined effects of supersymmetry

breaking and the F -term scalar potential.

Since there is no D3 instanton effect of the form e−bT3 [15], the Kähler potential and

the superpotential are invariant under the axionic shift of T3:

U(1)T3
: T3 → T3 + imaginary constant, (3.19)
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which is explicitly broken by the variation of the holomorphic gauge kinetic functions. Due

to the anomalous U(1)A gauge symmetry, this axionic shift symmetry is equivalent to the

global U(1)PQ symmetry under which

U(1)PQ : Φ → eiqiαΦi, (3.20)

where qi is the U(1)A charge of Φi, and α is a real constant. The Green-Schwarz anomaly

cancelation [32] for U(1)A requires

1

2π2

∑

i

qiTr(T 2
a (Φi)) = kaδGS,

1

2π2

∑

i

q3
i = kAδGS, (3.21)

where ka and kA are the coefficients of T3 in the gauge kinetic functions fa and fA in (3.6).

This means that U(1)PQ is an anomalous global symmetry which can solve the strong CP

problem by the axion mechanism [33, 34, 38–43]. Obviously MPQ ∼ M̃PQ corresponds

to the scale where U(1)PQ is spontaneously broken, and thus to the axion decay constant

which is constrained to be above 109 GeV by astrophysical considerations [44]:

MPQ ≥ 109 GeV. (3.22)

If t3 is stabilized by the D-term potential, the Kähler modulus superfield T3 becomes a

part of the massive U(1)A vector superfield. As a result, its equation of motion is encoded

in that of VA, which takes the form

∂K

∂VA
= O(D2D̄2VA), (3.23)

where D2 = DαDα for the superspace covariant derivative Dα. Here the right-hand-side

of the above equation of motion comes from the variation of the gauge kinetic term in

the N = 1 superspace. As long as m3/2 ≪ MGS, this part can be safely ignored in the

discussion of moduli stabilization and SUSY breakdown. For the Kähler potential (3.6),

the superfield equation (3.23) is given by

4M2
GS

(

VA − t3
δGS

+
α3

δGS
ln t1

)

+ Φ∗
i e

2qiVAΦi

(

2qiZi − δGS
∂Zi

∂t̂3

)

= O(D2D̄2VA). (3.24)

The Kähler potential in (3.7) assumes

t̃3 = t3 − α3 ln t1 − δGSVA ≪ 1. (3.25)

The superfield equation (3.24) suggests that this condition is fulfilled if the matter fields

are stabilized as

〈ZiΦ
∗
i e

2qiVAΦi〉 ∼ M2
PQ ≪ M2

GS

δGS
. (3.26)

For simplicity, here we take a stronger condition:

M2
PQ ≪ M2

GS (3.27)
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since the analysis for such case is rather straightforward. In the appendix, we will show

that similar results are obtained even when M2
PQ & M2

GS as long as M2
PQ ≪ M2

GS/δGS.

To determine the VEVs of U(1)A-charged matter fields in the limit M2
PQ ≪ M2

GS,

one can integrate out the massive U(1)A vector superfield including T3, and examine the

stabilization of Φi based on the resulting low energy effective theory [35–37]. For this, it is

convenient to make the field redefinition:

VA → VA +
T3 + T ∗

3

δGS
, Φi → e−2qiT3/δGSΦi, (3.28)

under which the holomorphic gauge kinetic function is transformed as

fa = γa + kaT3 → f eff
a = γa + kaT3 −

1

4π2

∑

i

Tr(T 2
a (Φi))

2qiT3

δGS
= γa, (3.29)

where we have used the anomaly matching condition (3.21) for the last equality. With

this field redefinition, T3 is gauged away in (3.24), and the solution for the U(1)A vector

superfield is given by

VA = − α3

δGS
ln t1 −

(

2qiZ
eff
i − δGS

∂Zeff
i

∂t̂3

)

Φ∗
i Φi

4M2
GS

+ O
(

(

Zeff
i Φ∗

i Φi

M2
GS

)2
)

(3.30)

where

Zeff
i =

Zi(t1, t̂2 = t2 − β2 ln t1, t̂3 = (α3 − β3) ln t1)

t
2qiα3/δGS

1

=
Yi(t̂2 = t2 − β2 ln t1, t̂3 = (α3 − β3) ln t1)

t
1+2qiα3/δGS

1

. (3.31)

The effective Kähler potential of light fields can be obtained by inserting the above solution

into the Kähler potential (3.6), which gives

Keff = Keff
0 (t1, t2) + Zeff

i Φ∗
i Φi

(

1 + O
(

Zeff
i Φ∗

i Φi

M2
GS

))

= −3 ln t1 +
2(t̃

3/2
2 − ξα′)

t
3/2
1

+ Zeff
i Φ∗

i Φi

(

1 + O
(

Zeff
i Φ∗

i Φi

M2
GS

))

. (3.32)

Note that

M2
PQ ∼ 〈ZiΦ

∗
i e

2qiVAΦi〉 ∼ 〈Zeff
i Φ∗

i Φi〉, (3.33)

and therefore the above effective Kähler potential provides a controllable description of low

energy physics in the limit M2
PQ ≪ M2

GS.

Let us now present a simple model which fixes the axion scale MPQ by the combined

effects of SUSY breaking and a Planck-scale-suppressed term in the superpotential. This

type of model provides a setup giving the axion scale in the phenomenologically desirable

range 109 GeV ≤ MPQ ≤ 1012 GeV even when the string scale is close to the Planck scale.
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To have MPQ & 109 GeV, U(1)PQ should be broken dominantly by U(1)A-charged but

MSSM-singlet matter fields. As a kind of minimal example, we introduce two such matter

fields, X and Y , with the following Kähler potential and superpotential [45, 46]:

∆K = ZXX∗e2qXVAX + ZY Y ∗e2qY VAY,

∆W = κ
Xk+2Y

Mk
Planck

, (3.34)

where k = −qY /qX − 2 is a positive integer, and κ can always be chosen to be a real

positive constant which is expected to be of order unity since MPlanck is the natural scale

to determine the coefficients of higher dimensional operators in the 4D supergravity su-

perpotential. To determine the vacuum values of X and Y , one can integrate out VA and

T3 to obtain the effective Kähler potential (3.32), and define the canonically normalized

matter fields

Φ̂i =
√

Zeff
i Φi,

while treating t1 and t2 as a fixed background. Then the effective potential of Φ̂i = {X̂, Ŷ }
takes the form

Veff = m2
X |X̂ |2 + m2

Y |Ŷ |2 +

(

κ̂Aκ
X̂k+2Ŷ

Mk
∗

+ h.c.

)

+
|κ̂|2
M2k

∗

(

|X̂ |2k+4 + (k + 2)2|X̂ |2k+2|Ŷ |2
)

+ O
(

m2
3/2|Φ̂|4

M2
GS

)

, (3.35)

where mi (i = X,Y ) and Aκ denote the soft SUSY breaking scalar mass and A-parameter,

respectively, and

κ̂ =
κ

√

e−(k+3)Keff
0 /3(Zeff

X )k+2Zeff
Y

≃ κ
√

Yk+2
X YY

.

Note that κ̂ = O(κ) as Yi (i = X,Y ) are defined to be of order unity, and the scalar po-

tential of the canonically normalized matter fields induced by the Planck-scale-suppressed

superpotential is controlled by the winding scale:

M∗ ∼ MPlanck

t
1/2
1

∼ t
1/4
1 Mstring. (3.36)

As we will see in the next section, in the limit M2
PQ ≪ M2

GS, the dominant contribution

to mi comes from the U(1)A D-term of O(m2
3/2), while Aκ receives only a suppressed

contribution of O(m3/2/8π
2) from the F -components of moduli superfields:

m2
X ≃ −qXg2

ADA ≃ −2qXα3

δGS
m2

3/2 = O(m2
3/2),

m2
Y ≃ −qY g2

ADA ≃ −(k + 2)m2
X ,

Aκ = O
(m3/2

8π2

)

, (3.37)
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where we have used qY = −(k + 2)qX . A nice feature of the above soft masses is that a

tachyonic m2
X at tree level can be naturally obtained, which induces a nonzero vacuum

value of X at an intermediate scale. One just needs to assume qXα3/δGS > 0, giving

m2
X < 0. We then find that X̂ and Ŷ are stabilized at the following vacuum values:

〈X̂〉 =

(

mXMk
∗

κ̂
√

k + 2

)1/(k+1)
(

1 + O
(

A2
κ

m2
3/2

))

,

〈Ŷ 〉 =
Aκ

2(k + 2)mY
〈X̂〉

(

1 + O
(

〈X̂X̂∗〉
M2

GS

))

, (3.38)

which give

〈X̂〉 ∼ MPQ ∼
(m3/2M

k
Planck)

1/(k+1)

t
k/2(k+1)
1

,

〈Ŷ 〉 ∼
(

Aκ

mY

)

〈X̂〉 ∼ O
(

〈X̂〉
8π2

)

. (3.39)

With this result, one can choose appropriate values of model parameters to get an inter-

mediate axion scale in the range 109 GeV ≤ MPQ ≤ 1012 GeV.

In the above, we have presented a simple model in which the axion scale MPQ is deter-

mined by the combined effect of supersymmetry breaking and a Planck-scale suppressed

term in the superpotential. For simplicity, we assumed that the axion scale is lower than

the U(1)A vector boson mass as

MPQ ≪ MGS ∼ δGSt
3−2p

4

1 Mstring, (3.40)

where p (= 3/2 or 1) denotes the power of t1 in the Kähler potential of the MSSM cycle

modulus T3. On the other hand, in LVS we generically have Mstring/MPlanck ∼ 1/t
3/4
1 and

m3/2/Mstring ∼ W0/t
3/4
1 , yielding

MGS ∼ δGSMPlanck

(

1

W0

m3/2

MPlanck

)p/3

∼
(

1016 − 1017
)

×
(

1

W0

m3/2

MPlanck

)p/3

GeV, (3.41)

where W0 is the flux-induced constant in the effective superpotential. As was noticed

in [20], in the presence of loop-induced moduli-mixing, the MSSM gauginos get a mass

of O(m3/2/8π
2), and therefore m3/2 is required to be in multi-TeV range, e.g. m3/2 =

O(10) TeV, in order to realize the weak scale SUSY scenario. If we further assume W0 ∼
O(1) and p = 3/2, the resulting MGS is in the range of 109 − 1010 GeV, and therefore

might not be high enough to assure the condition MGS ≫ MPQ > 109 GeV which has been

used throughout our analysis. In such a case, one might need to stabilize the matter fields

at a point giving MPQ comparable to or even higher than MGS, which would require a

separate analysis. In the appendix, we show that it is also possible to stabilize T3,X and

Y within the model of (3.6) and (3.34) at a point giving 〈X̂〉 ∼ MPQ & MGS, as long as

〈X̂∗X̂〉 ≪ M2
GS/δGS, and the resulting SUSY breaking patterns are similar to those in the

case of 〈X̂∗X̂〉 ≪ M2
GS. In such situation, MGS corresponds to the QCD axion scale, while

MPQ determines the U(1)A gauge boson mass.
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4 SUSY breakdown and soft terms

We are now ready to discuss SUSY breakdown and the soft terms in the MSSM sector.

In the LVS models, the F -components of the Kähler moduli Ti (i = 1, 2, 3) and the D-

component of the U(1)A vector superfield VA are the prime candidates for the origin of soft

terms [47–57]. If there exist gauge-charged messengers which have a Yukawa coupling to

X and/or Y , there can be gauge-mediated soft terms arising from the F -components of X

and/or Y [58–63]. We first evaluate the vacuum values of these SUSY breaking auxiliary

components using the results of the previous two sections.

From the moduli vacuum values of T1 and T2 in (2.12), it is straightforward to find

F T1

t1
= m3/2

[

1 + O
(

ξα′

at̃2t
3/2
1

)]

,

F T2

t̃2
= m3/2

[

3

2at̃2
+ O

(

1

(at̃2)2

)]

, (4.1)

where the F -component of a generic chiral superfield ΦI is defined as F I =

−eK/2KIJ̄(DJW )∗, and this expression of F Ti (i = 1, 2) is not affected by the uplift-

ing potential. Combining the vacuum values of the PQ sector fields in (3.38) with the

superfield equation (3.24), we also find the following vacuum configuration of the U(1)A
sector fields:

〈X̂∗X̂〉 ≡ 〈ZXX∗e2qXVAX〉 ∼ M2
PQ,

〈Ŷ ∗Ŷ 〉 ≡ 〈ZY Y ∗e2qY VAY 〉 ∼
A2

κM2
PQ

m2
Y

∼
M2

PQ

(8π2)2
,

t̃3 = t3 − α3 ln t1 − δGSVA = O
(

δGSM2
PQ

M2
GS

)

,

FX

X
∼ Aκ ∼

m3/2

8π2

[

1 + O
(

M2
PQ

M2
GS

)]

F Y

Y
∼ m2

Y

Aκ
∼ DA

Aκ
∼ 8π2m3/2,

F T3 = α3
F T1

t1
+ O

(

m3/2δGSM2
PQ

M2
GS

)

= α3m3/2 + O
(

m3/2δGSM2
PQ

M2
GS

)

,

g2
ADA =

2α3

δGS

∣

∣

∣

∣

F T1

t1

∣

∣

∣

∣

2

+ O
(

m2
3/2M

2
PQ

M2
GS

)

=
2α3m

2
3/2

δGS
+ O

(

m2
3/2M

2
PQ

M2
GS

)

, (4.2)

where m2
Y denotes the soft scalar mass of Y , which is of the order of DA. Note that some

vacuum values, for instance those of FΦi/Φi (Φi = X,Y ) and the scalar and F components

of VA, are not invariant under the T3-dependent field redefinition (3.28). More specifically,

the original VA in (3.24) is defined in the Wess-Zumino gauge, and therefore has vanishing

scalar and F components. On the other hand, VA in (3.30) after the field redefinition (3.28)

is defined in the unitary gauge containing the Goldstone superfield ∝ T3+T ∗
3 , and therefore
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has nonzero scalar and F components coming from T3 + T ∗
3 . As for FΦi/Φi (Φi = X,Y ),

the above results denote the vacuum values before the redefinition (3.28).

Although the above vacuum values of the U(1)A sector fields have been derived in the

limit M2
PQ ≪ M2

GS, we find (as explained in the appendix) that they remain to be valid

even for M2
PQ & M2

GS, at least qualitatively, as along as t̃3 ∼ δGSM2
PQ/M2

GS ≪ 1, which

would be required for the Kähler potential to be expanded in powers of t̃3 as in (3.7). It

should be stressed that the D-term of O(α3m
2
3/2/δGS) and F T3 of O(α3m3/2) in (4.2) are

purely the consequence of moduli mixing, and independent of how the PQ-charged matter

fields are stabilized to generate an axion scale above 109 GeV. This can be seen from the

following model-independent relation between the D-term and F -terms [37, 64]:

(

1

2
M2

A + 2m2
3/2 + VSUGRA

)

DA = −F IF J∗∂I∂J̄

(

ηL∂LK
)

+ VDηI∂I ln g2
A, (4.3)

where M2
A = 2g2

A

(

M2
GS + M2

PQ

)

denotes the U(1)A gauge boson mass, VSUGRA is the F -

term scalar potential defined in (2.10) and VD = 1
2g2

AD2
A is the D-term scalar potential. In

the limit M2
GS ≫ M2

PQ ≫ m2
3/2, the above relation leads to

g2
AM2

GSDA =
δGS

2

[

|F T1 |2∂2
t1∂t3K +

(

F T1F T3∗ + F T1∗F T3
)

∂t1∂
2
t3K

]

+ O
(

m2
3/2M

2
PQ

)

=

(

2α3m
2
3/2

δGS

)

M2
GS + O

(

m2
3/2M

2
PQ

)

, (4.4)

which shows that g2
ADA = 2α3m

2
3/2/δGS arises from the moduli-mixing in a way indepen-

dent of how U(1)PQ is spontaneously broken.

A notable feature of LVS is the no-scale structure of the large volume modulus t1, which

leads to a strong suppression of the anomaly mediated contributions. Anomaly mediation

is described most conveniently by the super-Weyl-invariant compensator formulation of

4D SUGRA, involving a chiral compensator superfield C [65–67]. One can then choose

a super-Weyl gauge in which the SUSY breaking (but Poincare-invariant) component of

ordinary SUGRA multiplet is vanishing, e.g.

R|θ=θ̄=0 = 0, (4.5)

where R is the chiral curvature superfield in N = 1 superspace. One could also choose

the Einstein frame gauge for which C0 ≡ C|θ=θ̄=0 = eK/6. Thus the F -component of the

compensator superfield is given by

FC

C0
= m3/2 +

1

3
KIF

I . (4.6)

Using the results on the moduli and matter F -components, we find

FC

C0
= O

(

m3/2M
2
string

M2
Planck

,
m3/2M

2
PQ

M2
Planck

)

, (4.7)
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where the piece of O(m3/2M
2
PQ/M2

Planck) originates from the KT3
F T3 , while the other piece

of O(m3/2M
2
string/M

2
Planck) can arise from the mixing between T1 and the string dilaton that

appears in the α′ correction to the Kähler potential. This assures that anomaly mediation

in LVS can be safely ignored.

With the SUSY breaking auxiliary components given above, we can compute the

soft terms of the MSSM gauge and matter multiplets as well as those of the PQ sec-

tor matter multiplets. Here we will focus on the soft terms induced by the moduli F -

components [47, 48] and the U(1)A D-component [49–57], although there can be gauge-

mediated soft terms as well. For instance, if there exist gauge-charged messenger fields

Φ + Φc with a Yukawa coupling ∝ Y ΦΦc, gaugino and scalar masses of O(m3/2) can be in-

duced by F Y /Y ∼ 8π2m3/2 through the conventional gauge mediation mechanism [58–63],

and these gauge-mediated gaugino masses will dominate over the moduli-mediated gaugino

masses of O(m3/2/8π
2). However the presence of such gauge mediation is strongly model

dependent. Particularly it depends on whether the model contains exotic matter fields

with the right quantum numbers and right couplings. In any case, it is straightforward to

incorporate the gauge-mediated soft terms, if there exist any, with the more generic moduli-

mediated or D-term induced soft terms on which we will concentrate in the following.

To evaluate the moduli-mediated and D-term induced soft parameters, let TI denote

the SUSY breaking moduli superfields (not including the compensator C), and Φi denote

the visible sector chiral superfields with canonically normalized scalar components φ̂i. For

a generic 4D SUGRA model described by

K = K0(TI , T
∗
I ) + Zi(TI , T

∗
I )Φ∗

i e
2qiVAΦi,

W = W̃0(TI) +
1

3!
λijk(TI)ΦiΦjΦk +

1

n!
κi1i2...in(TI)Φi1Φi2 . . . Φin ,

fa = fa(TI), (4.8)

soft SUSY breaking terms of canonically normalized components fields take the form

Lsoft = −1

2
Maλ

aλa − 1

2
m2

i |φ̂i|2 −
1

3!
Aijkλ̂ijkφ̂iφ̂j φ̂k

− 1

n!
Ai1i2...in

κ κ̂i1i2...in φ̂i1 φ̂i2 . . . φ̂in + h.c., (4.9)

where λ̂ijk and κ̂i1i2...in denote the canonically normalized Yukawa couplings,

λ̂ijk =
λijk

√

e−K0ZiZjZk

,

κ̂i1i2...in =
κi1i2...in

√

e−nK0/3Zi1Zi2 . . . Zin

,

and the soft SUSY breaking parameters (at scales around the cutoff scale) are then given

– 17 –



J
H
E
P
0
2
(
2
0
1
1
)
0
4
7

by

Aijk = −F I∂I ln

(

λijk

e−K0ZiZjZk

)

,

Ai1i2...in
κ = (n − 3)

FC

C0
− F I∂I ln

(

κi1i2...in

e−nK0/3Zi1Zi2 . . . Zin

)

,

m2
i =

2

3
VF − F IF J̄∂I∂J̄ ln

(

e−K0/3Zi

)

−
(

qi + ηI∂I ln Zi

)

g2
ADA

Ma

g2
a

=
1

2
F I∂Ifa −

1

8π2

∑

i

Tr(T 2
a (Φi))F

I∂I ln(e−K0/3Zi) +
ba

16π2

FC

C0
, (4.10)

where VF = KIJ̄F IF J̄ − 3m2
3/2 is the F -term scalar potential. Here we consider the tree

level contributions (in the sense of 4D effective SUGRA) to mi and A-parameters as they

provide the dominant part at the cutoff scale. On the other hand, we included the full 1-

loop contributions to gaugino masses [68, 69], which can be relevant for the gaugino masses

derived from the effective theory after the massive U(1)A vector multiplet (including T3)

is integrated out.

The above expression of soft masses can be applied to the LVS model (3.6) with the

PQ sector given by (3.34). We find

m2
i ≃ −qig

2
ADA =

[

−2qiα3

δGS
+ O

(

M2
PQ

M2
GS

)]

m2
3/2 = O(m2

3/2),

Aijk ≃
[(

3

2a
− β2

)

∂t̂2
lnYiYjYk + (α3 − β3)∂t̂3

lnYiYjYk

]

m3/2 = O
(m3/2

8π2

)

Aκ ≃
[(

3

2a
− β2

)

∂t̂2
ln(Yk+2

X YY ) + (α3 − β3)∂t̂3
ln(Yk+2

X YY )

]

m3/2 = O
(m3/2

8π2

)

Ma

g2
a

≃ ka

2
F T3 =

[

α3ka

2
+ O

(

δGSM2
PQ

M2
GS

)]

m3/2 = O
(m3/2

8π2

)

, (4.11)

where we have kept only the dominant part in the limit M2
PQ ≪ M2

GS. Here the matter

Kähler metric is given by Zi = Yi(t̂2, t̂3)/t1, and we assumed that Yi is a generic function

of t̂2 = t2 − β2 ln t1 and t̂3 = t3 − β3 ln t1 − δGSVA, with ∂a lnYi = O(1) (a = t̂2, t̂3).

The most notable feature of the above soft masses is the relative enhancement of the

scalar masses compared to the gaugino masses. Gaugino masses and A-parameters in-

duced by the moduli F -components are generically of O(m3/2/8π
2), while sfermion masses

induced by the U(1)A D-term are of O(m3/2). Note that loop-induced moduli mixing,

particularly the one described by α3, is crucial for the soft masses comparable to m3/2 or

m3/2/8π
2. An intriguing feature of our results is that the D-term induced sfermion masses

are O(m3/2), although they result from a loop-induced moduli mixing. This is due to the

suppression of the U(1)A gauge boson mass-square by δ2
GS. Since the D-term contribution

to sfermion masses arises from the exchange of the U(1)A gauge boson, the loop-suppression

factor α3 is compensated by the enhancement factor 1/δGS in 1/M2
A, and this makes the

D-term contribution to be of O(m2
3/2).
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Obviously the flavor-dependence of the D-term contribution to scalar masses is de-

termined by the U(1)A charge qi. In the case that gaugino masses are dominated by

the modulus-mediated contribution of O(m3/2/8π
2), the D-term scalar masses would be

in the range of O(10) TeV or even heavier. In such case, SUSY flavor violation can

be suppressed enough even when qi are not flavor blind. On the other hand, if there

exists a gauge-charged messenger which gets an intermediate scale mass through the

Yukawa coupling to Y , there will be additional gauge-mediated gaugino and scalar masses

msoft|GMSB ∼ g2

8π2
F Y

Y = O(m3/2) (see eq. (4.2)). In this case, the gaugino masses and the

scalar masses are comparable to each other and both can be at the TeV scale. Then the

D-term scalar masses are required to be flavor blind in order to avoid a too large flavor

violation, and this can be naturally achieved by assuming that qi are flavor blind.

In the case M2
PQ ≪ M2

GS, the above soft parameters can be obtained also from the

effective theory constructed by integrating out the massive VA and T3. Indeed, by apply-

ing (4.10) to the effective theory described by the effective Kähler potential (3.32) and

the effective gauge kinetic function (3.29), we find the same result up to small corrections

suppressed by M2
PQ/M2

GS:

m2
i = −|F T1 |2∂T1

∂T ∗

1
ln(e−Keff

0 /3Zeff
i ) = −2qiα3

δGS
m2

3/2,

Aijk =

[

3

2a
∂t2 lnYeff

i Yeff
j Yeff

k + ∂t1 lnYeff
i Yeff

j Yeff
k

]

m3/2,

Aκ =

[

3

2a
∂t2 ln

(

(Yeff
X )k+2Yeff

Y

)

+ t1∂t1 ln
(

(Yeff
X )k+2Yeff

Y

)

]

m3/2,

Ma

g2
a

= − 1

8π2

∑

i

Tr(T 2
a (Φi))F

T1∂t1 ln(e−Keff
0 /3Zeff

i ) =
α3ka

2
m3/2, (4.12)

where

Zeff
i (t1, t2) =

Zi(t1, t̂2 = t2 − β2 ln t1, t̂3 = (α3 − β3) ln t1)

t
2qiα3/δGS

1

=
Yi(t̂2 = t2 − β2 ln t1, t̂3 = (α3 − β3) ln t1)

t
1+2qiα3/δGS

1

≡ Yeff
i (t1, t2)

t
1+2qiα3/δGS

1

,

and we have used the anomaly matching condition (3.21) for the gaugino masses.

5 Conclusions

As we have seen, in the case that nonperturbative superpotential to stabilize the visible

sector Kähler modulus is not available, the LVS scenario [13, 14] leads to a somewhat

different pattern of soft terms than the KKLT-type scenario [6]. While in the LVS case we

find soft scalar masses of the order of the gravitino mass (due to the D-term contribution

associated with moduli mixing), the KKLT case leads to suppressed scalar masses of order
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m3/2/ ln(MPlanck/m3/2) [8–12, 16–18]. The moduli-mediated gaugino masses and A-terms

appear to be of order m3/2/ ln(MPlanck/m3/2) in both cases. Therefore, unless there exist

more model dependent gauge-mediated contributions dominating over the moduli media-

tion, soft masses in LVS with moduli-mixing show a loop-hierarchy pattern: mi ∼ 8π2Ma.

Another key difference between LVS and KKLT is the relative importance of anomaly me-

diation. In the LVS, due to the no-scale structure, anomaly mediation is negligible, while

in the KKLT case it becomes comparable to the moduli-mediation, leading to the mirage

unification of soft masses at a scale different from MGUT ∼ 2 × 1016 GeV [9–12].

The two set-ups differ also in the way to obtain a small value of m3/2. In the KKLT

scenario this comes from a small value of the superpotential W , while in the LVS models

one assumes W ∼ 1 and a small m3/2 is the result of the large volume suppression. Large

volume, of course, implies a large hierarchy between the Planck scale and the string scale

M2
Planck/M

2
string ∼ VCY. The natural setting for LVS would be a string scale at an inter-

mediate value of approximately 1011 GeV and a gravitino mass as well as the soft mass

terms at the (multi) TeV-scale. In the KKLT set-up the natural value of Mstring would be

rather large, somewhere between the Planck scale and a possible GUT scale at 1016 GeV.

The two scenarii can be connected in principle by changing the value of the superpotential.

With the results for the soft terms in the presence of loop-induced moduli mixing, assuming

soft masses to be in the TeV range, it is likely that a gravitino mass much heavier than

O(8π2)TeV requires a severe fine tuning of Kähler potential. For the LVS case (assuming

W ∼ 1) this would imply the string scale is around 1011 GeV, which is quite small com-

pared to the GUT scale of 1016 GeV. In that sense, the pure LVS-scenario might be difficult

to be compatible with gauge coupling unification at 1016 GeV. Such a GUT-picture would

require a value of the superpotential that is small compared to one.

Our results crucially depend on the loop-induced moduli-mixing between the visible

sector modulus and the large volume modulus. Here we have focused on the generic con-

tributions to soft terms from the moduli F -components and the U(1)A D-term, which are

independent of how the Peccei-Quinn charged matter fields are stabilized to generate an in-

termediate axion scale. Other more model dependent contributions could be present as well.

For example, the fields X and Y introduced in section 3 to break the global Peccei-Quinn

symmetry at an intermediate scale could act as the origin of additional “gauge mediated”

contributions. It is straightforward to incorporate those gauge mediated contributions with

the soft terms discussed in this paper. This, in connection with the incorporation of a QCD

axion, will be discussed in detail in a future publication [70].
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A A full theory analysis of the stabilization of U(1)A sector

In section 3, we have discussed the stabilization of the D-flat direction based on the ef-

fective theory constructed in the limit M2
PQ ≪ M2

GS. Here we provide an analysis of the

stabilization of the U(1)A sector in more general situation including the case MPQ ∼ MGS.

Under the assumption that t̃3 = t3 −α3 ln t1 − δGSVA has a small vacuum value, which

would be fulfilled if M2
PQ ≪ M2

GS/δGS, the Käher potential and superpotential of the model

are given by

K = −3 ln t1 +
2(t̃

3/2
2 − ξα′)

t
3/2
1

+
1

2tp1

(

t̃23 + O(t̃33)
)

+ ZXX∗e2qXVAX + ZY Y ∗e2qY VAY,

W = W0 + Ae−aT2 + κ
Xk+2Y

Mk
Planck

, (A.1)

where Zi = Yi(t̂2, t̂3)/t1 (i = X,Y ). Inserting the values of t1,2 and F T1,2 obtained in (2.12)

and (4.1) into the SUGRA scalar potential:

VSUGRA = eK
{

KIJ̄DIW (DJW )∗ − 3|W |2
}

+
1

2
g2
AD2

A,

we find the following scalar potential of t3,X and Y :

V (t3,X, Y ) =
g2
A

2

(

M2
GS

2t̃3
δGS

− qXZ̃X |X|2 − qY Z̃Y |Y |2
)2

−
(

4m2
3/2M

2
GS

δ2
GS

)

(

α3t̃3 +
(2 − p)(p − 1)

2
t̃23

)

− m2
3/2

(

βa∂a lnYX + (γaγb∂a∂b lnYX)
)

ZX |X|2

−m2
3/2

(

βa∂a lnYY + (γaγb∂a∂b lnYY )
)

ZY |Y |2

+

(

Aκ
κXk+2Y

t
3/2
1

+ h.c.

)

+
|κ|2
t31

( |(k + 2)Xk+1Y |2
ZX

+
|Xk+2|2

ZY

)

, (A.2)

where

qiZ̃i =

(

qi −
δGS

2
∂t̂3

)

Zi = qiZi −
δGS

2
∂t̂3

Zi,

βa∂a = β2∂t̂2
+ β3∂t̂3

,

γa∂a =

(

3

2a
− β2

)

∂t̂2
+
(

α3 − β3 + (p − 1)t̃3

)

∂t̂3
,

Aκ =
(

γa∂a ln(Yk+2
X YY )

)

m3/2. (A.3)

From the SUGRA expression of the F -component, i.e. F I = −eK/2KIJ̄(DJW )∗, we find

also

F T3 =
(

α3 + (p − 1)t̃3

)

m3/2

FΦi

Φi
= − (γa∂a lnYi) m3/2 −

(∂Φi
Wm)∗

t
3/2
1 ZiΦi

(Φi = X,Y ), (A.4)
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where Wm = κXk+2Y/Mk
Planck. The stationary point of the potential (A.2) is given by

t̃3 =
δGSM2

PQ

M2
GS

(1 + O(δGS)) ,

|X̂ | =
√

ZX |X|2 =





√

qXg2
ADA

k + 2

Mk
∗

|κ̂|





1/(k+1)
(

1 + O
(

A2
κ

DA

))

,

|Ŷ | =
√

ZY |Y |2 =
|AκX̂ |

2
√

qXg2
ADA(k + 2)3

(

1 + O
(

A2
κ

DA

))

, (A.5)

where

M∗ =
MPlanck

t
1/2
1

∼ t
1/4
1 Mstring,

M2
PQ =

(

qX − δGS

2
∂t̂3

)2

ZX |X|2 +

(

qX − δGS

2
∂t̂3

)2

ZY |Y |2,

g2
ADA = g2

A

(

2M2
GS t̃3

δGS
− qiZ̃i|Φi|2

)

=

(

2qXα3

δGS
+ (2 − p)(p − 1)

M2
PQ

M2
GS

)

m2
3/2

qX
.

To see that this stationary point is a stable (local) minimum, we can compute the mass-

square eigenvalues m2
1,2 of the D-flat directions. We then find

m2
1 =







4(k + 1)
(

2qXα3

δGS

)

+ k
M2

PQ

M2
GS

1 +
M2

PQ

M2
GS






m2

3/2 (A.6)

m2
2 = −2qY g2

ADA = 2(k + 2)

(

2qXα3

δGS
+ (2 − p)(p − 1)

M2
PQ

M2
GS

)

m2
3/2, (A.7)

showing that both eigenvalues are positive, so the solution (A.5) is indeed a stable (local)

minimum. We can now make an order of magnitude estimate for the vacuum configuration

of the U(1)A sector fields:

DA ∼
(

α3

δGS
+

(p − 1)M2
PQ

M2
GS

)

m2
3/2,

F T3 ∼
(

α3 +
(p − 1)δGSM2

PQ

M2
GS

)

m3/2,

Aκ ∼
(

1

8π2
+

(p − 1)δGSM2
PQ

M2
GS

)

m3/2

|X̂ | ∼ MPQ ∼
(

√

DAMk
∗

)1/(k+1)
, |Ŷ | ∼ Aκ√

DA
|X̂|,

FX

X
∼ (γa∂a lnYX)m3/2 ∼ Aκ,

F Y

Y
∼ DA

Aκ
, (A.8)
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where δGS ∼ α3 ∼ 1/8π2, and we have ignored the coefficients of order unity in the ex-

pression. Note that in the limit M2
PQ ≪ M2

GS, the above results reproduce (3.38) and (4.2)

obtained in section 4 based on the effective theory constructed by integrating out the

massive U(1)A vector superfield in the limit M2
PQ ≪ M2

GS. The above results show also

that (3.38) and (4.2) are valid even when M2
PQ & M2

GS, at least qualitatively, as along as

t̃3 ∼ δGSM2
PQ/M2

GS ≪ 1, which is required for the Kähler potential to have a meaningful

expansion in powers of t̃3 as in (A.1).
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[21] L.E. Ibáñez and H.P. Nilles, Low-Energy Remnants of Superstring Anomaly Cancellation

Terms, Phys. Lett. B 169 (1986) 354 [SPIRES].

[22] K. Choi, Supersymmetry breaking for the observable sector in superstring models,

Z. Phys. C 39 (1988) 219 [SPIRES].

[23] H.P. Nilles, M. Olechowski and M. Yamaguchi, Supersymmetry breaking and soft terms in

M-theory, Phys. Lett. B 415 (1997) 24 [hep-th/9707143] [SPIRES].

[24] H.P. Nilles, M. Olechowski and M. Yamaguchi, Supersymmetry breakdown at a hidden wall,

Nucl. Phys. B 530 (1998) 43 [hep-th/9801030] [SPIRES].

[25] A. Lukas, B.A. Ovrut and D. Waldram, On the four-dimensional effective action of strongly

coupled heterotic string theory, Nucl. Phys. B 532 (1998) 43 [hep-th/9710208] [SPIRES].
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