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We consider the phenomenological consequences of fixing compactification moduli. In the simplest
KKLT constructions, stabilization of internal dimensions is rather soft: weak scale masses for moduli
are generated, and are of order mσ ∼ m3/2. As a consequence one obtains a pattern of soft
supersymmetry breaking masses found in gravity and/or anomaly mediated supersymmetry breaking
(AMSB) models. These models may lead to destabilization of internal dimensions in the early
universe, unless the Hubble constant during inflation is very small. Fortunately, strong stabilization
of compactified dimensions can be achieved by a proper choice of the superpotential (e.g in the
KL model with a racetrack superpotential). This allows for a solution of the cosmological moduli
problem and for a successful implementation of inflation in supergravity. We show that strong
moduli stabilization leads to a very distinct pattern of soft supersymmetry breaking masses. In
general, we find that soft scalar masses remain of order the gravitino mass, while gaugino masses
nearly vanish at the tree level, i.e. they are of order m2

3/2/mσ. Radiative corrections generate
contributions to gaugino masses reminiscent of AMSB models and a decoupled spectrum of scalars
reminiscent of split-supersymmetry. This requires a relatively large gravitino mass (∼ O(100) TeV),
resolving the cosmological gravitino problem and problems with tachyonic staus in AMSB models.

I. INTRODUCTION

Soon after the introduction of N = 1 supergravity as
a phenomenological model [1–3] it was recognized that
there is a cosmological moduli problem [4]. The problem
is manifest whenever there is a weakly (gravitationally)
coupled field with a weak scale ∼ O(1) TeV mass and a
Planck scale vacuum expectation value. This field may
either be related to the mechanism of supersymmetry
breaking as in the case of the Polonyi potential [1], or
associated with one of many scalars in string theory such
as compactification moduli.

In any attempt to resolve the moduli problem, one
must first tackle the problem of moduli stabilization. An
attractive and often studied mechanism for the vacuum
stabilization of moduli is the KKLT mechanism [5]. The
KKLT mechanism consists of two basic steps. First of
all, one finds a stable supersymmetric anti-deSitter (AdS)
vacuum, then this vacuum is uplifted to a de Sitter vac-
uum with an extremely small positive cosmological con-
stant. One may interpret uplifting either as soft super-
symmetry breaking induced by string theory effects [5],
or as a D-term contribution [6–8], or an F-term contri-
bution in N = 1 supergravity [9]. The phenomenology of
this class of models has been heavily studied (see e.g. [10–
15]). Soft supersymmetry breaking masses arise through
a combination of modulus (gravity) and anomaly media-
tion leading to a pattern of masses with relatively heavy
gravitino (∼ 100 TeV) and a compressed scalar-gaugino
spectrum around the TeV scale.

However, unless the moduli are very heavy, the cosmo-
logical problems associated with their late-time evolution

persist. In addition, these models may suffer from a vac-
uum destabilization during inflation unless the Hubble
parameter at the last stage of inflation is smaller than
the gravitino mass [16]. In a generalization of the KKLT
model based on a racetrack superpotential, also known
as the KL model [16], the problem of destabilization is
resolved as the moduli in this model are superheavy and
allow for significantly higher scales for the Hubble pa-
rameter and a successful implementation of the chaotic
inflationary scenario in supergravity [17]. The KL model,
however, leads to a very distinct pattern of soft super-
symmetry breaking masses with gaugino masses typically
much lighter than scalar masses as in models of split su-
persymmetry breaking [18]. We show that this result is
a general consequence of any model in which the moduli
are much heavier than the gravitino.

In what follows, we will first describe in Section II the
basic ingredients of the KKLT and KL models. We will
restrict our attention here to supersymmetry breaking via
uplifting. We will also restrict our attention to a minimal
Kähler potential for Standard Model (SM) fields, though
we will comment on the consequences of generalizing to
non-minimal models. In section III, we compare the con-
tributions to soft masses in both the KKLT and KL mod-
els. We will show that in the simplest KKLT models,
gaugino masses are proportional to the gravitino mass,
while in KL models, they are proportional to m2

3/2/mσ.
Here mσ is the mass of the volume modulus, describ-
ing volume stabilization in string theory; mσ � m3/2 in
the KL scenario. In both classes of models, soft scalar
masses are set by m3/2, but in the KL model the gaugino
masses practically vanishes unless one takes into account
quantum corrections. As a consequence, anomaly medi-
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ation becomes the first source of breaking terms in the
gaugino sector of the theory. In an appendix, we show
that this result is not restricted to the KL model, but
is a general consequence of any model with a strongly
stabilized vacuum, such that mσ � m3/2. Phenomeno-
logical implications of these results and our conclusions
are summarized in section IV.

II. THE KKLT AND KL MODELS

In this section, we will briefly review the KKLT and
KL models. We will couple the KKLT(KL) sector to the
SM through gravity and assume minimal N = 1 super-
gravity for the SM sector as a starting point. The KKLT
(KL) sector consists of a single chiral field: the modu-
lus ρ, and we will denote SM fields collectively as y. The
scalar potential for uncharged chiral superfields in N = 1
supergravity is

V = eK
(
Kij̄DiWD̄j̄W̄ − 3|W |2

)
= eG

(
GiG

ij̄Gj̄ − 3
)
, (1)

with

DiW ≡ ∂iW +KiW and G = K + log |W |2. (2)

In string theory, one must consider stabilization of the
volume modulus ρ to explain why our universe is 4d
rather than 10d. The simplest approach to this issue
is based on the KKLT mechanism [5]. As we will see, in
this theory, one first finds a stable supersymmetric vac-
uum with a negative vacuum energy density VAdS, and
then uplifts it until its vacuum energy becomes positive
but negligibly small, about 10−120 in Planck units. Af-
ter uplifting, supersymmetry is broken, and the gravitino
mass has a simple relation to the depth of the original
AdS minimum [16]:

m2
3/2 = |VAdS|/3 . (3)

Thus the mechanism of supersymmetry breaking is built
into the new generation of string theory models. One can
add to it other mechanisms of supersymmetry breaking,
such the Polonyi mechanism [1], dynamical supersymme-
try breaking [19], an O’Raifeartaigh mechanism [9, 20]
or something else. However, this would make the mod-
els more complicated. Therefore, in this paper we will
concentrate on the string theory based mechanism of su-
persymmetry breaking.

For both the KKLT and KL models, we define a Kähler
potential as

K = −3 log(ρ+ ρ̄) + yȳ . (4)

In each case we will assume the superpotential is separa-
ble so that

W = W (ρ) +WSM (y) (5)

whereW (ρ) is either the KKLT or KL superpotential and
WSM (y) is the superpotential for the Standard Model
(the subscript SM can be dropped without loss of clarity).
From Eqs. (1) and (5), we can write the scalar potential
as

V = eK(|DρW |2 + |DyW |2 − 3|W (ρ) +W (y)|2) . (6)

Here |DρW |2 = Kρρ̄DρWD̄ρ̄W̄ . In the remainder of this
section, we will ignore the SM contributions to the scalar
potential. Along the direction σ = Re ρ, we can write

∂σV =
DρW

3σ2
(σWρ,ρ − 2Wρ) , (7)

this equation being valid for any real superpotential W .

The KKLT model is specified by the choice of super-
potential

WKKLT = W0 +Ae−aρ , (8)

where W0 and a > 0 are constants. In this theory, there
is a supersymmetry preserving AdS minimum found by
setting DρW = 0. Since Kρ = −3/(2σ), we can use
DρW = 0 to solve for W0 in terms of ρ = σ0 correspond-
ing to the minimum of the potential,

W0 = −Ae−aσ0

(
1 +

2

3
aσ0

)
. (9)

Furthermore, at the minimum,

W (σ0) = −2aσ0

3
Ae−aσ0 Wρ(σ0) = −aAe−aσ0 , (10)

and the scalar potential at the minimum becomes

VAdS = V (σ0) = −a
2A2e−2aσ0

6σ0
. (11)

Using the relation m2
3/2 = eG = eK |W |2, one finds

m3/2 =
aA

3(2σ0)1/2
e−aσ0 , (12)

in agreement with Eq. (3). As we will see, this relation
remains valid after the uplifting of the AdS minimum.

Note that the validity of the KKLT model requires that
σ0 � 1 and aσ0 > 1 [5]. In the following, we will assume
that aσ0 � 1, to simplify the analytical calculations.
In fact, this condition must be satisfied if we want to
find the gravitino mass in the TeV range, which implies
that m3/2 ∼ 10−15 in Planck mass units. Indeed, the
parameters a and A of the KKLT construction are not
expected to be exponentially small. Therefore, accord-
ing to (12), the only way to have a hierarchically small
gravitino mass m3/2 ∼ 10−15 ∼ e−35 is to have aσ0 � 1.
For example, for a ∼ A ∼ 1 and m3/2 ∼ 10−15, Eq. (12)
yields σ0 ∼ aσ0 ≈ 30.
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FIG. 1. Scalar potential of the KKLT model for the values
of the parameters A = 1, a = 1 and W0 = 10−12 before and
after uplifting. The potential has been multiplied by a factor
of 1029 for clarity.

It is useful to represent the expressions for m3/2 in a
different but equivalent way. Using (10), one finds, for
aσ0 � 1,

m3/2 =
W0

(2σ0)3/2
. (13)

In the example considered above one finds W0 ∼ 10−12.
This is the same degree of fine-tuning as the one required
in the standard Polonyi model.

To find the relation between the mass of the volume
modulus and the gravitino mass, one can can use Eq. (7),
which yields

m2
σ =

∂σ∂σV

2Kρ,ρ̄
=

2

9
(DρW )σ(σWρ,ρ − 2Wρ) (14)

at the supersymmetric minimum. In this case, one can
show that the mass of the volume modulus, as well as the
mass of its imaginary (axionic) component, is given by

mσ =

√
2σ0

3
Wρ,ρ = 2aσ0m3/2 . (15)

As a result, the mass of the volume modulus is not much
greater than the gravitino mass. And this means that
the volume stabilization in the KKLT scenario is actually
very soft [16].

As mentioned above, the AdS minimum at ρ = σ0

must be uplifted. We illustrate the uplifting effect in the
Fig. 1 in the phenomenologically reasonable case A = 1,
a = 1 andW0 = 10−12 corresponding to a gravitino mass
m3/2 = 2 × 10−15. The position of the minimum in this
case is σ0 ≈ 30.7.

Uplifting of the AdS minimum induces supersymmetry
breaking and is achieved by adding to the potential a
term

∆V ≈ |VAdS|
σn0
σn

. (16)

In the original KKLT construction it was assumed that
n = 3 [5], but according to [21] n = 2 in the uplifting
term, due to effects related to warping. One may have
n = 3 if the uplifting occurs due to a D-term [6–8]. The
choice of n will not affect our qualitative conclusions; for
definiteness, we will choose n = 2.

Because of the dependence of the uplifting term on σ,
the minimum after the uplifting shifts to greater values
of σ. Let us denote the shift in σ after uplifting by ∆σ.
Once again, using Eq. (7), we can obtain ∆σ from

(DρW )σ(σ0Wρ,ρ − 2Wρ)∆σ = 6VAdSσ0 . (17)

Then, for aσ0 � 1, one can show that the relative value
of the shift is small,

∆σ

σ0
= (aσ0)−2 � 1. (18)

This shift does not change much the values of the super-
potential and the Kähler potential, which depend on σ.
Therefore the gravitino mass after the uplifting is cor-
rectly represented by the expression (12). Similarly, the
mass of the volume modulus (15) practically does not
change during the uplifting.

In N = 1 supergravity, ignoring D-term and string
theory effects leading to the uplifting, one could use the
standard expression for the potential V = eK(|DρW |2 −
3|W |2). Then the existence of the gravitino mass m2

3/2 =

eK |W |2 in a Minkowski vacuum with V = 0 would auto-
matically imply that |DρW |2 = 3e−Km2

3/2 6= 0.

However, because of uplifting, this relation is no longer
valid. Since DρW = 0 in the supersymmetric AdS vac-
uum, the value of DρW after uplifting is completely de-
termined by the small shift ∆σ. For aσ0 � 1, it is given
by

DρW = (DρW )σ∆σ 'Wρ,ρ∆σ =
3
√

2

a
√
σ0

m3/2 . (19)

As we see, all of the important parameters, such as W ,
Wρ, DρW , mσ, have their scale determined by the grav-
itino mass, up to some combination of parameters a and
σ0. This fact will be important for us in the next section
when we will discuss consequences of the KKLT mecha-
nism for supersymmetry breaking in the observable sec-
tor.

The softness of the moduli stabilization in the simplest
versions of the KKLT construction leads to a rather un-
usual problem: the Hubble constant during inflation can-
not be much greater than the gravitino mass, H . m3/2

[16]. The reason is that in the simplest KKLT mod-
els, the barrier separating the stabilized dS vacuum from
the 10d Minkowski vacuum has a height proportional to
m2

3/2. When the inflationary potential is added to the
system, it may lift the dS minimum above the barrier. If
this happens, the universe decompactifies and becomes
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10-dimensional. Thus, for m3/2 . 1 TeV, one must have
a very low value of the Hubble constant at the last stage
of inflation in the KKLT based inflationary models. Spe-
cial effort is required to build inflationary models of this
type.

One can try to solve this problem in several different
ways, see for example [16, 22–25]. The simplest mecha-
nism involves a slightly generalized KKLT model, which
is sometimes called the KL model [16]. In this model, in-
stead of the standard KKLT superpotential (8), one uses
the racetrack superpotential

WKL = W0 +Ae−aρ −Be−bρ . (20)

In contrast to the KKLT case, the new degree of freedom
offered by Be−bρ allows the new model to have a super-
symmetric Minkowski solution. Indeed, for the particular
choice of W0,

W0 = −A
(
aA

bB

) a
b−a

+B

(
aA

bB

) b
b−a

, (21)

the potential of the field σ has a supersymmetric mini-
mum with W (σ0) = 0, DρW (σ0) = 0, and V (σ0) = 0,
where σ0 = 1

a−b ln
(
aA
bB

)
. In further contrast with the

KKLT model, in the KL model there exist another mini-
mum deeper than the supersymmetric one, implying that
the SUSY minimum is metastable.

The gravitino mass in the supersymmetric Minkowski
minimum vanishes, whereas the mass squared of the field
σ at the minimum as well as the mass squared of the
imaginary component of the field ρ, is given by [17]

m2
σ =

2

9
W 2
ρ,ρσ0 =

2

9
aA bB (a−b)

(
aA

bB

)− a+b
a−b

ln

(
aA

bB

)
.

(22)
To understand the implications of this result, let us con-
sider a particular simple choice of parameters A = B =
1, a = 0.1, b = 0.05. For these parameters, one has
mσ ∼ 2 × 10−3, in Planck units, so the field σ is much
heavier than the inflaton field, which, in the simplest
model of chaotic inflation [26] has mass mφ ∼ 6× 10−6.
This hierarchy of mass scales is one of the necessary con-
ditions which is required to ignore the dynamics of the
volume modulus σ during inflation. What is most im-
portant here is that the mass mσ, as well as the height of
the barrier separating the Minkowski minimum from the
AdS minimum in this model, does not have any relation
to the gravitino mass. Therefore one can have inflation
in this model for H � m3/2 [16, 17, 22, 25].

In the KL model discussed so far, supersymmetry is
unbroken in the vacuum state corresponding to the min-
imum of the potential with V = 0. The scale of super-
symmetry breaking will be determined by a slight per-
turbation of the superpotential (20) by adding to it a
small constant ∆W proportional to the weak scale, µ.
Independent of the sign of ∆W , the constant shifts the

minimum of the potential V from zero to a slightly neg-
ative value VAdS < 0 at σ0 + δσ. Therefore VAdS in the
first approximation must be proportional to −∆W 2. At
the shifted minimum, supersymmetry is preserved, and
DρW (σ + δσ) = 0. Since Wρ(σ0) = 0, we can write
Wρ(σ0+δσ) = Wρ,ρ(σ0)δσ. After some algebra, one finds
that the position of the minimum shifts by δσ = 3∆W

2σ0Wρ,ρ
,

and the potential at the minimum becomes [17]

VAdS(∆W ) = −3(∆W )2

8σ3
0

= −3

8

(
a− b

ln
(
aA
bB

))3

(∆W )2 .

(23)
In this minimum, the value of the superpotential (includ-
ing the additional constant ∆W ), is equal to ∆W up to
small corrections O(∆W )2. Supersymmetry in the mini-
mum is still unbroken, DρW = 0, whereasWρ = 3

2σ0
∆W .

Note that the only “large" quantities here (in Planck
units) are σ0 and Wρ,ρ. Therefore, δσ ∝ ∆W ∝ m3/2.
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FIG. 2. Scalar potential of the KL model for the values of the
parameters A = B = 1, a = 0.1, b = 0.05. The potential has
been multiplied by a factor of 107 for clarity. The effect of
uplifting is so small as compared to the height of the barrier
in this model that one cannot distinguish an uplifted and non-
uplifted potential on the scale of this figure.

As in the case of the KKLT model, we must add an up-
lifting potential. After uplifting to the present state with
a nearly vanishing vacuum energy, the gravitino mass be-
comes

m3/2 =
√
|VAdS|/3 =

1

2
√

2

(
a− b

ln
(
aA
bB

))3/2

|∆W | . (24)

In particular, for A = B = 1, a = 0.1, b = 0.05, one
has m3/2 ∼ 7 × 10−3|∆W | ∼ 3.5mσ|∆W | � mσ. Since
we assume ∆W to be very small (see below), we have
m3/2/mσ � 1. The shape of the potential, V , for this
set of parameters is shown in Fig. 2. Note that the effect
of uplifting is so tiny as compared to the height of the
barrier in the KL model that one cannot distinguish an
uplifted and non-uplifted potential on the scale of this
figure. This helps to understand why the moduli stabi-
lization in the KL model is so much stronger than in the
simplest versions of the KKLT construction.
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To have m3/2 ∼ 1 TeV ∼ 0.4 × 10−15 in Planck units
in the model with A = B = 1, a = 0.1, b = 0.05, one
should have |∆W | ∼ 6×10−14. This means that to make
the gravitino mass comparable to the electroweak scale,
we must introduce a small parameter ∼ 10−13. This is
the same degree of fine-tuning as the one required in the
standard Polonyi model. Each of these models requires
the presence of one very small number. In the KKLT
model, it is W0 that must be tuned small. In the KL
model, we need approximately the same small number
added to a number of O(1) in the superpotential. In the
context of our paper, it is important that the required
accuracy of fine-tuning of the superpotential in the KL
model is the same as in the simplest KKLT model, and in
both cases the goal of fine-tuning is the same: to achieve
a very low level of supersymmetry breaking.

Thus it is hard to discriminate between the simplest
KKLT models with the superpotential (8) and the KL
models (20) on the basis of fine-tuning. It would be
interesting to check which one of these models is more
probable in the landscape, but this would go beyond the
scope of the present paper. The main advantage of the
KL model is that the mass of the volume modulus can
be many orders of magnitude greater than the gravitino
mass. This strongly stabilizes the size of the compacti-
fied space and allows inflation with very high values of
the Hubble constant, H � m3/2 [16, 17, 22, 25]. More-
over, in the KL model, the presence of the light Polonyi
moduli fields is not required, which solves the cosmolog-
ical moduli problem. In addition, as we will see in the
next section (see also [17]), this class of models provides
a natural solution of the cosmological gravitino problem.
Clearly, the KL model is not the only one where the
strong moduli stabilization can be achieved. One may
add some new terms to the racetrack superpotential of
the KL model, or one may find another, totally differ-
ent superpotential which allows strong stabilization with
mσ � m3/2. All of these models share certain features
to be discussed below.

Uplifting in the KL model induces a shift in the mod-
ulus field, which we will denote as ∆σ to distinguish it
from the shift δσ induced by adding the constant ∆W
to the superpotential. Eq. (17) remains valid in the KL
model, and we can use it to find ∆σ. The left hand side
of Eq. (17) should now be evaluated at σ0 + δσ. Then
since, (DρW )σ ≈Wρ,ρ, we can easily solve for the uplift-
ing shift ∆σ = 6VAdS

W 2
ρ,ρ

. One can now show that for any
choice of the superpotential which leads to strong volume
modulus stabilization with the Kähler potential (4), the
supersymmetry breaking term DρW in the minimum of
the uplifted potential is given by

DρW = (DρW )σ∆σ 'Wρ,ρ∆σ = 6
√

2σ0

m3/2

mσ
m3/2.

(25)
We give the derivation of this general result in the Ap-
pendix.

The exact form of this equation will not be important
for us. What is important is the following qualitative
statement: In all models where the volume modulus can
be strongly stabilized, i.e. mσ � m3/2, the supersymme-
try breaking term DρW is strongly suppressed. The va-
lidity of this statement is very easy to understand: If the
original AdS state is supersymmetric, the supersymme-
try breaking term DρW vanishes before the uplifting. If
the minimum is strongly stabilized (the potential sharply
rises in the vicinity of the minimum), then adding a soft
uplifting term ∆V ≈ |VAdS| σ

n
0

σn barely affects the value of
the field σ in the minimum. As a result, uplifting in the-
ories with strong volume modulus stabilization will keep
the term DρW vanishingly small. As we will see, this
conclusion may have important implications for particle
phenomenology in the context of models with strongly
stabilized moduli.

III. SOFT MASSES IN THE KKLT AND KL
MODELS

We now return to Eqs. (4) - (6) to consider the scalar
potential of SM matter fields. Inserting Eqs. (4) and (5)
into (6), we can write the scalar potential as

V =
ey

2

8σ3

(
−3|W (ρ) +W (y)|2 + |ȳ(W (ρ) +W (y)) +Wy|2

+
4σ2

3
(DρW (ρ)− 3

2σ
W (y))(D̄ρ̄W̄ (ρ̄)− 3

2σ
W̄ (ȳ))

)
, (26)

assuming Im ρ = 0. If we note first that we can re-
move contributions from 4σ2

3 DρW (ρ)D̄ρ̄W̄ (ρ̄)−3|W (ρ)|2
as they will be cancelled by Vuplift and then expand the
remaining terms in (26) and take the low energy limit
(MP →∞), we obtain,

V =
1

8σ3

(
|Wy|2 + |W (ρ)|2yȳ

+
(
(yWy − 3W (y))W̄ (ρ)

−2σW (y)D̄ρ̄W̄ (ρ̄)) + h.c.
))
. (27)

If we rescale the superpotential by WSM →
2
√

2σ3/2WSM (where σ to be evaluated at the near-
Minkowski minimum), then we can write the potential
in a more standard form

VSM =

∣∣∣∣∂WSM

∂yi

∣∣∣∣2 +m2
0y
iȳi + (A0WSM + h.c.) (28)

where we have now defined the universal scalar mass as

m2
0 =

1

8σ3
|W (ρ)|2 ≡ m2

3/2, (29)
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and a universal A-term

A0WSM = (yWy − 3W (y))m3/2 −
1√
2σ
D̄ρ̄W̄ (ρ̄)WSM .

(30)
Note that for tri-linears, the first term in Eq. (30) van-
ishes, leaving

A0 = − 1√
2σ
D̄ρ̄W̄ (ρ̄) (31)

while for bilinears (B-terms), it is −m3/2 yielding the
familiar supergravity relation B0 = A0 −m0.

Gaugino masses require in addition a non-trivial de-
pendence of the gauge kinetic function on the modulus,
ρ. This dependence is generic in most of the models of
N = 1 supergravity derived from extended supergrav-
ity and string theory [28]. The supergravity Lagrangian
terms of interest include

− 1
4 (Rehαβ)FαµνF

βµν + i
4 (Imhαβ)εµνρσFαµνF

βρσ

+
(

1
4e
G/2h∗αβn̄G

kn̄Gkλ
αλβ + h.c.

)
. (32)

For a suitable choice hαβ = h(ρ)δαβ , one can generate
universal gaugino masses

m1/2 =

√
2σ

6
DρW (ρ) ln(Reh∗)ρ . (33)

In addition to the above expressions, loop contributions
may also play a role (vital in the case of the KL model).
These expressions have been derived in greater generality,
e.g. when SM Yukawa couplings are also allowed to be
moduli dependent, in [10, 11].

Next, we will compare the resulting soft supersymme-
try breaking terms found in the KKLT and KL models.
We note first that independent of our choice of super-
potential, the soft scalar masses are always m2

0 = m2
3/2.

That is, the chiral multiplets will always be split by the
gravitino mass independent of the magnitude of DρW .

In contrast, both A0 and m1/2 are proportional to
DρW (ρ) and this differs greatly between the two classes
of models:

DρW (ρ) =
3
√

2

a
√
σ0

m3/2 KKLT

DρW (ρ) = 6
√

2σ0

m3/2

mσ
m3/2 KL (34)

While the KKLT model could produce a pattern of soft
scalar and gaugino masses all of order m3/2 with accept-
able phenomenologies [10–15], in all models with strong
volume modulus stabilization, such as KL models, at the
tree-level one finds that the gaugino masses and A-terms
are suppressed by m3/2/mσ and as such effectively van-
ish.

Recall that with A = B = 1, a = 0.1, b = 0.05, we
have m3/2/mσ ∼ 10−13. As a result, in the strongly sta-
bilized models, we are driven towards models resembling
those mediated by anomalies [27], where the dominant
contributions to gaugino masses and A-terms arise from
loop corrections and give [11]

m1/2 =
bag

2
a

16π2

FC

C0
(35)

and

Aijk = −γi + γj + γk
16π2

FC

C0
. (36)

Here ba = 11, 1,−3 for a = 1, 2, 3 are the one-loop beta
function coefficients, γi are the anomalous dimensions of
the matter fields yi and

FC

C0
= −1

3
(ln(ρ+ ρ̄)

√
(ρ+ ρ̄)DρW )ρ +m3/2 (37)

is related to the conformal compensator. This is clearly of
order m3/2. Note that unlike the case of mixed modulus-
anomaly mediation, there is no mirage unification in the
KL model [13].

Because of the loop suppression factor in Eq. (35),
in order to have a phenomenologically viable model in
the context of KL stabilization, we are forced to con-
sider relatively large (O(100) TeV) gravitino masses in
order to have suitably large gaugino masses. Thus we
are led to a rather unique pattern of sparticle masses.
While anomaly mediation plays an important role in the
pattern for gaugino masses, the large soft scalar masses
generated from Eq. (29) yield a spectrum more reminis-
cent of split supersymmetry [18]. Indeed, the problem
of tachyonic scalars normally associated with anomaly
mediated models is absent here. While this problem is
normally alleviated by adding a constant mass squared
to the anomaly contribution, here we have a direct source
and explanation of the this term. We also note that if
the gravitino and scalar masses were pushed to very high
values (& 1010 GeV) as in some models of split super-
symmetry, anomaly mediation would be unnecessary.

Gravitinos in the mass range O(100) TeV usually do
not pose significant cosmological problems because they
decay early. In general, they could be harmful if their
decays produce many light supersymmetric particles [29],
but even this problem can be avoided in the simplest
models of chaotic inflation based on the KL construction,
where the reheating temperature is small, which strongly
suppresses the gravitino production [17].

The heavy sparticle spectrum associated with split su-
persymmetry presents a challenge for detection of super-
symmetry at the LHC. Nevertheless there is an upper
limit on m0 = m3/2 of about 100 TeV stemming from
the upper bound on the Higgs mass from the LHC [30].
An observation of a dark matter in direct detection ex-
periments with no corresponding signal at the LHC could



7

be an indication pointing to models such as the one de-
scribed here.

We also note that the prediction that B0 ∼ −m3/2

with the significantly smaller smaller A-terms can lead
to difficulties in finding a consistent electroweak vacuum
[31, 32]. Furthermore, the large mass scales associated
with split supersymmetry also presents a challenge in
finding a consistent electroweak vacuum, i.e. solutions
with µ2 > 0, where µ is the Higgs mixing parameter.
However, the former problem may be corrected in a vari-
ety of ways, e.g. by adding a mixing term to the Kähler
potential [14, 33, 34], while the latter may be corrected
in models containing a right handed neutrino [35, 36], in
models where the input supersymmetry breaking scale
is above the GUT scale [35, 37], or in models with non-
universal Higgs masses [38]. We will return to these issues
elsewhere.

The specific pattern of mass we obtained with the KL
potential can also arise in models where the uplifting is
provided by hidden sector F-terms [15, 39]. In this case,
vacua with spontaneously broken supersymmetry, a small
positive cosmological constant and a hierarchically small
m3/2 can be obtained. This procedure leads to “matter
dominated" supersymmetry breaking, with the modulus
contribution being suppressed. The resulting soft masses
are also characterized by heavy scalars, though the gaug-
inos are lighter than the scalars, they do receive contri-
butions from the KKLT uplift in addition to AMSB and
are not necessarily as light as we have found in the KL
model. The split supersymmetry mass pattern may also
appear in models with D-term uplifting, see e.g. [40], and
in M-theory on manifolds of G2 holonomy [41].

A distinguishing feature of the models investigated
in our paper is that we studied supersymmetry break-
ing which follows from the simplest versions of the
KKLT/KL construction without any additional F-term
or D-term contributions. We particularly emphasized the
KL-type models with strongly stabilized internal dimen-
sions, which ensures vacuum stability during inflation. In
general, one can extend such models to achieve uplifting
in the context of N = 1 supergravity, see e.g. [9]. Then
the value of DρW will receive contributions of order the
gravitino mass m3/2. One may also introduce ‘split up-
lifting’ models, where part of the uplifting appears due
to string theory effects in D = 10, and part is due to N
= 1 supergravity. This could allow one to continuously
interpolate between models with DρW = O(m3/2) and
the split supersymmetry models discussed above. How-
ever, all such models would be more complicated than
the models studied in our paper. Moreover, this would
re-introduce the cosmological moduli problem. We were
only able to resolve this problem because we did not need
to include any light fields in the hidden sector of the mod-
els with strongly stabilized moduli.

IV. CONCLUSIONS

In a Minkowski vacuum in N = 1 supergravity, in the
absence of a D-term, supersymmetry breaking is deter-
mined by DρW , or, equivalently, by the gravitino mass
m3/2. Meanwhile in phenomenological models inspired
by string theory, m3/2 and DρW are not directly linked
to each other, because of the effects of uplifting. In the
simplest versions of the KKLT model these two param-
eters are nevertheless of the same order of magnitude.
However, as we have shown, the situation is very differ-
ent in the KL-type models with strong stabilization of
the volume modulus, where DρW � m3/2. These two
classes of models have very different phenomenological
consequences.

In both classes of models, chiral multiplets are split by
the gravitino mass and m2

0 = m2
3/2. On the other hand,

gaugino masses and A-terms are very different as they are
both proportional to DρW . In the simplest KKLT mod-
els, one can interpolate between modulus mediation and
anomaly mediation to transmit supersymmetry breaking.
The dominant contribution will depend on the details
of the KKLT superpotential, e.g. on the value of aσ0,
smaller values of aσ0 allowing modulus mediation, while
larger values corresponding to anomaly mediation. In
models with a heavy modulus, DρW is effectively van-
ishing and one is driven toward anomaly mediation to
generate gaugino masses and A-terms.

However unlike typical anomaly mediation models,
here we obtain a massive scalar sector. Therefore the
common problem of tachyonic staus associated with
anomaly mediation is absent here. Instead our spectrum
resembles that of split supersymmetry with scalar masses
approaching the PeV scale. Of course there are other
immediate consequences of heavy moduli: There is no
cosmological gravitino problem. Because we are forced
to anomaly mediation to generate gaugino masses, the
gravitino must be relatively heavy (approaching the PeV
scale for scalar masses). These gravitinos decay harm-
lessly, well before nucleosynthesis. Moreover, their pro-
duction can be strongly suppressed in the simplest mod-
els of chaotic inflation based on the KL scenario. There
is no moduli or Polonyi problem because there is no need
for a Polonyi field as supersymmetry breaking is encoded
in the uplifting potential. The field ρ does not create any
other cosmological difficulties. Indeed having a success-
ful model of inflation in supergravity without requiring
H < m3/2 and free from the destabilizing effects led us
toward heavy moduli in the first place.

To summarize, cosmological considerations, including
the requirement of vacuum stability during inflation and
the possibility of solving the cosmological moduli and
gravitino problems in string theory and supergravity,
point towards models with strongly stabilized internal di-
mensions, resulting in split supersymmetry with anomaly
mediation.
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APPENDIX: GENERALIZED KL MODELS WITH
HEAVY MODULI

Here we will give details of the derivation of Eq. (25)
which are completely independent of the specific form of
the superpotential.

Let return to the scalar potential for the modulus ne-
glecting SM fields. In terms of the superpotential W (ρ),
we can write

V =
1

6σ2
Wρ(σWρ − 3W ) (38)

for the potential along the Re ρ direction. The mass of
the modulus can be easily computed

m2
σ =

1

2
Gρρ̄

∂2V

∂ρ∂ρ̄

=
1

18σ3
(σ2Wρ,ρ − 3W )(4σ2Wρ,ρ − 3W ) . (39)

Recall also that at the minimum,

m2
3/2 =

1

8σ3
W 2 . (40)

The limit m2
3/2 � m2

σ amounts to

W 2 � 4

9
(σ2Wρ,ρ − 3W )(4σ2Wρ,ρ − 3W ) , (41)

which is equivalent to W � σ2Wρ,ρ. Note that this was
precisely the limit used to approximate Eq. (25), and in
this limit

m2
σ =

2

9
σW 2

ρ,ρ. (42)

Finally, we can evaluate DρW from Eq. (25) inserting
∆σ

DρW =
6VAdS

Wρ,ρ
=

18m2
3/2

Wρ,ρ
. (43)

Substituting Wρ,ρ from Eq. (42) we arrive at

DρW = 6
√

2σ0m3/2

m3/2

mσ
, (44)

where σ is to be evaluated at the pre-uplifted minimum
(σ0 + δσ) in the notation of the previous section. Thus,
we have shown that in general,

DρW � m3/2 (45)

whenever the volume modulus is strongly stabilized, so
that mσ �

√
σ0m3/2. Our result is not specific to the

KL model.
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