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We propose a new type of moduli stabilization scenario where the supersymmetric and supersymmetry-
breaking minima are degenerate at the leading level. The inclusion of the loop corrections originating from
the matter fields resolves this degeneracy of vacua. Light axions are predicted in one of our models.
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I. INTRODUCTION

The superstring theory predicts six-dimensional (6D)
compact space in addition to four-dimensional (4D) space-
time. The size and shape of the 6D compact space are
determined by moduli. Thus, moduli are a characteristic
feature in the superstring theory on compact space. Indeed,
moduli fields play important roles in the superstring theory
and its 4D low-energy effective field theory, in particular, in
particle phenomenology and cosmology. (See for a review,
e.g., Refs. [1,2].) Studies on physics relevant tomoduli would
provide a remnant of the superstring theoryon compact space.
Gauge couplings, Yukawa couplings, and other couplings

in the 4D low-energy effective field theory are given by
vacuum expectation values (VEVs) of moduli fields. In the
phenomenological point of view, the spectrum of super-
symmetric particles is sensitive to the supersymmetry
(SUSY) breaking of moduli fields through the gravitational
interactions between the moduli fields and matter fields
[3–6]. This aspect would be relevant to dark matter physics,
since the lightest superpartner is a candidate of dark matter.
Moreover, the thermal history of the Universe highly
depends on the dynamics of moduli fields as well as axion
fields, which are imaginary parts of moduli fields. From the
theoretical point of view, these moduli fields are originating
from the vector and tensor fields in low-energy effective
action of the superstring theory as well as the higher-
dimensional supergravity. The stabilization of the moduli
field is one of themost important issues to realize a consistent
low-energy effective action of the superstring theory.
The moduli potential is prohibited by the higher-

dimensional gauge and Lorentz symmetries at the pertur-
bative level. On the other hand, the nontrivial background
fields and nonperturbative effects generate the moduli
potential. Then, one can stabilize the moduli fields
and also study the dynamics relevant to moduli fields.

The vacuum structure of the moduli potential is of particular
importance. For example, the flat direction of the moduli
potential can drive cosmological inflation,1 and the lifetime
of ourUniverse depends on the (meta)stability of thevacuum.
So far, there are several mechanisms to stabilize the

moduli, in particular, closed string moduli fields, e.g., the
Kachru-Kallosh-Linde-Trivedi (KKLT) scenario [8] and
the large volume scenario [9]. (See, e.g., Ref. [1] and
references therein.) In this paper, we propose a new type of
moduli stabilization scenario by using the string-derived
N ¼ 1 four-dimensional supergravity action. We find that
the supersymmetric and SUSY-breaking vacua are degen-
erate at the tree level and they are independent of the F term
of certain moduli fields. The loop effects originating from
the matter fields generate the moduli potential and resolve
this degeneracy of vacua.
This paper is organized as follows. In Sec. II, we study a

new type of potential for a complex structure modulus
within the framework of the type IIB superstring theory.
Its minimum has the SUSY preserving and breaking
degenerate vacua, which can be resolved by loop effects.
Then, the modulus field including the axion is stabilized.
In Sec. III, we study similar aspects for the Kähler modulus.
In this case, the real part of the Kähler modulus is stabilized,
but the axion remains massless at this stage. Finally, Sec. IV
is devoted to the conclusion. In the Appendix, we give an
illustrating model for the moduli stabilization.

II. COMPLEX STRUCTURE MODULI

In Secs. II and III, we consider two illustrative super-
gravity models where the moduli fields correspond to the
complex structure modulus and Kähler modulus within
the framework of the type IIB superstring theory. In both
scenarios, we show that the supersymmetric and SUSY-
breaking vacua are degenerate at the leading level. The
inclusion of the one-loop corrections from the matter fields
resolves this degeneracy.*kobayashi@particle.sci.hokudai.ac.jp

†omoto@particle.sci.hokudai.ac.jp
‡h.otsuka@aoni.waseda.jp
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1See for the detail of moduli inflations as well as axion
inflations, e.g., Ref. [7].
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In the type IIB superstring theory on the Calabi-Yau
(CY) orientifold, the Kähler potential of moduli fields is
described by

K ¼ − ln

�
i
Z
CY

Ω ∧ Ω̄
�
− lnðSþ S̄Þ − 2 lnV; ð1Þ

where ΩðUmÞ is the holomorphic three-form of the CY
manifold and VðTiÞ is the volume of the CY manifold.
Here, S, Um, and Ti denote the dilaton, complex structure
moduli, and Kähler moduli, respectively.
The three-form flux can induce the superpotential [10]

Wflux ¼
Z
CY

G3 ∧ Ω; ð2Þ

whereG3 ¼ F3 − iSH3 is an imaginary self-dual three-form.
Also, nonperturbative effects such as D-brane instantons
and gaugino condensations can generate the superpotential
of S and Ti, e.g.,

Wnp ¼
X
p

AðpÞðUmÞe−aðpÞS−a
ðpÞ
i Ti ; ð3Þ

where AðpÞðUmÞ represent the Um-dependent one-loop

corrections and aðpÞ and aðpÞi are the numerical constants.

A. The degenerate scalar potential

First, let us consider the following Kähler potential
and superpotential based on the four-dimensional N ¼ 1
supergravity:

K ¼ −3 lnðU þ ŪÞ; W ¼ C0 þ C1U; ð4Þ

whereC0;1 are the complex constants. Throughout this paper,
we use the reduced Planck unitMPl ¼ 2.4 × 1018 GeV ¼ 1.
In the type IIB superstring theory on the CYorientifold, the
modulus fieldU could be identified with one of the complex
structure moduli of the CY manifold. We now assume that
the other complex structure moduli and dilaton are stabilized
at the minimum by the three-form fluxes [11]. When the
parametersC0;1 are determined only by the three-form fluxes
as well as VEVs of the other complex structure moduli,
these would be ofOð1Þ. On the other hand, when the above
superpotential appears from the instanton effects, C0;1 are
characterized as e−aT , withT being a certain Kählermodulus
of the CY manifold, and could be suppressed. In the
following analysis, we treat C0;1 as complex constants by
further assuming that all the Kähler moduli are stabilized at
theminimumby the other nonperturbative effects.WhenC0;1

are of the order of unity, it is a challenging issue to stabilize
the Kähler modulus at the scale above the mass of U.
Conversely, when both C0;1 are exponentially suppressed,
one can achieve the above assumption as shown later. In the

following, we use the parametrization as C1 ¼ w0 and
C0=C1 ¼ C.
To see the degenerate supersymmetric and SUSY-breaking

vacua, we calculate the scalar potential in the notation of
U ¼ UR þ iUI and C ¼ CR þ iCI:

V ¼ eKðKUŪjDUWj2 − 3jWj2Þ ¼ −
jw0j2
6U2

R
ð3CR þ 2URÞ;

ð5Þ

where KUŪ is the inverse of Kähler metric KUŪ ¼ ∂U∂ŪK
and

DUW ¼ w0

�
−3

Cþ U
U þ Ū

þ 1

�
: ð6Þ

As a result, the scalar potential (5) remains flat in the
direction of UI. On the other hand, from the extremal
condition of UR,

∂V
∂UR

¼ jw0j2
6U3

R
ð6CR þ 2URÞ ¼ 0; ð7Þ

UR is stabilized at the minimum

UR;min ¼ −3CR; ð8Þ

where CR should be negative to justify our low-energy
effective action. Note that jCRj is typically of the order of
unity in both scenarios:C0;1 ≃Oð1Þ and C0;1 ≃Oðe−aTÞ. If
jCRj is smaller than unity, the moduli space of U deviates
from the large complex structure regime and our discussing
the logarithmic Kähler potential is not reliable. It turns out
that the mass squared of canonically normalized UR,

KUŪ

2

∂2V
∂U2

R
¼ 2U2

R;min

3

jw0j2
3U3

R;min

¼ 2jw0j2
9UR;min

; ð9Þ

is positive and the vacuum energy

V ¼ −
jw0j2

6UR;min
ð10Þ

is negative at this minimum. Note that the mass squared of
canonically normalized UR at this vacuum is taken smaller
than the other moduli fields, in particular, the Kähler
moduli. For example, when we consider the nonpertur-
bative superpotential for the Kähler moduli irrelevant to
our focusing U, the Kähler moduli can be stabilized at
certain minima by them and the mass squared of the
overall Kähler modulus is given by Oðð2πReðTÞÞ2jw0j2)
for the KKLT scenario. It is much heavier than that of our
considered UR as discussed in the Appendix.
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Although the vacuum energy is independent of UI , the F
term of the modulus U depends on UI:

F ¼ −eK=2KUŪDŪW̄; ð11Þ

where

ReðDUWÞ ¼ 0; ImðDUWÞ ¼ w0

�
−
3ðCI þ UIÞ
2UR;min

�
:

ð12Þ

Thus, we find that the SUSY is preserved at CI þUI ¼ 0
and broken at CI þ UI ≠ 0, respectively. From the fact that
the scalar potential is independent of UI , supersymmetric
and SUSY-breaking vacua are degenerate.

B. Loop corrections

The analysis in Sec. II A shows that the vacuum energy is
negative, V < 0, and, at the same time, the scalar potential
remains flat in the direction of UI . First, we introduce the
uplifting sector to obtain the tiny cosmological constant. In
particular, we assume that the U-independent potential
induced by the anti-D-branes uplifts the anti–de Sitter
vacuum to the Minkowski one such as the KKLT scenario.2

Next, the nonvanishing F term of U gives rise to the soft
terms of matter fields. These massive supersymmetric
particles induce the UI-dependent scalar potential through
one-loop corrections [14]:

ΔV ¼ Str
M4

64π2
ln ½M2=Λ2�: ð13Þ

In the following analysis, we illustrate how we can
stabilize UI by one-loop effects. For such a purpose, we
focus on the situation that the gauginos and supersym-
metric scalar fields contribute to the one-loop corrections.
The gaugino masses are provided by

Ma ¼
1

2

∂ ln fa
∂ lnΦI F

I; ð14Þ

where faðΦIÞ with a ¼ Uð1ÞY; SUð2ÞL; SUð3ÞC represent-
ing the gauge kinetic functions for the standard model
gauge groups, respectively. On the other hand, the soft
scalar masses are given by

m2
i ¼

2

3
V0 − ∂I∂ ĪYiījFIj2 þ ðD termÞ; ð15Þ

where

Yiī ¼ e−K=3Ziī; ð16Þ

with Ziī being the Kähler metric of the matter fields.
To simplify our illustrating analysis, we assume that the

typical soft scalar mass and gaugino mass mainly contribute
to the one-loop potential. Then, those are characterized as

M ¼ kfF; m2 ¼ m2
0 − kmjFj2; ð17Þ

where kf and km are real constants and m2
0 denotes the soft

scalar mass induced by the U-independent F-term contribu-
tions. The gaugino mass may also have another contribution
such as M ¼ kfF þM0. Even in such a case, the following
discussion is similar. For a simple illustration, we restrict
ourselves to the above spectrum of superpartners.
By rescaling the F term ofU, one can set km ¼ 1, and the

corresponding one-loop potential can be written by

64π2ΔV ¼ a1ðc2 − jFj2Þ2 lnðc2 − jFj2Þ
− a2F4 lnða3jFj2Þ þ V0; ð18Þ

where c2 ¼ m2
0=km, a3 ¼ kf=km, and a1;2 correspond to the

multiplicities of the scalars and gauginos, respectively.
Now, we include the constant V0 coming from the F terms
of Kähler moduli and anti-D-brane effects to achieve
the tiny cosmological constant at the vacuum. By using
Δ ~V¼ 64π2ΔV=a2, a0 ¼ a1=a2, and ~V0¼V0=a2, the above
scalar potential is simplified as

Δ ~V ¼ a0ðc2 − jFj2Þ2 lnðc2 − jFj2Þ − F4 lnða3jFj2Þ þ ~V0:

ð19Þ

The first derivative of the one-loop potential with respect to
jFj is given by

Δ ~V 0 ¼ −2jFj½2jFj2 lnða3jFj2Þ þ jFj2 þ a0ðc2 − jFj2Þ
þ 2a0ðc2 − jFj2Þ lnðc2 − jFj2Þ�; ð20Þ

fromwhich there are two possibleminima leading to jFj ¼ 0
and jFj ≠ 0. To see the nonvanishing F, we draw the
one-loop scalar potential as a function of jFj by setting
the following illustrative parameters:

a0 ¼ 1ð−1Þ; a3 ¼ 0.1; c ¼ 1.2ð0.2Þ;
~V0 ≃ −0.474ð−0.00375Þ ð21Þ

in the left (right) panel in Fig. 1 and

a0 ¼ −1; a3 ¼ 0.1; c ¼ 10−5;

~V0 ≃ −1.24 × 10−19 ð22Þ
2Uplifting by spontaneous F-term SUSY breaking is also

possible [12,13]. Even in that case, theUI direction would remain
flat.
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in Fig. 2. It turns out that the nonvanishing of jFj depends on
the sign of a0 and the value of c.
To discuss the vacuum structure of the one-loop scalar

potential, we analytically derive the condition of vanishing
jFj. From the second derivative of the one-loop potential
with respect to jFj

Δ ~V 00 ¼ −2ða0c2 − 7ða0 − 1ÞjFj2 þ 6F2 lnða3jFj2Þ
þ 2a0ðc2 − 3jFj2Þ lnðc2 − jFj2ÞÞ; ð23Þ

Δ ~V 00 becomes negative at the origin jFj ¼ 0 for

−2ða0c2 þ 2a0c2 ln c2Þ < 0: ð24Þ

It implies that when a0 > 0 and

c >
1

e1=4
≃ 0.78 ð25Þ

the minimum of jFj is taken as Oð1Þ because of the
instability at jFj ¼ 0. However, we assume that the other
moduli fields are decoupled from our system and such a
high-scale SUSY breaking is not reliable. Thus, when
a0 > 0, supersymmetric minimum jFj ¼ 0 is favorable.
In this case, the soft terms are determined by F terms of

the Kähler moduli. Such a vanishing F term of U is also
interesting from the aspects of the flavor structure of the
matter fields. Indeed, Yukawa couplings among the stan-
dard model particles depend on the complex structure
moduli through the compactification of an extra dimension
as derived in the type IIB superstring theory with magnet-
ized D-branes [15]. Thus, a sizable F term of a complex
structure modulus is dangerous for the flavor-changing
processes among the supersymmetric particles, which are
severely constrained in the low-scale SUSY-breaking
scenario.
Let us take a closer look at the vacuum structure of the

one-loop scalar potential. First, we further simplify the
scalar potential by setting

Vsim ≡ Δ ~V=c4; Vð0Þ
sim ≡ ~V0=c4; C≡ ln c2;

A3 ≡ a3c2; F ≡ jFj=c: ð26Þ
Then, the total scalar potential consists of the radiative
corrections from bosonic and fermionic parts:

Vsim ¼ VbðF Þ þ VfðF Þ þ Vð0Þ
sim; ð27Þ

where

VbðF Þ ¼ a0ð1 − F 2Þ2½C þ lnð1 − F 2Þ�;
VfðF Þ ¼ −F 4 lnðA3F 2Þ: ð28Þ

Note that jFj > c gives rise to the tachyonic soft scalar
masses from the definition of soft scalar mass in Eq. (17)
and c ¼ m2

0=km. Thus, F ¼ jFj=c is constrained to the
range 0 ≤ F < 1.
First of all, let us discuss the bosonic contribution. From

the first derivative of VbðF Þ with respect to F ,

∂VbðF Þ
∂F ¼ −4a0F ð1 − F 2Þ

�
lnð1 − F 2Þ þ C þ 1

2

�
; ð29Þ

we find that there are two possible SUSY and SUSY-
breaking vacua in the physical domain 0 ≤ F < 1. When
C ≤ −1=2, the SUSY is preserved as

0 2. 10 6 4. 10 6 6. 10 6 8. 10 6
0

2. 10 20

4. 10 20

6. 10 20

8. 10 20

1. 10 19

F

V
F

FIG. 2. The one-loop scalar potential as a function of jFj in the
case of small c. The parameters are taken as a0 ¼ −1, a3 ¼ 0.1,
and c ¼ 10−5.

0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0

0.5

1.0

1.5
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2.5

3.0

3.5

F

V
F

0.00 0.05 0.10 0.15 0.20
0.0000

0.0005
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0.0015

0.0020

0.0025

0.0030

F

V
F

FIG. 1. The one-loop scalar potential as a function of jFj. The parameters are set as a0 ¼ 1, a3 ¼ 0.1, and c ¼ 1.2 in the left panel and
a0 ¼ −1, a3 ¼ 0.1, and c ¼ 0.2 in the right panel.
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F ¼ 0; ð30Þ

whereas the SUSY is broken under C > −1=2,

F ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − e−ðCþ1=2Þ

p
: ð31Þ

It can be confirmed in Fig. 3, where we show the parameter
dependence of the bosonic part Vb.
Next, we focus on the fermionic contribution. From the

first derivative of VfðF Þ with respect to F ,

∂VfðF Þ
∂F ¼ −2F 3½2 lnðA3F 2Þ þ 1�; ð32Þ

we find that there are two minima

F ¼ 0 ð33Þ

and

F ¼ e−1=4A−1=2
3 : ð34Þ

However, the latter one leads to the tachyonic mass squared,
∂F∂FVf ¼ −8ðe−1=4A−1=2

3 Þ2 < 0. Thus, the fermionic con-
tribution leads to the SUSY-preserving minimum without
depending on the value ofA3. In Fig. 4, the fermionic partVf

is drawn as a function of A3. It turns out that A3 larger than
e−1=2 causes the instability of the vacuum.
Now, we combine the bosonic and fermionic contribu-

tions. When C ≤ −1=2, the bosonic part is the monoton-
ically increasing function with respect to F , whereas the
fermionic one depends on the magnitude of A3. As shown
in the left and right panels in Fig. 5, the vacuum instability
arises by large values of A3 included in the fermionic
contribution. Since the vacuum energy is provided by

Vsimð0Þ ¼ a0C þ Vð0Þ
sim; ð35Þ

one can achieve the tiny cosmological constant by set-

ting Vð0Þ
sim ≃ −a0C.

On the other hand, in the case of C > −1=2, the vacuum
structure is determined by A3. Indeed, when A3 < e−1=2, the
vacuum of Vb is shifted to the origin by the fermionic
contribution as shown in the left panel in Fig. 6. However,
the large value of A3 > e−1=2 triggers the instability of the
vacuum as can be seen in the right panel in Fig. 6.
So far, we have discussed the case with a0 > 0. It is

found that the bosonic contribution gives the source of
SUSY breaking, whereas the fermionic contribution pre-
serves the SUSY irrelevant to the parameters. However, a
large fermionic contribution causes the instability of the
vacuum. In a similar way, we can discuss the case of
a0 < 0, which changes the bosonic part of the radiative
corrections as −Vb.

0.0 0.2 0.4 0.6 0.8 1.0

0.5

0.0

0.5

1.0

C 0.5

C 0

C 0.5

FIG. 3. The bosonic part Vb.

0.0 0.2 0.4 0.6 0.8 1.0
0.6

0.4

0.2

0.0

0.2

0.4

0.6

A3 0.4

A3 e 1 2

A3 1

A3 1.5

FIG. 4. The fermionic part Vf.
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0.4

0.2

0.0

0.2

0.4

0.6

V
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FIG. 5. The potential forms with a0 ¼ 1; C ¼ −0.6; A3 ¼ 0.5ðc ¼ 0.74; a3 ¼ 0.91Þ in the left panel and a0 ¼ 1; C ¼ −0.6; A3 ¼
1.5ðc ¼ 0.74; a3 ¼ 2.73Þ in the right panel.
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Finally, we discuss the possibility of nonvanishing F
by adding the nonperturbative effects of U into the one-
loop scalar potential. The nonperturbative effects of U are
expected to appear through, e.g., the gaugino condensation
on hidden D-branes where the gauge kinetic function
involves the U-dependent one-loop corrections [16]. Since
the real part ofU is already stabilized by the superpotential in
Eq. (4), the potential of UI can be extracted as

Λ4 cosðUI=f þ θ0Þ; ð36Þ
wheref is the typical decay constant and θ0 is a real constant.
In the following, we set CI ¼ 0 for simplicity. Then, the F
term of U,

jFUj ¼ eK=2KUŪjDUWj ¼ 9W0UI; ð37Þ
leads to the following total scalar potential:

V ¼ 1

64π2
½a1ðc2 − jFj2Þ2 lnðc2 − jFj2Þ− a2jFj4 lnða3jFj2Þ�

þ Λ4 cos

� jFj
9W0f

�
þ V1: ð38Þ

Here, the constant V1 is inserted to realize the tiny cosmo-
logical constant at thevacuum in away similar to the previous
scenario. By rescaling the parameters as

~V ≡ 64π2V=a2; a0 ≡ a1=a2; ~Λ≡ Λð64π2=a2Þ1=4;
a4 ≡ 9W0f; ~V1 ≡ V1ð64π2=a2Þ; ð39Þ
we analyze the following potential:

~V ¼ a0ðc2 − jFj2Þ2 lnðc2 − jFj2Þ − F4 lnða3jFj2Þ

þ ~Λ4 cos

�jFj
a4

�
þ ~V1: ð40Þ

Figure 7 shows that the nonvanishing jFj is achieved
even when a0 is positive. Since the origin of c and ~Λ are
the nonperturbative effects, one can realize the low-scale
SUSY-breaking scenario in this model.
We have assumed that loop corrections are dominant

in the potential of UI. When other nonperturbative effects
are dominant, obviously UI is stabilized by such non-
perturbative effects, and loop effects provide subdominant
corrections.

III. KÄHLER MODULI

In this section, we consider another example where the
supersymmetric and SUSY-breaking minima are degener-
ate at the leading level.
By use of the flux-induced superpotential (2), the F-term

scalar potential is calculated as

0.0 0.2 0.4 0.6 0.8 1.0
0.6

0.4

0.2

0.0

0.2

0.4

0.6

V

Vb

Vf

0.0 0.2 0.4 0.6 0.8 1.0
0.6

0.4

0.2

0.0

0.2

0.4

0.6

V

Vb

Vf

FIG. 6. The potential forms with a0 ¼ 1; C ¼ 0.4; A3 ¼ 0.5ðc ¼ 1.22; a3 ¼ 0.34Þ in the left panel and a0 ¼ 1; C ¼ 0.4; A3 ¼
0.9ðc ¼ 1.22; a3 ¼ 0.60Þ in the right panel.

0 1. 10 15 2. 10 15 3. 10 15 4. 10 15
0

2. 10 56

4. 10 56

6. 10 56

8. 10 56

F

V
F

0 2. 10 14 4. 10 14 6. 10 14 8. 10 14
0

2. 10 51

4. 10 51

6. 10 51

8. 10 51

1. 10 50

1.2 10 50

F

V
F

FIG. 7. The one-loop scalar potential involving the nonperturbative correction in Eq. (40) is drawn as a function of jFj. The parameters
are set as a0 ¼ a3 ¼ 1, a4 ¼ 10−15, c ¼ 5 × 10−15, ~Λ ¼ 1.4 × 10−14, and ~V1 ¼ 5.2 × 10−56 in the left panel and a0 ¼ a3 ¼ 1,
a4 ¼ 10−15, c ¼ 9 × 10−14, ~Λ ¼ 2.5 × 10−13, and ~V1 ¼ 5.9 × 10−51 in the right panel.
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VF ¼ eK
� X
I;J¼S;Um

KIJ̄DIWDJ̄W̄ þ ðKTiT̄jKTi
KT̄j

− 3ÞjWj2
�

¼ eK
� X
I;J¼S;Um

KIJ̄DIWDJ̄W̄

�
; ð41Þ

where −3jWj2 is canceled by the no-scale structure of the
Kähler moduli, X

i;j

KTiT̄jKTi
KT̄j

− 3 ¼ 0: ð42Þ

Note that the above no-scale structure is valid only at the
tree level.
Then, the dilaton and complex structure moduli are

stabilized at the minimum,

DSW ¼ 0; DUm
W ¼ 0; ð43Þ

which lead to the Minkowski minimum VF ¼ 0. When
W ≠ 0, the supersymmetry is broken by the F term of the
Kähler moduli. In contrast to the previous section, we now
assume that all the complex structure moduli and dilaton are
stabilized by the flux-induced superpotential.Although theF
terms of S andU vanish at this Minkowski minimum, the F
terms of the Kähler moduli are nonvanishing, in general:

FTi ¼−eK=2
X
j

KTiT̄jDT̄j
W̄¼−eK=2

X
j

KTiT̄jKT̄j
W̄; ð44Þ

when W ≠ 0.
For simplicity, we study the model with the overall

Kähler modulus with the CY volume V ¼ ðT þ T̄Þ3=2.
Then, the F term of the Kähler modulus is simplified as

FT ≃ eKðS;UÞ=2 T þ T̄

ðT þ T̄Þ3=2 W̄ ¼ eKðS;UÞ=2 W̄

ðT þ T̄Þ1=2 :

ð45Þ

Thus, supersymmetric and SUSY-breaking minima are also
degenerate in a way similar to the previous section, since
the scalar potential is independent of T and FT . However,
the supersymmetric vacuum corresponds to ReðTÞ → ∞,
that is, the decompactification limit.
When the leading α0 corrections are involved, the Kähler

potential of the Kähler modulus is corrected as [17]

K ¼ −2 ln
�
V þ ξ

2

�
; ð46Þ

where ξ ¼ − χðCYÞζð3Þ
2ð2πÞ3g3=2s

with χ and gs being the Euler

characteristic of CY and string coupling. These α0 correc-
tions break the no-scale structure, and the scalar potential is
generated as

VF ≃ eKðS;UÞ 3ξ

4V3
jWj2: ð47Þ

The sign of ξ depends on the number of complex structure
moduli and Kähler moduli. When the number of Kähler
moduli is smaller than that of complex structure moduli,
ξ is positive. In the case of a single Kähler modulus, the
F-term potential reduces to

VF ≃ eKðS;UÞ 3ξ

4ðTþ T̄Þ9=2 jWj2 ¼ 3ξ

4ðTþ T̄Þ7=2 jF
T j2: ð48Þ

Along the same step outlined in Sec. II, we take into
account the loop corrections originating from the super-
symmetric particles whose soft terms are dominated by the
F term of the Kähler modulus. It is remarkable that the loop
corrections give rise to the stabilization of ReðTÞ unlike the
case in Sec. II. Then, by assuming that the typical gaugino
and supersymmetric scalar fields mainly contribute to the
loop effects, the total scalar potential becomes

V ≃ 3ξ

4ðT þ T̄Þ7=2 jF
T j2 þ 1

64π2

�
a1

�
c2 −

� jFT j
T þ T̄

�
2
�

2

ln

�
c2 −

� jFT j
T þ T̄

�
2
�
− a2

� jFT j
T þ T̄

�
4

ln

�
a3

� jFT j
T þ T̄

�
2
��

¼ 3ξ

4ðT þ T̄Þ3=2 ðF̂
TÞ2 þ 1

64π2
½a1ðc2 − ðF̂TÞ2Þ2 ln ðc2 − ðF̂TÞ2Þ − a2ðF̂TÞ4 ln ða3ðF̂TÞ2Þ�

¼ 3ξ

4eKðS;UÞ=2W
ðF̂TÞ3 þ 1

64π2
½a1ðc2 − ðF̂TÞ2Þ2 ln ðc2 − ðF̂TÞ2Þ − a2ðF̂TÞ4 ln ða3ðF̂TÞ2Þ�; ð49Þ

where F̂T ≡ jFT j=ðT þ T̄Þ. Here, we employ the same
notation of Sec. II, and W is chosen as a real constant, for
simplicity.
By setting the illustrative parameters

a1 ¼ 10; a2 ¼ 3; a3 ¼ 8; c ¼ 1.1;

ξ ¼ 1; eKðS;UÞ=2W ≃ 60.42; ð50Þ

the scalar potential is drawn as in Fig. 8. As a result, the
degeneracy of vacua is resolved by the loop corrections.
In contrast to the discussion in Sec. II, the vanishing
jFT j ∝ ðT þ T̄Þ−1=2 corresponds to the unphysical domain
ReðTÞ → ∞. Thus, the SUSY-breaking vacuum is selected.
Indeed, the above illustrative parameters give rise to the
high-scale SUSY-breaking minimum, where the vacuum
expectation value of ReðTÞ,
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ReðTÞ≃ 9.9; ð51Þ

resides in a reliable range of the supergravity approximation.
After canonically normalizing the modulus,

σ̂ ¼
ffiffiffi
3

2

r
ln σ; ð52Þ

with σ ¼ ReðTÞ= ffiffiffi
2

p
, its mass squared is evaluated as

m2
σ̂ ≃ 3.3 × 10−2; ð53Þ

in the reduced Planck unit, i.e., mσ̂ ≃ 0.18 ×MPl, which
should be smaller than the other complex structure moduli
and dilaton to justify our low-energy effective action.
Since those complex structure moduli and dilaton fields have
been stabilized at the SUSY-breakingminimum, their masses
are typically greater than or equal to the gravitino mass
eKðS;UÞ=2W=V ≃ 6.9 × 10−1 in our numerical example. Our
situation is thus justified.
Interestingly, the tuning of eKðS;UÞ=2W allows us to

consider the tiny cosmological constant. In the above
scenario, ReðTÞ can be stabilized at a fine value, but its
imaginary part, i.e., the axion, remains massless.
Let us take a closer look at the scalar potential. To simplify

our analysis, we redefine the scalar potential as a function of

F ≡ F̂T

c2 which is constrained to be 0 ≤ F < 1 to avoid the
tachyonic soft scalar masses:

Vsim ¼ 64π2
V

a2c4
¼ Vb þ Vf þ AF 3; ð54Þ

where

Vb ≡ a0ð1 − F 2Þ2½C þ lnð1 − F 2Þ�;
Vf ≡ −F 4 lnðA3F 2Þ; ð55Þ

and the corresponding parameters are defined as

a0 ≡ a1
a2

; C≡ ln c2; A3 ≡ a3c2;

A≡ ð48π2Þξ
eKðS;UÞ=2Wa2

c2: ð56Þ

The simplified scalar potential is similar to the scalar
potential in Eq. (27). However, in the current case, there
exists a cubic termofF 3 and the cosmological constant is not
included. As outlined in Sec. II, we concentrate on the case
with a0 > 0. When C ≤ −1=2, the scalar potential is drawn
as in the left panel in Fig. 9, where we take the same
parameters as in Fig. 5. Thevacuum is settled intoF ¼ 0. On
the other hand, in the case of C > −1=2, the cubic term ofF
lifts the potential compared with the case in Sec. II. In the
right panel in Fig. 9, we plot the scalar potential by taking the
same parameters in Fig. 6.
Thus, the bosonic contribution gives the source of SUSY

breaking, and the fermionic contribution gives the insta-
bility of the vacuum.
So far, we have studied the model with the overall Kähler

modulus. However, we can discuss the model with many
Kähler moduli fields Ti. Even in such a model, the tree-level
scalar potential is flat along all of the Kähler moduli
directions because of the no-scale structure (42). Also, the
tree-level potential is independent ofF terms ofTi, and these
FTi themselves depend only on ReðTiÞ but not ImðTiÞ. In
such multimoduli models, gaugino masses and soft scalar
masses would be written by

FIG. 8. The scalar potential as a function of F̂T by setting the
parameters as in Eq. (50).
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FIG. 9. The potential forms with a0 ¼ 1, C ¼ −0.6, A3 ¼ 1.5, A ¼ 0.6 (c ¼ 0.74, a3 ¼ 2.73, α ¼ 1.67Þ in the left panel and a0 ¼ 1,
C ¼ 0.4, A3 ¼ 0.9, A ¼ 0.6 ðc ¼ 1.22, a3 ¼ 0.60, α ¼ 3.75Þ in the right panel.
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Ma ¼ M0 þ
X
i

kifF
Ti ; m2

i ¼ m2
0 −

X
i

kimjFTi j2:

ð57Þ

Using these, we obtain the one-loop potential ΔVðTi þ T̄iÞ.
Then, one can stabilize FTi and ReðTiÞ in a similar way.
However, all the axionic parts of Ti remain massless at this
stage.
Let us consider the axion potentials by adding the

nonperturbative effects such as the gaugino condensation
on hidden D-branes or world-sheet instanton effects. Those
nonperturbative effects appear in the superpotential as
shown in Eq. (3), and the potentials of the canonically
normalized axions ψ i are extracted as

V ¼
X
p

Dp cosðdðpÞi ψ i þ θpÞ; ð58Þ

whereDp, d
ðpÞ
i , and θp are the real constants determined by

the stabilization of the complex structure moduli, dilaton,
and the real parts of the Kähler moduli, respectively. If the
axions appear in the above nonperturbative effects, their
masses are much smaller than the other moduli fields. Light
axions would be interesting. For example, they can be
candidates for the QCD axion and dark matter. In such a
case, the QCD axion appears only in the gauge kinetic
functions of the visible sector and not in the nonperturba-
tive effects (3). To identify the Kähler axion with the QCD
axion and dark matter, the axion decay constant is relatively
larger than the desirable one. For that reason, we require
certain dilution effects below the QCD scale. If the axion
potentials are generated as in Eq. (58), the axion may derive
inflationary expansion of the Universe by using the align-
ment mechanism [18]. Furthermore, the string axiverse
scenario may be realized if they are light [19].3 At any rate,
these aspects of axion phenomenology and cosmology
highly depend on details of nonperturbative effects (58)
below the energy scale, where the other moduli are
stabilized. Such an analysis is beyond our scope of this
paper. The detailed discussion of axion phenomenology
will be left for a future work.

IV. CONCLUSION

We have studied a new type of moduli potential and
stabilization. In the model with the complex structure
modulus U, the supersymmetric and SUSY-breaking min-
ima are degenerate at the leading order. That is, the tree-
level potential is independent of the F term of U but
depends on ReðUÞ. The F term itself depends on ImðUÞ.
Loop effects due to ImðUÞ-dependent gaugino and sfer-
mion masses resolve the degeneracy of vacua and stabilize
the axion ImðUÞ. The SUSY vacuum or SUSY-breaking

vacuum is selected depending on parameters in the poten-
tial. Low-scale SUSY breaking is also possible when
additional proper nonperturbative effects are involved.
We have also studied the model with the Kähler

modulus T. This model has the flat direction along both
ReðTÞ and ImðTÞ at the leading level. The SUSY vacuum
and SUSY-breaking vacuum are degenerate, but the SUSY
vacuum corresponds to the decompactification limit
ReðTÞ → ∞. In this model, the modulus F term depends
only on ReðTÞ. The real part ReðTÞ can be stabilized by
inclusion of α0 corrections and loop effects due to
ReðTÞ-dependent gaugino and sfermion masses.
However, the axion ImðTÞ remains massless at this stage.
We can extend the model with the single Kähler modulus

to the models with many Kähler moduli. Their real parts can
be stabilized in a similar mechanism, but many axionic parts
would remain light. Such axions would be interesting, e.g.,
for candidates of dark matter and the QCD axion. Also, one
of the light axions could derive the cosmological inflation if a
proper potential is generated. Moreover, these axions would
be interesting from the viewpoint of a string axiverse. Such
axion phenomenology would be studied elsewhere.
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APPENDIX: MODULI STABILIZATION
IN THE KKLT SCENARIO

In this Appendix, we present the stabilization of complex
structure moduli and Kähler moduli in the setup of Sec. II.
To see the typicalmass scale of complex structuremoduli and
Kähler moduli, we consider one of the complex structure
moduli U and overall Kähler modulus T. In 4D N ¼ 1
effective supergravity, those are stabilized by the nonpertur-
bative superpotential of the form

W ¼ B0 þ B1e−b1TU þ B2e−b2T; ðA1Þ

and the Kähler potential is given by

K ¼ −3 lnðU þ ŪÞ − 3 lnðT þ T̄Þ: ðA2Þ
Here,C1 in Eq. (4) corresponds toB1e−b1hTi, and we assume
that B0 is a real constant for simplicity, although it is a
function of T, in general.4 Then, the total scalar potential
becomes

3See for a realization of light axions, e.g., Refs. [20,21].

4When B0 is a function of T, the overall Kähler modulus could
be stabilized at the racetrack minimum.
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V ¼ eKðKUŪjDUWj2 þ KTT̄ jDTWj2 − 3jWj2Þ; ðA3Þ

where DI ¼ ∂I þ ∂IK, I ¼ T, U, are the Kähler covariant
derivatives and KTT̄ is the inverse of Kähler metric KTT̄ .
We first stabilize the overall Kähler modulus by the

superpotential

WðTÞ ¼ B0 þ B2e−b2T; ðA4Þ

which is the same as the KKLT scenario. It can be stabilized
at the minimum satisfying

DTW ¼ −b2B2e−b2T −
3

T þ T̄
WðTÞ ¼ 0; ðA5Þ

which leads to the stabilization of T as

hTi≃ 1

b2
ln

�
2

3B0

�
; ðA6Þ

in the limit of b2hReðTÞi ≫ 1. At this minimum, the mass
squared of canonically normalized T is evaluated as

m2
ReðTÞ ¼ m2

ImðTÞ ≃
ehKi

2
ðKTT̄Þ2j∂T∂TWj2

≃ 2ehKiðb2hReðTÞiÞ2hWðTÞi2: ðA7Þ

For example, when b2 ¼ 2π we obtain m2
ReðTÞ ¼ 2ehKi

ð2πhReðTÞiÞ2hWðTÞi2.
Let us next stabilize U at the fixed minimum of T. In this

case, by setting C0 ¼ B0 þ B2e−b2hTi and C1 ¼ B1e−b1hTi,
the potential is the same as in Eq. (4) except for the factor
ðT þ T̄Þ−3 in the Kähler potential. It turns out that the mass
squared of U is given by

m2
ReðUÞ ≃ 16ehKiðC0Þ2 ≃ 16ehKihWðTÞi2; ðA8Þ

which is much lighter than T in the limit of b2hReðTÞi ≫ 3.
To obtain the correct vacua of both the moduli fields, we
have to stabilize them simultaneously. However, our
analysis is justified because of the mass hierarchy between
them.
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