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In this talk, I would like to revisit the 
cosmological moduli problem (CMP).
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In this talk, I would like to revisit the 
cosmological moduli problem (CMP).

What’s CMP?
Why now?
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: light modulus field

∆φ

φ

Cosmological moduli problem

φ

during inflation

 G. D. Coughlan et al (1983)

The moduli dominate the Universe and decay late, 
spoiling the success of BBN. Even if they decay 
before BBN, the baryon asymmetry will be diluted.
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SM-like Higgs is discovered!!
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10-104TeV SUSY?
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10-104TeV SUSY?

The 125GeV Higgs mass suggests high-scale 
SUSY breaking at, say, 10-104TeV.

The cosmological moduli problem will be 
greatly relaxed, and successful moduli 
cosmology may be possible.

The moduli problem may provide a probe of 
high-energy physics and the early Universe.

So, let us revisit the moduli problem.
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What are the key ingredients?

1) Initial deviation from the low-energy minimum  
during inflation.

2) Coherent oscillations after inflation.

3) Decay into light degrees of freedom.

1) and 2) determine the moduli abundance.

The cosmological impact depends on 3)

2012年8月7日火曜日



What are the key variables?

1) if the Hubble-induced correction exists

2) if the inflation scale is larger than the modulus 
mass

The moduli dynamics depends on

The moduli decay depends on the mass spectrum, 
how it is stabilized, how SUSY is broken, etc.

Hinf mφ m3/2, , mI c, , · · ·
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Moduli abundance (1)
Initial deviation
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Simplifying assumptions
The typical scale of the moduli is given by 
the Planck scale, Mp = 2.4 x 1018GeV.

The initial position is not close to special 
points such as local extrema. 

It is trivial to change the typical scale. 

If the moduli sits close to a local maximum, the moduli 
domination is more likely.
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Case analysis

w/o Hubble 
correction

w/ Hubble 
correction

Hinf � mφ Hinf � mφ
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Case analysis

w/o Hubble 
correction

w/ Hubble 
correction

Hinf � mφ Hinf � mφ
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Suppose that the moduli does not receive any 
Hubble-correction during inflation due to e.g. a 
shift symmetry.

φ

during inflation

∆φ ∼Mp

the initial position is deviated from the min. by 
accumulation of quantum fluctuations.

If Hinf � mφ
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Suppose that the moduli does not receive any 
Hubble-correction during inflation due to e.g. a 
shift symmetry.

φ

during inflation

If

∆φ ∼ 0

the moduli settles down at the minimum during 
inflation.

Hinf � mφ
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Case analysis

w/o Hubble 
correction

w/ Hubble 
correction

∆φ ∼Mp ∆φ ∼ 0

Hinf � mφ Hinf � mφ
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Case analysis

w/o Hubble 
correction

w/ Hubble 
correction

∆φ ∼Mp ∆φ ∼ 0

Hinf � mφ Hinf � mφ
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during inflation

low-E potential

∆φ

φ

Suppose that the moduli mass receives Hubble-
correction during inflation, thru Planck suppressed 
interactions.

A toy model:

c ∼ O(1)We assume for the moment.

V =
1
2
m

2
φφ

2 +
c
2

2
H

2
inf(φ−Mp)2
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∆φ ∼Mp

∆φ ∼
�

Hinf

mφ

�2

Mp

This is considered to be the case if Hinf is bounded above 
to avoid run-away and decompactification.

If Hinf � mφ

If Hinf � mφ
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Case analysis

w/o Hubble 
correction

w/ Hubble 
correction

∆φ ∼Mp ∆φ ∼ 0

Hinf � mφ Hinf � mφ

∆φ ∼Mp ∆φ ∼
�

Hinf

mφ

�2

Mp

N.B. This is just initial deviation. The moduli abundance 
depends on the moduli dynamics after inflation. 
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Moduli abundance (2)
Coherent oscillations
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Let us estimate the moduli abundance.

If            , the moduli starts coherent oscillations
when            after inflation.

Hinf � mφ

Hinf ∼ mφ

∆φ
φ

ρφ

s
=

ρI

s

���
R

ρφ

ρI

����
osc

=
3TR

4

1
2m2

φ∆φ2

3m2
φM2

p

=
1
8
TR

�
∆φ

Mp

�2

If higher than Td, the 
moduli domination.entropy 

from inflaton
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Case analysis

w/o Hubble 
correction

w/ Hubble 
correction

∆φ ∼Mp ∆φ ∼ 0

Hinf � mφ Hinf � mφ

∆φ ∼Mp ∆φ ∼
�

Hinf

mφ

�2

Mp
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Case analysis

w/o Hubble 
correction

w/ Hubble 
correction

Hinf � mφ Hinf � mφ

∆φ ∼
�

Hinf

mφ

�2

Mp

ρφ

s
∼ 0.1 TR

ρφ

s
∼ 0

ρφ

s
∼ 0.1 TR
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Case analysis

w/o Hubble 
correction

w/ Hubble 
correction

Hinf � mφ Hinf � mφ

∆φ ∼
�

Hinf

mφ

�2

Mp

ρφ

s
∼ 0.1 TR

ρφ

s
∼ 0

ρφ

s
∼ 0.1 TR
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Suppose that the moduli mass receives Hubble-
correction during inflation, and              .Hinf � mφ

Whether the coherent oscillations are induced 
depends on how the Hubble correction changes 
with time.

during inflationlow-E potential

φ

∆φ ∼
�

Hinf

mφ

�2

Mp
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If (in an extreme case) the Hubble correction 
disappears instantly after inflation, the coherent 
oscillations are induced with an amplitude     . 

during inflationlow-E potential

φ

∆φ ∼
�

Hinf

mφ

�2

Mp

∆φ
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during inflationlow-E potential

φ

∆φ ∼
�

Hinf

mφ

�2

Mp

On the other hand, if the Hubble correction changes 
slowly with time, compared with the modulus mass, 
no coherent oscillations are produced. 

This is because the number density is conserved as 
it is the adiabatic invariant.
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The typical time scale of the change of the Hubble 
correction is determined by the inflaton mass, mI.

L = |∂I|2 − eK(DiWKij̄Dj̄W
† − 3|W |2)

After inflation, the inflaton starts to oscillate,
and the inflaton potential energy first goes to 
the kinetic energy in a time scale of mI-1.

The Hubble-induced mass 
originates from here.

2012年8月7日火曜日



To summarize,

ρφ

s
∼






1
8
TR

�
Hinf

mφ

�4

for mI > mφ

0 for mI < mφ

The inflaton mass is important for the 
moduli problem.

Kamada, Higaki, FT, 1207.2771
cf. Nakayama, FT, Yanagida 1109.2073
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Case analysis

w/o Hubble 
correction

w/ Hubble 
correction

Hinf � mφ Hinf � mφ

ρφ

s
∼ 0.1 TR

ρφ

s
∼ 0

ρφ

s
∼ 0.1 TR

ρφ

s
∼






0.1 TR

�
Hinf

mφ

�4

for mI > mφ

0
for mI < mφ
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Case analysis

w/o Hubble 
correction

w/ Hubble 
correction

Hinf � mφ Hinf � mφ

ρφ

s
∼ 0.1 TR

ρφ

s
∼ 0

ρφ

s
∼ 0.1 TR

ρφ

s
∼


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0.1 TR

�
Hinf

mφ

�4

for mI > mφ

0
for mI < mφ

2012年8月7日火曜日



Case analysis

w/o Hubble 
correction

w/ Hubble 
correction

Hinf � mφ Hinf � mφ

ρφ

s
∼ 0.1 TR

ρφ

s
∼ 0

ρφ

s
∼ 0.1 TR

ρφ

s
∼






0.1 TR

�
Hinf

mφ

�4

for mI > mφ

0
for mI < mφ
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Cosmological constraints
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m  [GeV]φ
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DM overabundance

X-ray
CMB

BBN

LSP overproduction

Cosmological constraints
L =

φ

4Mp
FµνFµν is assumed
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Adiabatic suppression 
mechanism

Linde hep-th/9601083
FT, Yanagida 1012.3227,1101.0867.

Nakayama, FT, Yanagida, 1109.2073, 1112.0418, 1203.2085
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Adiabatic suppression 
mechanism

Linde hep-th/9601083
FT, Yanagida 1012.3227,1101.0867.

Nakayama, FT, Yanagida, 1109.2073, 1112.0418, 1203.2085

w/o Hubble correction

w/ Hubble correction

Hinf � mφ Hinf � mφ

ρφ

s
∼ 0.1 TR

ρφ

s
∼ 0

ρφ

s
∼ 0.1 TR

ρφ

s
∼






0.1 TR

�
Hinf

mφ

�4

for mI > mφ

0
for mI < mφ
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What if the Hubble-induced mass is 
enhanced, namely, c >> 1?
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Such an enhanced coupling arises from the following quartic 
coupling in the Kahler potential.

V =
1
2
m

2
φφ

2 +
c
2

2
H

2
inf(φ−M∗)2

Now we assume         , say, c� 1 c = O(10− 102)

M∗ ∼Mp/c

K ⊃ −c̃2 |φ|2|I|2

Consider a toy model,

Typical scale is changed accordingly:
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The time-dependent potential minimum is given by

during inflation

low-E potential

φ

∆φ ∼M∗ ∼Mp/c

φmin(t) =
c
2
H

2

m
2
φ + c2H2

M∗

V =
1
2
m

2
φφ

2 +
c
2

2
H

2
inf(φ−M∗)2
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The time-dependent potential minimum is given by

0.01 0.1 1 10 100

0.6

0.8

1.

1.2

1.4

t

φmin(t)
The min. 

moves when
H = m/c (<< m).

φmin(t) =
c
2
H

2

m
2
φ + c2H2

M∗
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S =
3
√

2pπ

4
c(3p+1)/2 exp

�
−cpπ

2

�
, a(t) ∝ tp

Linde (`96)

``Adiabatic suppression mechanism”.

Since the potential changes slowly compared with the 
mass, the moduli follows the minimum adiabatically. 

The final oscillation amplitude is exponentially 
suppressed by a factor of

The moduli abundance is suppressed by S2.

if one starts from t=0.
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The moduli abundance is reduced significantly 
just by increasing c by a factor 10.

Numerical result

Nakayama, FT, Yanagida, 1109.2073
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Contours of the suppression factor

Γ
in

f / 
m

φ
∆ ≡ ρφ/s

(ρφ/s)exp
,

Suppression of order 10-20 is possible if c > 30.
Reheating should take place after the modulus oscillation.

FT, Yanagida 1101.0867

Nakayama, FT, Yanagida, 1109.2073
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Viable only when the potentials can be approximated 
by the quadratic form. 

The mechanism does not say anything about the 
initial abundance which is determined during the 
first period of oscillation. 

The inflaton dynamics in general makes 
additional contributions because             .

Caveats
Lukas, Niemeyer, Yamaguchi, `96

There are additional contributions which are 
not exponentially suppressed.

Nakayama, FT, Yanagida, 1109.2073

mI � mφ
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Additional contributions
Hinf < ∞

Single-field inflation

Multi-field inflation

ρ
(i)
φ

s
∼ 9

8
TR

�
φ∗
MP

�2 �
mφ

cHi

�5

.

ρ
(i)
φ

s
∼ 9

32
TR

�
φ∗
MP

�2 �
mφ

c3Hinf

�
.

ρ
(i)
φ

s
∼ 1

8
TR

�
φ1 − φ2

MP

�2 �
c
4
2mφ

c
3
1Hinf

�
.

Nakayama, FT, Yanagida, 1109.2073
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Additional contributions
Hinf < ∞
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�2 �
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TR

�
φ∗
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�2 �
mφ

c3Hinf

�
.

ρ
(i)
φ

s
∼ 1

8
TR

�
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MP

�2 �
c
4
2mφ

c
3
1Hinf

�
.

Nakayama, FT, Yanagida, 1109.2073
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The moduli stays at the potential minimum during 
inflation.

The Hubble-induced mass starts to change with 
time as H     t-1, in a time scale of mI-1.

The difference of the velocity results in the 
modulus production.

∝

Finite inflation scale

φ

during inflation

φ̇ = 0
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Finite inflation scale

φ

just after inflation

φ̇ = 0
φ̇min �= 0

∝

The moduli stays at the potential minimum during 
inflation.

The Hubble-induced mass starts to change with 
time as H     t-1, in a time scale of mI-1.

The difference of the velocity results in the 
modulus production.
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Single-field inflation 

K = |φ|2 + |I|2 + c2 |φ− φ∗|2|I|2

M2
P

,

V = 3H
2
I |φ|2 + c

2
H

2|φ− φ∗|2

3H
2
I M

2
P ≡ Vinf(I)

In general, the potential minimum moves at the end 
of inflation.

The relevant scalar potential reads

3H
2
M

2
P = |İ|2 + Vinf(I)

c� 1
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Single-field inflation 

K = |φ|2 + |I|2 + c2 |φ− φ∗|2|I|2

M2
P

,

V = 3H
2
I |φ|2 + c

2
H

2|φ− φ∗|2

3H
2
I M

2
P ≡ Vinf(I)

In general, the potential minimum moves at the end 
of inflation.

The relevant scalar potential reads

3H
2
M

2
P = |İ|2 + Vinf(I)

c� 1

L = |∂I|2 − eK(DiWKij̄Dj̄W
† − 3|W |2)

Oscillates after inflation.
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Single-field inflation 

K = |φ|2 + |I|2 + c2 |φ− φ∗|2|I|2

M2
P

,

V = 3H
2
I |φ|2 + c

2
H

2|φ− φ∗|2

3H
2
I M

2
P ≡ Vinf(I)

In general, the potential minimum moves at the end 
of inflation.

The relevant scalar potential reads

3H
2
M

2
P = |İ|2 + Vinf(I)

c� 1

The moduli starts to oscillate with an amplitude ∼ φ∗/c2

L = |∂I|2 − eK(DiWKij̄Dj̄W
† − 3|W |2)

Oscillates after inflation.
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Multi-field inflation 
e.g. hybrid inflation:

W = S(µ2 − ψψ̄)

During inflation, S has non-zero F-term. 
After inflation both S and the waterfall fields oscillate.

K = c̃2
1

|I1|2|φ− φ1|2

M2
P

+ c̃2
|I2|2|φ− φ2|2

M2
P

,

In general, the inflaton and the waterfall fields are coupled 
to the moduli in a different way.

The potential minimum changes at the end of inflation and 
the modulus oscillations are induced.
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LSP overproduction

TR = 10  GeV9

TR = 10  GeV6

TR = 10 MeV

Hinf = 1012 GeV
c = 30

(∝ H
−1
inf )

L =
φ

4Mp
FµνFµν is assumed

2012年8月7日火曜日



Summary of adiabatic 
suppression mechanism

A large Hubble-induced mass is required.

Viable only if the potential can be 
approximated by the quadratic term.

The moduli abundance can be suppressed by 
a factor of         , but not exponentially 
suppressed in contrast to the original claim.

c
−3 mφ

Hinf
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Modulus decay

Endo, Hamaguchi and F.T.,  hep-ph/0602061, hep-ph/0605091
Nakamura, Yamaguchi, hep-ph/0602081
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If the modulus mass is heavier than 100TeV, 
it decays before BBN.

Then, is there no cosmological problem if such 
heavy moduli dominates the Universe?
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If the modulus mass is heavier than 100TeV, 
it decays before BBN.

Then, is there no cosmological problem if such 
heavy moduli dominates the Universe?

1. Moduli-induced gravitino/LSP problem
2. Baryogenesis
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 Relevant interactions: 

e−1L = −1
8
�µνρσ (Gφ∂ρφ + Gz∂ρz − h.c.) ψ̄µγνψσ

−1
8
eG/2 (Gφφ + Gzz + h.c.) ψ̄µ [γµ, γν ]ψν ,

G ≡ K + ln |W |2
φ : any heavy scalar, e.g. moduli/inflaton

z : SUSY breaking field, w/ GzGz � 3

Gravitino Pair-Production from scalar decay

Gφ ∼ �φ�
m3/2

mφ
for mφ < mz

Taking account of the mixings,

^

^

Endo, Hamaguchi and F.T.,  hep-ph/0602061, Nakamura and Yamaguchi, 
hep-ph/0602081, Kawasaki, F.T. and Yanagida,  hep-ph/0603265, 
0605297, Asaka, Nakamura and Yamaguchi, hep-ph/0604132
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Γ3/2 � |Gφ|2

288π

m5
φ

m2
3/2M

2
P

� 1
32π

�
�φ�
MP

�2 m3
φ

M2
P

Gravitino Pair Production Rate:

Endo, Hamaguchi and F.T.,  hep-ph/0602061
Nakamura and Yamaguchi, hep-ph/0602081 for mφ < mz

The branching fraction of the modulus decay into 
gravitinos can be sizable, if its coupling to the visible 
sector is Planck suppressed, and if it is kinematically 
allowed.
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110-110-210-310-4

B3/2

10-1

10-2

10 0

10 1

10 2

10 3

10 4

10 5

m 
   [

Ge
V]

 
3/2

ΩLSP h > 0.13 2BBN +

speed-
up
effectΩ3/2 h > 0.13 2

unstable 
gravitino

stable 
gravitino

WDM

BBN bound from NLSP decay

mφ = 103 TeV
B3/2 = 0.01− 0.1Endo, Hamaguchi and F.T.,  hep-ph/0602061

2012年8月7日火曜日



Solutions: 
(i) Late-time entropy production;

(ii) Increasing the gravitino mass;

Endo, Hamaguchi and F.T.,  hep-ph/0602061

Nakamura and Yamaguchi, hep-ph/0602081

Naturalness? Low-energy SUSY?

(iii) R-parity violation;

DM candidate? Maybe axion?
Nakamura, Okumura and Yamaguchi, arXiv:0803.3725(iv) Axino LSP?

(v) Stronger coupling with the visible sector and 
suppressed coupling with gravitinos in LVS

Conlon, Quevedo, 0705.3460

  K. Choi, K.S. Jeong, W.-I. Park and C.S. Shin,  arXiv:0908.2154

2012年8月7日火曜日



Baryogenesis, Moduli 
problem and LVS

Kamada, Higaki, FT, 1207.2771
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Some of the moduli, especially heavy ones, may 
not be produced if the inflation scale is low.

Still the lightest one may lead to the cosmological 
moduli problem. 

Even if it decays before BBN, we need an efficient 
baryogenesis.

Also the moduli-induced gravitino problem should 
be avoided.

We consider Affleck-Dine mechanism
and Large Volume scenario.

Balasubramanian, Berglund, Conlon and Quevedo, hep-th/0502058
Conlon, Quevedo, Suruliz, hep-th/0505076
Blumenhagen, Msoster, Plaushim, 0806.2667
Cicoli, Conlon, Quevedo, 0805.1029
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Affleck-Dine mechanism
Affleck, Dine (1985)

In the SUSY SM, there are 
many flat directions composed 
of squarks and/or sleptons.
(e.g. udd, eLL)

A flat direction is parametrized 
by a complex scalar field      
(AD field).

Φ
udd = Φ3e.g.
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Flat directions are lifted by SUSY breaking and non-
renormalizable operators.

U(1)-preserving terms U(1)-breaking terms

Scalar potential of the AD field

(n = 4− 9)
e.g.) W = (LHu)2, (udd)2, (eLL)2

WNR =
Φn

Mn−3
∗

V (Φ) =
�
m

2
0 − c

2
H

2
�

|Φ|2 +
n

2|Φ|2n−2

M
2n−6
∗

+
�

An
Φn

M
n−3
∗

+ h.c.
�
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Flat directions are lifted by SUSY breaking and non-
renormalizable operators.

U(1)-preserving terms U(1)-breaking terms

soft mass due to 
inflaton

non-ren. 
operator

A-term: 
NR operator
and U(1)R 

Scalar potential of the AD field
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Dynamics of the AD field

φ ≡
√

2|Φ|

m2
φφ2

φ2n−2

M2n−6

1. Takes a large VEV during inflation
2. Follows the instantaneous min. after inflation.
3. Starts to oscillate and kicked into the phase direction.

−c
2
H

2
φ

2
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K =
|Φ|2|I|2

M2

The negative Hubble-induced mass is required:

If a massive mode is coupled to both, the cut-off 
scale is given by its mass.

theories, there are many mass scales such as Kaluza-Klein (KK) scale, the string scale and

winding scale. With the 6D compactification volume of extra dimension V ≡ R6M6
string,

they are written as4

MKK ∼ 1

R
∼ Mpl

V2/3
, Mstring ∼

Mpl

V1/2
, Mwind ∼ M2

stringR ∼ Mpl

V1/3
(31)

in the large volume limit. Here we ignored the string coupling dependence. Note that the

above KK and winding modes are the ones propagating in the bulk while the local KK and

winding modes relevant to the local models are estimated as M ′
KK ∼ Mpl/(V1/2τ 1/4) and

M ′
wind ∼ Mplτ 1/4/V1/2 respectively, where τ is a local modulus describing a 4-cycle. There

will be also massive modes in the Landau level on the magnetized branes and its T-dual

modes among intersecting D-branes, and their masses are given by of order MKK (or M ′
KK)

and of order Mstring, respectively. If such massive modes are coupled to the light modes

of our interest, the operator in Eq. (28), where M̃ is identified with MKK ,Mstring, Mwind

etc., will appear after integrating them out [22]. Then the enhancement factor of the

Hubble-induced mass term reads

c ∼ V2/3, V1/2 or V1/3, (32)

with the canonically normalized fields. Thus it is possible to realize

c # 1 (33)

in the large V limit. Note that the condition (10) is not satisfied for the above values of

c, and so, the phase of the AD field starts to oscillate before the radial component.

1. Field-theoretical interpretation

Here let us interpret the behavior discussed above from the view point of the field

theory. We emphasize again that after integrating out massive mode propagating between

4 Here the string scale comes from the coefficient in front of the 10D Einstein term: M8
string

∫
∗10R →

M2
stringV

∫
∗4R ≡ M2

pl

∫
∗4R up to the string coupling. The winding modes here are open strings which

are wrapping on a cycle in the extra dimension or which are stretching between two branes.
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The baryon asymmetry is enhanced by c or c3.
The AD mechanism may work even in the low-

scale inflation.

>> 1
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We assume the type IIB orientifold flux compactifications, 
and consider an extended version of Large Volume Scenario
with poly-instanton corrections.

Blumenhagen, Moster, Plauschinn, 0806.2667

In this type IIB orientifold model, the dilaton and the complex structures will be

stabilized by the fluxes while the Kähler moduli will be fixed by the non-perturbative

effect. We will focus on the Kähler moduli T relevant to the low energy physics and then

mention the expected consequences of the dilaton and the complex structure moduli. The

effective theory of Kähler moduli Ti (i = 1, 2, 3) are given by

K = −2 log

(
V +

ξ

2

)
, (42)

V = (η1τ1)
3/2 − (η2τ2)

3/2 − (η3τ3)
3/2, ξ = − χζ(3)

2(2π)3g3/2
s

, (43)

W = Ae−a(T2+C1e−2πT3 ) − Be−b(T2+C2e−2πT3 ), (44)

= Ae−aT2 − Be−bT2 − (aAC1e
−aT2 − bBC2e

−bT2)e−2πT3 + · · · , (45)

≡ Weff + Aeffe−2πT3 + · · · . (46)

In the followings, we will take

ηi=1,2,3 = O(0.1 − 1), gs = O(0.1), Ci=1,2, a, b = O(1), χ = −O(100) < 0, (47)

A,B # 1. (48)

Although choosing A, B # 1, 〈Weff〉 & 1 will be obtained naturally due to the exponen-

tially suppressed racetrack stabilization. Such large parameters may be explained through

fluxed branes. We decomposed moduli fields as

Ti = τi + iσi. (49)

It is easy to note that τ1 becomes the lightest modulus and σ1 is massless because the

former is not included in the superpotential and the latter is absent from the whole

potential. Here gs is the string coupling fixed via flux compactification and χ is the

Euler number of the Calabi-Yau space: χ = 2(h11 − h21) = 2(3 − h21) < 0. (Here we

assumed h11
− = h21

+ = 0.) τ1 originates from the bulk volume 4-cycle of the extra dimension

while τ2 and τ3 come from the local 4-cycle volume. Their axionic partners σi do from

RR 4-form on the relevant 4-cycles. Three ηi are related with the intersection number

in the Calabi-Yau space between three 2-cycles ∼ τ 1/2
i . The superpotential comes from

17

In this type IIB orientifold model, the dilaton and the complex structures will be

stabilized by the fluxes while the Kähler moduli will be fixed by the non-perturbative

effect. We will focus on the Kähler moduli T relevant to the low energy physics and then

mention the expected consequences of the dilaton and the complex structure moduli. The

effective theory of Kähler moduli Ti (i = 1, 2, 3) are given by

K = −2 log

(
V +

ξ

2

)
, (42)

V = (η1τ1)
3/2 − (η2τ2)

3/2 − (η3τ3)
3/2, ξ = − χζ(3)

2(2π)3g3/2
s

, (43)

W = Ae−a(T2+C1e−2πT3 ) − Be−b(T2+C2e−2πT3 ), (44)

= Ae−aT2 − Be−bT2 − (aAC1e
−aT2 − bBC2e

−bT2)e−2πT3 + · · · , (45)

≡ Weff + Aeffe−2πT3 + · · · . (46)

In the followings, we will take

ηi=1,2,3 = O(0.1 − 1), gs = O(0.1), Ci=1,2, a, b = O(1), χ = −O(100) < 0, (47)

A,B # 1. (48)

Although choosing A, B # 1, 〈Weff〉 & 1 will be obtained naturally due to the exponen-

tially suppressed racetrack stabilization. Such large parameters may be explained through

fluxed branes. We decomposed moduli fields as

Ti = τi + iσi. (49)

It is easy to note that τ1 becomes the lightest modulus and σ1 is massless because the

former is not included in the superpotential and the latter is absent from the whole

potential. Here gs is the string coupling fixed via flux compactification and χ is the

Euler number of the Calabi-Yau space: χ = 2(h11 − h21) = 2(3 − h21) < 0. (Here we

assumed h11
− = h21

+ = 0.) τ1 originates from the bulk volume 4-cycle of the extra dimension

while τ2 and τ3 come from the local 4-cycle volume. Their axionic partners σi do from

RR 4-form on the relevant 4-cycles. Three ηi are related with the intersection number

in the Calabi-Yau space between three 2-cycles ∼ τ 1/2
i . The superpotential comes from

17

In this type IIB orientifold model, the dilaton and the complex structures will be

stabilized by the fluxes while the Kähler moduli will be fixed by the non-perturbative

effect. We will focus on the Kähler moduli T relevant to the low energy physics and then

mention the expected consequences of the dilaton and the complex structure moduli. The

effective theory of Kähler moduli Ti (i = 1, 2, 3) are given by

K = −2 log

(
V +

ξ

2

)
, (42)

V = (η1τ1)
3/2 − (η2τ2)

3/2 − (η3τ3)
3/2, ξ = − χζ(3)

2(2π)3g3/2
s

, (43)

W = Ae−a(T2+C1e−2πT3 ) − Be−b(T2+C2e−2πT3 ), (44)

= Ae−aT2 − Be−bT2 − (aAC1e
−aT2 − bBC2e

−bT2)e−2πT3 + · · · , (45)

≡ Weff + Aeffe−2πT3 + · · · . (46)

In the followings, we will take

ηi=1,2,3 = O(0.1 − 1), gs = O(0.1), Ci=1,2, a, b = O(1), χ = −O(100) < 0, (47)

A,B # 1. (48)

Although choosing A, B # 1, 〈Weff〉 & 1 will be obtained naturally due to the exponen-

tially suppressed racetrack stabilization. Such large parameters may be explained through

fluxed branes. We decomposed moduli fields as

Ti = τi + iσi. (49)

It is easy to note that τ1 becomes the lightest modulus and σ1 is massless because the

former is not included in the superpotential and the latter is absent from the whole

potential. Here gs is the string coupling fixed via flux compactification and χ is the

Euler number of the Calabi-Yau space: χ = 2(h11 − h21) = 2(3 − h21) < 0. (Here we

assumed h11
− = h21

+ = 0.) τ1 originates from the bulk volume 4-cycle of the extra dimension

while τ2 and τ3 come from the local 4-cycle volume. Their axionic partners σi do from

RR 4-form on the relevant 4-cycles. Three ηi are related with the intersection number

in the Calabi-Yau space between three 2-cycles ∼ τ 1/2
i . The superpotential comes from

17

χ < 0
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τ2

τ3
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A numerical example:

This is a realization of split SUSY [46]. What is important is that the decay of the lightest

modulus to gravitinos is kinematically forbidden because of the fact that m3/2 ! mτ1 .

Recall that axion σ1 is massless.

3. A numerical example based on the model 2 in the literature [27]

Following the literature, we hereafter will use the following parameters for numerical

calculations

η1 = 1, η2 =
1

53
, η3 =

1

6
, χ = −136, gs =

2

5
, (76)

C1 = 1, C2 = 3, a =
2π

8
, b =

2π

9
, (77)

A = 1.28 × 105, B = 1.6 × 104. (78)

A and B are much larger than unity, however this fact may be explained in terms of

gaugino condensation on the magnetized D7-brane [47, 48]:

A ∼ e−a(hA/gs) ! 1, B ∼ e−b(hB/gs) ! 1. (79)

Here hA,B ∼ −1
4π2

∫
ΣA,B

FA,B ∧ FA,B − RA,B ∧ RA,B is assumed to be negative and be of

O(1). ΣA,B are respectively the 4-cycle worldvolume in the extra dimension of two branes

(A,B) which experience gaugino condensations. FA,B and RA,B are magnetic flux and

geometric curvature two-form on the relevant two branes. In this example, in spite of

A,B ! 1, one finds

〈Weff〉 ( 1 (80)

and hence the scales of gaugino condensations is lower than the cutoff scale. Notice that

Ci = O(1) (i = 1, 2) will be also plausible when the instanton on τ3 is not fluxed and the

geometric curvatures relevant to τ3 are zero.

With these numerical parameters, the vacuum expectation values of moduli are read

as

〈V〉 = 78559, 〈T2〉 = 25.18, 〈T3〉 = 2.88. (81)

23
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We assume that the MSSM sector is localized 
on the D7 brane wrapping on the       4-cycle.τ2
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Mass spectra
the τ2 4-cycle. Therefore the relevant effective potential will be given by [41]14

Kvis =
(T2 + T †

2 )λi

(T1 + T †
1 )

|φi|2 = Zi|φi|2, fvis,a =
1

4π
(T2 + haS), Wvis = WMSSM(φvis).

(64)

Here we will take a minimal model λi = 1/3 and assume the approximate gauge coupling

unification, i.e. ha = O(1) (a = 1, 2, 3), which is given by the world volume flux depending

on the gauge group on the visible brane [42]. For instance h2 < h3 < h1 is possible,

depending on the model. Notice that the gauge fluxes on the visible brane are relevant

for obtaining the chiral matter spectra. S = 1/gs−iCRR
0 , where CRR

0 is the RR scalar zero

mode, is the 4D string axion-dilaton fixed by closed string flux. The factor 1/(T1+T †
1 )−1 is

important because the physical couplings in the superpotential are (almost) independent

on the T1 in the large V limit:

W = y
φn

vis

Mn−3
pl

→ Wglobal = eKmoduli/2 y√
Z3

φvis√
Zn−3Mn−3

pl

(65)

= yphys φn
c

Mn−3
∗

. (66)

Thus one finds yphys = y(τ2) and

M∗ $
Mpl

V1/3
∼ Mwind. (67)

The cutoff scale in the superpotential would be of order winding mode scale [23, 43].

Therefore we will not consider the moduli-redefinition effect [44] in this whole paper.

14 In this case, an instanton on τ3 would contribute to the visible gauge coupling while the gaugino con-
densations on τ2 would have effect on the visible small Yukawa coupling. However, we neglected those
effects for a simplicity. The contribution of an instanton effect 4πδfvis = e−2πT3 in the holomorphic
gauge coupling to the gaugino mass will be the same order as computation shown below at most. For
non-perturbative Yukawa coupling, even if there would be terms δWYukawa = e−aT2φ3 or e−aT2e−2πT3φ3

from gaugino condensations, one will not suffer from the flavor changing neutral current induced by
non-perturbative A-term because m0 is large and FT2 is small.

21

The SUSY-breaking soft masses at the messenger scale are given by15 (see, e.g. [45])

m2
0 ! −F I(F J̄)†∂I∂J̄ log(e−Kmoduli/3Z) (68)

∼ 1

V

∣∣∣∣
F T1

2τ1

∣∣∣∣
2

!
m2

3/2

V ∼ 〈|Weff |2〉
V3

, (69)

Ma ! F I∂I log(fvis,a) +
αa

4π

(
baF

ϕ − 2
∑

i

tr(T 2
a (φi))F

I∂I log(e−Kmoduli/3Zi)

)
(70)

! ha
F S

2τ2
+

αa

4π

1

V
F T1

2τ1
∼

m3/2

log(V)V ∼ 〈Weff〉
log(V)V2

, (71)

Ai1···in ! (n − 3)Fϕ − F I∂I log

(
yi1···in

e−nKmoduli/3Zi1 · · ·Zin

)
(72)

∼ 1

V
F T1

2τ1
+

F S

S + S† ∼
m3/2

V ∼ 〈Weff〉
V2

. (73)

Here the second term in the gaugino mass is originating from the anomaly mediation;

ba (a = 1, 2, 3) is 1-loop coefficient of beta function of the gauge coupling in the MSSM

and tr(T 2
a (φi)) is dynkin index for the matter φi charged under the MSSM gauge group.

Note that the anomaly mediation contribution would be suppressed or be at most the

same order compared to F S in the gaugino mass, because the F-term of the compensator

Fϕ = m3/2 +
∂IK

3
F I ∼ F S

S + S† +
m3/2

log(V)V ∼ 〈Weff〉
log(V)V2

(74)

will be also suppressed.

The above results of the soft masses are easily understood: Because F T2 is negligible due

to the very massive T2, SUSY-breaking structure in the visible sector is determined by the

no-scale modulus T1 with V−1 corrections in the potential. (However, in the computation

of the coupling between the gauginos and moduli, the F T2 is important.) Note that the

perturbative Peccei-Quinn symmetries of moduli/dilaton T, S → T, S + const. forbid the

moduli/dilaton dependence of couplings yi1···in in the visible superpotetial.

Finally the mass spectrum is summarized as

mτ2 > mS,U ' mτ3 > m3/2 > m0 ! mτ1 ' An > Ma. (75)

15 We added 2〈Vuplift〉/3 contribution to the soft scalar mass from the uplifting potential.
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a (φi)) is dynkin index for the matter φi charged under the MSSM gauge group.

Note that the anomaly mediation contribution would be suppressed or be at most the

same order compared to F S in the gaugino mass, because the F-term of the compensator

Fϕ = m3/2 +
∂IK

3
F I ∼ F S

S + S† +
m3/2

log(V)V ∼ 〈Weff〉
log(V)V2

(74)

will be also suppressed.

The above results of the soft masses are easily understood: Because F T2 is negligible due

to the very massive T2, SUSY-breaking structure in the visible sector is determined by the

no-scale modulus T1 with V−1 corrections in the potential. (However, in the computation

of the coupling between the gauginos and moduli, the F T2 is important.) Note that the

perturbative Peccei-Quinn symmetries of moduli/dilaton T, S → T, S + const. forbid the

moduli/dilaton dependence of couplings yi1···in in the visible superpotetial.

Finally the mass spectrum is summarized as

mτ2 > mS,U ' mτ3 > m3/2 > m0 ! mτ1 ' An > Ma. (75)

15 We added 2〈Vuplift〉/3 contribution to the soft scalar mass from the uplifting potential.
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Other parameters at the vacuum is shown in TABLE I. Although mτ2 exceeds the string

scale in this numerical example as shown, we are going to continue the discussion; it

is expected that a proper choice of parameters would bring us to a viable region in

which mτ2 is below the string scale without changing the essence. In addition, we do

not include complex structure moduli dependence in the scalar potential of eK in the

numerical computation. This factor would reduce the masses slightly. At any rate, it is

smaller than the Planck scale and hence this model could be valid just as the supergravity

model.

Fundamental parameters Moduli masses F-terms Soft masses

Mstring = 1.2 × 1016 GeV mS,U = 3.4 × 1013 GeV FS = O(103) GeV m3/2 = 1.4 × 109 GeV

M∗ = 7.9 × 1016 GeV mτ2,σ2 = 3.1 × 1017 GeV F T2/2τ2 = O(10) GeV m0 = O(106 − 107) GeV

|Weff |/M3
pl = 4.1 × 10−5 mτ3,σ3 = 5.3 × 1010 GeV F T3/2τ3 = 2.9 × 107 GeV An = O(103 − 104) GeV

〈V〉 = 78559 mτ1 = 1.5 × 106 GeV F T1/2τ1 = 1.4 × 109 GeV M1/2 = O(103) GeV

TABLE I: A numerical example. Here we have included the dilaton dependence eK ⊃ 1/2gs

in the supergravity potential. Although mτ2 is greater than the string scale, it is smaller than

the Planck scale; this model could be valid just as the supergravity model. We assumed FS ∼

Fϕ = O(1 − 10) TeV. The magnitude of F T1 strongly depends on the accuracy of computation

because T1 is so heavy. Note that σ1 is massless axion decoupled from the visible sector.

4. Higgs sector: µ/Bµ-term

So far we have studied the moduli sector and the visible sector except for Higgs fields

(Hu, Hd) in the MSSM. In the Higgs sector, generation of µ/Bµ-term is important. Fur-

thermore, because SUSY-breaking stop mass is so heavy as 106 GeV in this model, the

Higgs quartic coupling λtree ' (g2
2+g2

Y ) cos2(2β)/8 at a high scale should be almost vanish-

ing to obtain mHiggs ' 125 GeV for the lightest Higgs boson. In other words, tanβ = O(1)

is required [49]. This can be naturally explained if the approximate shift symmetry exists

in the Higgs fields [50].
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Mass spectra
the τ2 4-cycle. Therefore the relevant effective potential will be given by [41]14

Kvis =
(T2 + T †

2 )λi

(T1 + T †
1 )

|φi|2 = Zi|φi|2, fvis,a =
1

4π
(T2 + haS), Wvis = WMSSM(φvis).

(64)

Here we will take a minimal model λi = 1/3 and assume the approximate gauge coupling

unification, i.e. ha = O(1) (a = 1, 2, 3), which is given by the world volume flux depending

on the gauge group on the visible brane [42]. For instance h2 < h3 < h1 is possible,

depending on the model. Notice that the gauge fluxes on the visible brane are relevant

for obtaining the chiral matter spectra. S = 1/gs−iCRR
0 , where CRR

0 is the RR scalar zero

mode, is the 4D string axion-dilaton fixed by closed string flux. The factor 1/(T1+T †
1 )−1 is

important because the physical couplings in the superpotential are (almost) independent

on the T1 in the large V limit:

W = y
φn

vis

Mn−3
pl

→ Wglobal = eKmoduli/2 y√
Z3

φvis√
Zn−3Mn−3

pl

(65)

= yphys φn
c

Mn−3
∗

. (66)

Thus one finds yphys = y(τ2) and

M∗ $
Mpl

V1/3
∼ Mwind. (67)

The cutoff scale in the superpotential would be of order winding mode scale [23, 43].

Therefore we will not consider the moduli-redefinition effect [44] in this whole paper.

14 In this case, an instanton on τ3 would contribute to the visible gauge coupling while the gaugino con-
densations on τ2 would have effect on the visible small Yukawa coupling. However, we neglected those
effects for a simplicity. The contribution of an instanton effect 4πδfvis = e−2πT3 in the holomorphic
gauge coupling to the gaugino mass will be the same order as computation shown below at most. For
non-perturbative Yukawa coupling, even if there would be terms δWYukawa = e−aT2φ3 or e−aT2e−2πT3φ3

from gaugino condensations, one will not suffer from the flavor changing neutral current induced by
non-perturbative A-term because m0 is large and FT2 is small.
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The SUSY-breaking soft masses at the messenger scale are given by15 (see, e.g. [45])

m2
0 ! −F I(F J̄)†∂I∂J̄ log(e−Kmoduli/3Z) (68)

∼ 1

V

∣∣∣∣
F T1

2τ1

∣∣∣∣
2

!
m2

3/2

V ∼ 〈|Weff |2〉
V3

, (69)

Ma ! F I∂I log(fvis,a) +
αa

4π

(
baF

ϕ − 2
∑

i

tr(T 2
a (φi))F

I∂I log(e−Kmoduli/3Zi)

)
(70)

! ha
F S

2τ2
+

αa

4π

1

V
F T1

2τ1
∼

m3/2

log(V)V ∼ 〈Weff〉
log(V)V2

, (71)

Ai1···in ! (n − 3)Fϕ − F I∂I log

(
yi1···in

e−nKmoduli/3Zi1 · · ·Zin

)
(72)

∼ 1

V
F T1

2τ1
+

F S

S + S† ∼
m3/2

V ∼ 〈Weff〉
V2

. (73)

Here the second term in the gaugino mass is originating from the anomaly mediation;

ba (a = 1, 2, 3) is 1-loop coefficient of beta function of the gauge coupling in the MSSM

and tr(T 2
a (φi)) is dynkin index for the matter φi charged under the MSSM gauge group.

Note that the anomaly mediation contribution would be suppressed or be at most the

same order compared to F S in the gaugino mass, because the F-term of the compensator

Fϕ = m3/2 +
∂IK

3
F I ∼ F S

S + S† +
m3/2

log(V)V ∼ 〈Weff〉
log(V)V2

(74)

will be also suppressed.

The above results of the soft masses are easily understood: Because F T2 is negligible due

to the very massive T2, SUSY-breaking structure in the visible sector is determined by the

no-scale modulus T1 with V−1 corrections in the potential. (However, in the computation

of the coupling between the gauginos and moduli, the F T2 is important.) Note that the

perturbative Peccei-Quinn symmetries of moduli/dilaton T, S → T, S + const. forbid the

moduli/dilaton dependence of couplings yi1···in in the visible superpotetial.

Finally the mass spectrum is summarized as

mτ2 > mS,U ' mτ3 > m3/2 > m0 ! mτ1 ' An > Ma. (75)

15 We added 2〈Vuplift〉/3 contribution to the soft scalar mass from the uplifting potential.
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Other parameters at the vacuum is shown in TABLE I. Although mτ2 exceeds the string

scale in this numerical example as shown, we are going to continue the discussion; it

is expected that a proper choice of parameters would bring us to a viable region in

which mτ2 is below the string scale without changing the essence. In addition, we do

not include complex structure moduli dependence in the scalar potential of eK in the

numerical computation. This factor would reduce the masses slightly. At any rate, it is

smaller than the Planck scale and hence this model could be valid just as the supergravity

model.

Fundamental parameters Moduli masses F-terms Soft masses

Mstring = 1.2 × 1016 GeV mS,U = 3.4 × 1013 GeV FS = O(103) GeV m3/2 = 1.4 × 109 GeV

M∗ = 7.9 × 1016 GeV mτ2,σ2 = 3.1 × 1017 GeV F T2/2τ2 = O(10) GeV m0 = O(106 − 107) GeV

|Weff |/M3
pl = 4.1 × 10−5 mτ3,σ3 = 5.3 × 1010 GeV F T3/2τ3 = 2.9 × 107 GeV An = O(103 − 104) GeV

〈V〉 = 78559 mτ1 = 1.5 × 106 GeV F T1/2τ1 = 1.4 × 109 GeV M1/2 = O(103) GeV

TABLE I: A numerical example. Here we have included the dilaton dependence eK ⊃ 1/2gs

in the supergravity potential. Although mτ2 is greater than the string scale, it is smaller than

the Planck scale; this model could be valid just as the supergravity model. We assumed FS ∼

Fϕ = O(1 − 10) TeV. The magnitude of F T1 strongly depends on the accuracy of computation

because T1 is so heavy. Note that σ1 is massless axion decoupled from the visible sector.

4. Higgs sector: µ/Bµ-term

So far we have studied the moduli sector and the visible sector except for Higgs fields

(Hu, Hd) in the MSSM. In the Higgs sector, generation of µ/Bµ-term is important. Fur-

thermore, because SUSY-breaking stop mass is so heavy as 106 GeV in this model, the

Higgs quartic coupling λtree ' (g2
2+g2

Y ) cos2(2β)/8 at a high scale should be almost vanish-

ing to obtain mHiggs ' 125 GeV for the lightest Higgs boson. In other words, tanβ = O(1)

is required [49]. This can be naturally explained if the approximate shift symmetry exists

in the Higgs fields [50].
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Moduli decay
eigenstates {δφ, δa}17:





δτ1

δτ2

δτ3

δ(1/gs)




∼





V2/3

m3/2

mτ2
m3/2

mτ3

V−1/2




δφ1 +





V1/6

V1/2

V−1/2

V−1




δφ2 +





V1/6

V−1/2

V1/2

V−1




δφ3 +





V1/6

V−1/2

V−1/2

O(1)




δφs, (89)





δσ1

δσ2

δσ3

δCRR
0




∼





V2/3

0

0

0




δa1 +





V1/6

V1/2

V−1/2

V−1




δa2 +





V1/6

V−1/2

V1/2

V−1




δa3 +





0

V−1/2

V−1/2

O(1)




δas. (90)

The mass eigenstates δφi should not be confused with the AD field φ. Note that

m3/2/mτ2 ∼ 1/V and m3/2/mτ3 ∼ 1/ log(V). Here (δφ2, δa2), (δφ3, δa3), (δφs, δas) and

δφ1 have mass eigenvalues of mτ2 , mτ3 , mS and mτ1 , respectively, while δa1 is massless.

Let us estimate the lifetime of φ1. The relevant moduli couplings to the visible sector

arise from the gaugino mass and µ-term:

λcλc

[
F T2

2τ2
+ anomaly-mediated terms

]
+

1

3

F T2

2τ2
h̃ch̃c, (91)

where λc and h̃c are canonically normalized gaugino and higgsino. The derivative of F T2

with respect to the moduli are given by




∂T1

∂T2

∂T3




F T2

2τ2
∼





m3/2

V2/3

mτ2

mτ3




. (92)

From this, one can read the interactions relevant to the decay of the δφ1:

δφ1
m3/2

Mpl

[
λcλc + h̃ch̃c

]
. (93)

Due to the loop factor, the anomaly mediation contribution to the gaugino mass is irrele-

vant for the coupling between the modulus and gauginos. Thus the modulus decays into

17 We have checked this relation numerically. This is consistent with the results studied in [54] and [55].

28

L = δφ1
m3/2

Mpl
λλ + h.c.

Through mixing with T2, the lightest moduli 
is coupled to the gauginos as

Γφ1 ∼
Nc

4π

�
m3/2

Mpl

�2

mτ1
Tφ1

dec � 600 GeV
�

mτ1

106GeV

�1/2� m3/2

109GeV

�
.
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The mass eigenstates δφi should not be confused with the AD field φ. Note that

m3/2/mτ2 ∼ 1/V and m3/2/mτ3 ∼ 1/ log(V). Here (δφ2, δa2), (δφ3, δa3), (δφs, δas) and

δφ1 have mass eigenvalues of mτ2 , mτ3 , mS and mτ1 , respectively, while δa1 is massless.

Let us estimate the lifetime of φ1. The relevant moduli couplings to the visible sector

arise from the gaugino mass and µ-term:

λcλc

[
F T2

2τ2
+ anomaly-mediated terms

]
+

1

3

F T2

2τ2
h̃ch̃c, (91)

where λc and h̃c are canonically normalized gaugino and higgsino. The derivative of F T2

with respect to the moduli are given by
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From this, one can read the interactions relevant to the decay of the δφ1:

δφ1
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[
λcλc + h̃ch̃c

]
. (93)

Due to the loop factor, the anomaly mediation contribution to the gaugino mass is irrele-

vant for the coupling between the modulus and gauginos. Thus the modulus decays into

17 We have checked this relation numerically. This is consistent with the results studied in [54] and [55].
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Baryon Asymmetry

The final baryon asymmetry is written as Eq. (30), assuming that the lightest modulus

dominates over the energy density in the Universe. Since the dilution factor ∆−1 is already

computed in the previous subsection, let us consider the typical magnitude of c. In the

geometric regime there will be heavy KK modes and a massive one in the Landau level on

the visible fluxed-brane wrapping on the local 4-cycle τ2. They will be interacting with

light modes, and the contact term K = |Ic|2|φc|2/M̃2 will be generated after integrating

them out. Thus the mass scale M̃ is expected as

M̃ ∼ M ′
KK ∼ Mpl

τ 1/4
2 V1/2

→ c ∼ V1/2. (106)

Note that the condition of Eq. (10) is not satisfied in this case. Thus the resultant baryon

asymmetry is given by

nB

s
(t0) ∼ 10−10δeff

( c

102

) (
T φ1

dec

103GeV

) ( m0

107GeV

)−1
(

φc,osc

1014GeV

)2 (
∆φ1

Mpl

)−2

(107)

∼ δeff
〈Weff〉

log(V)1/4V ×
(

∆φ1

Mpl

)−2

∼ δeff
1

log(V)1/4

m3/2

Mpl
×

(
∆φ1

Mpl

)−2

. (108)

for a numerical example given in the previous subsection. Here we have used the result of

φc,osc for n = 6 in W ∼ yφn. In this case the baryon would be explained for m3/2 = O(109)

GeV, V = O(105).

Considering the unification of the cutoff scale, one might study the case of

M̃ ∼ M∗ ∼ Mpl/V1/3 → c ∼ V1/3, (109)

though this operator is understood in terms of the winding mode. Again, Eq. (10) is not

satisfied. For such a case, one finds

nB

s
(t0) ∼ 10−10δeff

( c

10

) (
T φ1

dec

103GeV

)( m0

106GeV

)−1
(

φc,osc

1014GeV

)2

×
(

∆φ1

Mpl

)−2

(110)

∼ δeff
〈Weff〉

log(V)1/4V7/6
×

(
∆φ1

Mpl

)−2

∼ δeff
1

log(V)1/4V1/6

m3/2

Mpl
×

(
∆φ1

Mpl

)−2

. (111)

Thus, in this latter case, the baryon asymmetry will be explained for m3/2 ∼ 109 GeV

and ∆φ1 ! Mpl. Here we have adopted the result for n = 6, again.

32

The right amount of the baryon asymmetry 
can be created by the AD mechanism, in the 
presence of the entropy production by the 
modulus decay.
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Moduli Curvaton

Kawasaki, Kobayashi, FT, 1107.6011
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Curvaton is an alternative mechanism for 
generating the density perturbation.

Inflation model building becomes easier.

Non-Gaussianity can be generated, which, 
if discovered, will exclude a simple inflation 
model.

Curvaton Linde, Mukhanov `97
Enqvist and Sloth `01
Lyth and Wands `01

Moroi and Takahashi `01
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Curvaton Linde, Mukhanov `97
Enqvist and Sloth `01
Lyth and Wands `01

Moroi and Takahashi `01

1. Light during inflation

2. Comes close to dominating the Universe

m � 0.1Hinf

The light mass can be naturally realized if the curvaton 
has an approximate shift symmetry.

r ≡
ρσ

ρr

����
decay

> O(0.01)
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Lore of curvaton

fNL ~ 1/r  (?)                                            

If we want to have fNL = O(10), isn’t this a 
fine-tuning? Another puzzle?

ns = 1 (?)
Two-point functions should be consistent 
with obs. before talking about three-
point function.
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  What  does             mean?              ns < 1

σ : curvaton

ns − 1 � 2
3

V
��(σ∗)
H2

∗
+ 2

Ḣ∗
H2

∗
Formula:
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  What  does             mean?              ns < 1

σ : curvaton

ns − 1 � 2
3

V
��(σ∗)
H2

∗
+ 2

Ḣ∗
H2

∗
Formula:

In order to obtain the red-tilted spectrum without 
relying on the inflation models, the curvaton must
satisfy

V
��(σ∗) � −O(0.01)×H

2
∗

Negative and (relatively) large mass!
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Related works:
 Enqvist and T.Takahashi `08, Enqvist et al `09, Kawasaki, Nakayama FT `09.

The potential needs to be deviated 
from the quadratic potential!

σ

V �� < 0
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Hilltop curvaton

ζ ∼ c1
δρσ

ρσ
− c2

δHosc

Hosc

When one goes to the hilltop limit, the expression 
for the curvature perturbation is modified.

Kawasaki, Kobayashi, FT, 1107.6011

Non-gaussianity increases mildly in the hilltop limit,
and fNL >> 1 is possible even if the curvaton dominates.
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Hilltop curvaton

ζ ∼ c1
δρσ

ρσ
− c2

δHosc

Hosc

non-uniform onset of oscillations

When one goes to the hilltop limit, the expression 
for the curvature perturbation is modified.

Kawasaki, Kobayashi, FT, 1107.6011

Non-gaussianity increases mildly in the hilltop limit,
and fNL >> 1 is possible even if the curvaton dominates.
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Application to Nambu-Goldstone curvaton 

Then, the initial condition must be close to the 
hilltop, because otherwise the curvaton would 
start to oscillate soon after inflation.

Γσ ∼
1

16π

m3

f2
=

1
16π

Λ6

f5
,

V (σ) = Λ4

�
1− cos

�
σ

f

��
,

ns = 0.96

We require 1) COBE normalization
2) Red-tilted spectrum
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(2) hilltop case
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Prediction of 1107.6011

In Nambu-Goldstone curvaton, fNL is 
predicted to be in the range of 10 and 30.

In particular, if we consider the 
moduli curvaton with the decay 
constant about 1017 - 1018 GeV,   
fNL should be about 30.

N.B. : The curvaton is assumed to dominate the Universe at the decay, 
in contrast to the works in the past, and that is why this prediction is robust.
N.B.2 : The inflation is assumed to be not the chaotic one. So r <<< 0.1. 
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Conclusion
Considering the 125GeV SM-like Higgs boson, 
the SUSY breaking scale at 10TeV - 1000TeV 
is attractive.

Moduli problem is then relaxed, and 
successful cosmology becomes possible.

Baryogenesis, dark matter, inflation model 
building are important remaining issues.

Moduli curvaton predicts fNL about 30.

Moduli will be a probe of the high energy 
physics and early Universe!
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