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Introduction
Inflation... solution of many cosmological problems

horizon/flatness problem, origin of primordial perturbation

How to embed inflation in the model of high energy physics?
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Inflation models embedded 
in high energy physics models

-String inspired models (’04 Kachru+ and so on...)
-Right-handed scalar neutrino (’93 Murayama+)
-Flat direction in the MSSM (’06 Allahverdi+) 
-Standard model Higgs (’08 Bezrukov+, ’11 KK+)
-and so on...

This talk 
   -> Inflation from SUSY-breaking sector 
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1. Introduction
2. SUSY & its breaking
3. SUSY-breaking and inflation model
4. Problems in the scenario and the solution
5. Conclusion
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Why SUSY ?
✓SUSY(supersymmetry) is one of the most promising 
models beyond the standard model of particle physics

- Hierarchy problem, gauge coupling unification

m2

Higgs
= m2

Higgs,0+

� m2

Higgs,0 + m2

soft

+
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✓SUSY predicts “SUSY particles” whose masses and 
other properties are the same as the SM particle other 
than their spin. 
✓SUSY must be broken at some high-energy scales 
outside the MSSM sector

Why SUSY-breaking ?

visible sectorvisible sector
(M)SSM

SM

hidden sectorhidden sector

SUSY
SUSY-breaking is 

mediated by some interactions

Otherwise SUSY particles must have been detected already. 
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Here we consider SUSY-breaking model 
mediated by SM gauge interactions

✓Uplifted SUSY-breaking vacuum      (moduli)

Superpotential for SUSY-breaking sector

V =
�

i

����
∂W

∂φi

����
2

SUSY preserving & AdS

SUSY breaking & Minkowski
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Here we consider SUSY-breaking model 
mediated by SM gauge interactions

✓Uplifted SUSY-breaking vacuum      (moduli)
✓                interact with SM gauge boson 
and transmit SUSY-breaking effect

Figure 6.3: Contributions to the MSSM gaugino masses
in gauge-mediated supersymmetry breaking models come
from one-loop graphs involving virtual messenger parti-
cles.

B̃, W̃ , g̃

〈FS〉

〈S〉

Replacing S and FS by their VEVs, one finds quadratic mass terms in the potential for the messenger
scalar leptons:

V = |y2〈S〉|2(|!|2 + |!|2) + |y3〈S〉|2(|q|2 + |q|2)
−

(
y2〈FS〉!! + y3〈FS〉qq + c.c.

)

+ quartic terms. (6.49)

The first line in eq. (6.49) represents supersymmetric mass terms that go along with eq. (6.44), while
the second line consists of soft supersymmetry-breaking masses. The complex scalar messengers !, !
thus obtain a squared-mass matrix equal to:

( |y2〈S〉|2 −y∗2〈F ∗
S〉

−y2〈FS〉 |y2〈S〉|2
)

(6.50)

with squared mass eigenvalues |y2〈S〉|2 ± |y2〈FS〉|. In just the same way, the scalars q, q get squared
masses |y3〈S〉|2 ± |y3〈FS〉|.

So far, we have found that the effect of supersymmetry breaking is to split each messenger super-
multiplet pair apart:

!, ! : m2
fermions = |y2〈S〉|2 , m2

scalars = |y2〈S〉|2 ± |y2〈FS〉| , (6.51)

q, q : m2
fermions = |y3〈S〉|2 , m2

scalars = |y3〈S〉|2 ± |y3〈FS〉| . (6.52)

The supersymmetry violation apparent in this messenger spectrum for 〈FS〉 $= 0 is communicated to
the MSSM sparticles through radiative corrections. The MSSM gauginos obtain masses from the 1-loop
Feynman diagram shown in Figure 6.3. The scalar and fermion lines in the loop are messenger fields.
Recall that the interaction vertices in Figure 6.3 are of gauge coupling strength even though they do not
involve gauge bosons; compare Figure 3.3g. In this way, gauge-mediation provides that q, q messenger
loops give masses to the gluino and the bino, and !, ! messenger loops give masses to the wino and
bino fields. Computing the 1-loop diagrams, one finds [159] that the resulting MSSM gaugino masses
are given by

Ma =
αa

4π
Λ, (a = 1, 2, 3), (6.53)

in the normalization for αa discussed in section 5.4, where we have introduced a mass parameter

Λ ≡ 〈FS〉/〈S〉 . (6.54)

(Note that if 〈FS〉 were 0, then Λ = 0 and the messenger scalars would be degenerate with their
fermionic superpartners and there would be no contribution to the MSSM gaugino masses.) In contrast,
the corresponding MSSM gauge bosons cannot get a corresponding mass shift, since they are protected
by gauge invariance. So supersymmetry breaking has been successfully communicated to the MSSM
(“visible sector”). To a good approximation, eq. (6.53) holds for the running gaugino masses at an RG
scale Q0 corresponding to the average characteristic mass of the heavy messenger particles, roughly of
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Figure 6.4: MSSM scalar squared masses in gauge-mediated supersymmetry breaking models arise in
leading order from these two-loop Feynman graphs. The heavy dashed lines are messenger scalars, the
solid lines are messenger fermions, the wavy lines are ordinary Standard Model gauge bosons, and the
solid lines with wavy lines superimposed are the MSSM gauginos.

order Mmess ∼ yI〈S〉 for I = 2, 3. The running mass parameters can then be RG-evolved down to the
electroweak scale to predict the physical masses to be measured by future experiments.

The scalars of the MSSM do not get any radiative corrections to their masses at one-loop order.
The leading contribution to their masses comes from the two-loop graphs shown in Figure 6.4, with
the messenger fermions (heavy solid lines) and messenger scalars (heavy dashed lines) and ordinary
gauge bosons and gauginos running around the loops. By computing these graphs, one finds that each
MSSM scalar φi gets a squared mass given by:

m2
φi

= 2Λ2

[(
α3

4π

)2

C3(i) +
(

α2

4π

)2

C2(i) +
(

α1

4π

)2

C1(i)

]

, (6.55)

with the quadratic Casimir invariants Ca(i) as in eqs. (5.27)-(5.30). The squared masses in eq. (6.55)
are positive (fortunately!).

The terms au, ad, ae arise first at two-loop order, and are suppressed by an extra factor of αa/4π
compared to the gaugino masses. So, to a very good approximation one has, at the messenger scale,

au = ad = ae = 0, (6.56)

a significantly stronger condition than eq. (5.19). Again, eqs. (6.55) and (6.56) should be applied at
an RG scale equal to the average mass of the messenger fields running in the loops. However, evolving
the RG equations down to the electroweak scale generates non-zero au, ad, and ae proportional to the
corresponding Yukawa matrices and the non-zero gaugino masses, as indicated in section 5.5. These
will only be large for the third-family squarks and sleptons, in the approximation of eq. (5.2). The
parameter b may also be taken to vanish near the messenger scale, but this is quite model-dependent,
and in any case b will be non-zero when it is RG-evolved to the electroweak scale. In practice, b can be
fixed in terms of the other parameters by the requirement of correct electroweak symmetry breaking,
as discussed below in section 7.1.

Because the gaugino masses arise at one-loop order and the scalar squared-mass contributions
appear at two-loop order, both eq. (6.53) and (6.55) correspond to the estimate eq. (6.27) for msoft, with
Mmess ∼ yI〈S〉. Equations (6.53) and (6.55) hold in the limit of small 〈FS〉/yI〈S〉2, corresponding to
mass splittings within each messenger supermultiplet that are small compared to the overall messenger
mass scale. The sub-leading corrections in an expansion in 〈FS〉/yI〈S〉2 turn out [160] to be quite small
unless there are very large messenger mass splittings.

The model we have described so far is often called the minimal model of gauge-mediated supersym-
metry breaking. Let us now generalize it to a more complicated messenger sector. Suppose that q, q
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gaugino mass
scalar mass

Superpotential for SUSY-breaking sector

V =
�

i

����
∂W

∂φi

����
2

g̃
ρ, ρ̄, Z, Z̄

ψρ, ψρ̄, ψZ , ψZ̄

ρ, ρ̄, Z, Z̄

Aµ

f̃
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Here we consider SUSY-breaking model 
mediated by SM gauge interactions

✓Uplifted SUSY-breaking vacuum      (moduli)
✓                interact with SM gauge boson 
and transmit SUSY-breaking effect
✓              confirm the stability of the SUSY-
breaking vacuum

All the fields are needed for SUSY-breaking !

Superpotential for SUSY-breaking sector

V =
�

i

����
∂W

∂φi

����
2

parameters of MSSM fields are 
determined by model parameters. 
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We find that hybrid inflation can be 
embedded in this SUSY-breaking sector

-inflaton:
-waterfall-field:

waterfall fields become tachyonic @
and inflation ends. 

quantum correction

primordial perturbation:
•small tensor perturbation
• 
• small non-gaussianity

ns � 1
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Is that all?
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Problems in inflation models embedded 
in the SUSY-breaking sector

✓Are SM sector fields thermalized properly?
✓Is the SUSY-breaking vacuum correctly selected?
✓Are not undesirable fields such as gravitinos 
substantially produced?
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Our model

-Inflaton decays into SM sector through SM gauge interaction.
-SUSY-breaking sector fields except for moduli fields are as 
heavy as inflaton and are not thermalized if                 .

X, Y

λ

λ

ψZ

ψρ̄

ψZ

Z

Figure 2: The decay of a waterfall field X into an MSSM gaugino pair. ψ denotes the fermion
partner of the messenger field.

The reheating temperature is, then, estimated as

T (pert)
R !

(
90

π2gR
∗

)1/4

×
√

ΓRMPl

! 0.45 × N2

(4π)2

(√
hY

8π

)1/2
h4

Yg2
3

h3
Z

(mMPl)
1/2

! 5.2 × 1010GeVN7/2
( rg

3.5

)−6 ( m3/2

15 GeV

)−3 ( mΦ

300 GeV

)−3 ( mg̃

1.5 TeV

)6
(

hY

3 × 10−3

)17/3

,

(3.20)

where gR
∗ is the number of the relativistic degrees of freedom at the time of reheating and we

take it as gR
∗ ! 220. The decay into the pseudomoduli field is also possible but is suppressed

by the additional small yukawa couplings. Since the messenger scale is estimated to be

O(1013) GeV, the SUSY breaking sector cannot be thermalized in our scenario.

Note that if the coupling hY is small enough, inflaton/waterfall field decay through super-

gravity effect,

Γ(grav)
R ! 3 × 10−4

√
hY m5

M4
pl

, (3.21)

which is due to the non-vanishing vacuum expectation value (VEV) of waterfall fields, over-

whelm the perturbative decay. The reheating temperature through this process is given by

T (grav)
R ! 0.45

√
Γ(grav)

R Mpl ! 5.2 × 107GeV ×
(

hY

3 × 10−3

)7/3

. (3.22)

This gives the lower bound of the reheating temperature. Therefore, the reheating tempera-

ture is evaluated as

TR = max.{T (pert)
R , T (grav)

R }. (3.23)

When the following condition is satisfied,

mg̃ ! 0.47 TeV × N−7/12
( rg

3.5

) ( m3/2

15 GeV

)1/2 ( mΦ

300 GeV

)1/2
(

hY

3 × 10−3

)−5/9

, (3.24)

14
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Our model

-Inflaton decays into SM sector through SM gauge interaction.
-SUSY-breaking sector fields except for moduli fields are as 
heavy as inflaton and are not thermalized if                 .
-moduli field stabilizes near the SUSY-breaking vacuum during 
inflation and starts oscillation later. 
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Our model

-Inflaton decays into SM sector through SM gauge interaction.
-SUSY-breaking sector fields except for moduli fields are as 
heavy as inflaton and are not thermalized.   if              .
-moduli field stabilizes near the SUSY-breaking vacuum during 
inflation and starts oscillation later. 
-moduli field oscillation can dominate the energy density of 
the Universe but can decay into SM sector before BBN.
-gravitinos may be produced substantially but can be diluted 
by moduli decay.

⇒ Gravitinos can be dark matter !

moduli decay

Td � 4.4 MeV×
�

mg̃

3.5mẽ

�−2 � mg̃

1.5 TeV

�3 � m3/2

15 GeV

�−1 � mΦ

300 GeV

�−1/2
.
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Gravitino production mechanism

✓gluino scattering in the thermal plasma

p!

"µ #i

$i*
p!

"µ#i

$i

−1√
2M

γνγµ(1 + γ5)pν −1√
2M

γµγν(1 − γ5)pν

"µ #i

$j* A%

"µ#i

$j Aa%
−1

2
√

2M
gT a

jiγνγµ(1 + γ5)
1

2
√

2M
gT a

ijγµγν(1 − γ5)

p!

"µ &(a)

Aa'

"µ &(a)

Ab( Ac'
−i
4M pρ[γρ, γσ]γµ

−1
4M gfabc[γρ, γσ]γµ

Figure 4.1: Feynman rules for the interactions of gravitino.

46

⇒ effective at reheating

✓moduli decay

can be diluted by the moduli decay

’07 Ibe and Kitano

’05 Kawasaki Kohri and Moroi

� 10−3
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Constraints on the model

✓amplitude of primordial perturbation

✓moduli must decay before BBN

✓Gravitinos must not overclose the Universe

These conditions determine 
the allowed parameter region
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Allowed parameter region

Figure 3: The allowed region (shaded region) of the gravitino mass (horizontal axis) and the
gluino mass (longitudinal axis). In the left and right figures, the moduli mass is taken to be
300 GeV and 500 GeV respectively. The gaugino-to-scalar mass ratio is rg = 3.5.

which is required to be below the present dark matter abundance. This gives further constraint

on the parameters in our model.

Now, we see the existence of the parameter space where all the constraints are satisfied.

Figure 3 shows the allowed region (shaded region) of the gravitino mass (horizontal axis) and

the gluino mass (longitudinal axis) which satisfies the constraints from the decay temperature

(4.12) and the gravitino abundance (4.17), (4.19). We also show the parameter region where

the total gravitino abundance corresponds to the present dark matter abundance. Here, the

moduli mass is taken to be 300 GeV (left figure) or 500 GeV (right figure). The gaugino-to-

scalar mass ratio is set to be rg = 3.5 in both cases. The constraint 2hZ > hY is presented

so that the inflaton and the waterfall fields cannot decay into the messengers, which changes

our thermal history. We can see from the left figure that the thermally produced gravitino

abundance and the decay temperature put strong constraints on the gluino mass. For the

region of the small gravitino mass, the abundance of non-thermally produced gravitinos has

an important effect on the allowed gluino mass region. On the other hand, in the right figure,

the abundance of gravitinos from the pseudomoduli decay puts a strong constraint on the

allowed region of the gluino mass and the constraint from the decay temperature becomes

weak. The allowed gravitino mass is always O(10) GeV in the right one. We define the

ratio of the gravitino abundance produced at the time of reheating and the pseudomoduli

decay, r3/2 ≡ Ω(th)
3/2 /Ω(d)

3/2. As the gluino mass is decreasing, the ratio also decreases and the

abundance of gravitinos from the pseudomoduli decay becomes dominant.

Figure 4 shows the allowed region (shaded region) of the gravitino mass (horizontal axis)

and the gaugino-to-scalar mass ratio (longitudinal axis). In the left (right) figure, the moduli

19
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Allowed parameter region

Figure 4: The allowed region (shaded region) of the gravitino mass (horizontal axis) and the
gaugino-to-scalar mass ratio (longitudinal axis). In the left and right figures, the moduli mass
is taken to be 300 GeV and 500 GeV respectively. The gluino mass is 1.5 TeV.

mass is taken to be 300 GeV (500 GeV). Here we take the gluino mass as 1.5 TeV. In the

left figure, the upper bound for the mass ratio comes from the constraint that the moduli

oscillation is stable, in other words, the messenger fields do not become tachyonic during

the moduli oscillation. The constraint from the gravitino abundance from the pseudomoduli

decay gives weaker bound. On the other hand, in the right figure, the gravitino abundance

from the pseudomoduli decay gives the stronger constraint on the mass ratio. We can also

see that the abundance of gravitinos produced at the time of reheating gives a lower bound

for the mass ratio in both the left and right figures. As the mass ratio is decreasing, the ratio

r3/2 increases and the abundance of thermally produced gravitinos becomes dominant.

As discussed in Ref. [18], if the Bino is the next to lightest supersymmetric particle (NLSP),

the moduli field can decay into two Binos. In this case, these Binos decay into gravitinos later,

which breaks BBN. However, in the case where the moduli, gluino and gravitino masses take

the reference values and the gaugino-to-scalar mass ratio is rg = 3.5, the Bino mass is around

230 GeV. Then, the moduli field cannot decay into two Binos and hence this problem does not

occur. In conclusion, there is a model parameter space where this scenario can be successful.

5 Conclusion

In this paper, we have followed the line of Ref. [17] and proposed an inflationary scenario

with gauge mediation of SUSY breaking. The higher mass scale in the model is set for the

inflationary scale, and the lower mass scale corresponds to the SUSY breaking scale to give the

correct MSSM soft masses by direct gauge mediation. After inflation, the metastable SUSY

breaking vacuum is chosen naturally. We have analyzed the reheating stage of the model.

20
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Conclusion & Discussion

✓Inflation model embedded in SUSY-breaking model
✓Successful inflationary scenario and reheating
✓Gravitino dark matter

✓Problems
-cosmic string 

             → modification of vacuum structure, smooth hybrid inflation
-baryogenesis → Affleck-Dine mechanism? 

                             new baryogenesis mechanism associated with 
                             SUSY-breaking sector
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Appendix
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-gauge mediation
⇒ No Flavor Changing Neutral Current Problem

-meta-stable vacuum
⇒ - Relatively easy model building 

- Sizable gaugino mass is generated 
(thanks to the R-breaking term of         )Z, Z̄

One of the most successful SUSY-breaking models !
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soft mass parameters

mλi �
g2

i

16π2
FΦ

∂

∂Φ
log det M,

m2
f̃
�

�

i

Ci
2

�
g2

i

16π2

�2

|FΦ|2 ∂2

∂Φ∂Φ†

�

s

�
log |Ms|2

�2
,

m3/2 =
µ2

√
3MPl

,gravitino mass

gaugino/scalar mass

mλi �
g2

i

16π2

hYhΦ

h2
Z

µ2

m

mZ

m
,

m2
f̃
�

�

i

Ci
2

�
g2

i

16π2

�2
hYh2

Φ

h2
Z

µ4

m2
.
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moduli parameters

Effective Kahler
Keff � |Φ|2 − N

32π2

�
hΦmZ

�
Φ + Φ†� + h2

Φ|Φ|
2

− 1
8

hYh3
Φ

h2
Z

mZ

m2
|Φ|2

�
Φ + Φ†� +

1
8

hYh4
Φ

h2
Z

1
m2

|Φ|4 + O(m2
Z)

�
.

@meta stable vacuum

|Φ0| � 1
2

mZ

hΦ
, arg Φ0 = 0,

m2
Φ �

N

64π2

hYh4
Φ

h2
Z

µ4

m2
≡ m2

CW.

2011年3月22日火曜日



Cosmic history
Hybrid inflation 

in the SUSY-breaking sector 
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Cosmic history
Hybrid inflation 

in the SUSY-breaking sector 

Inflaton and waterfall fields 
oscillate around 

the potential minimum
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Cosmic history
Hybrid inflation 

in the SUSY-breaking sector 

Inflaton and waterfall fields 
oscillate around 

the potential minimum

Inflaton and waterfall field decay/
gravitino production/

moduli starts oscillation

(moduli is stabilized at the origin 
during inflation)
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Cosmic history
Hybrid inflation 

in the SUSY-breaking sector 

Inflaton and waterfall fields 
oscillate around 

the potential minimum

Inflaton and waterfall field decay/
gravitino production/

moduli starts oscillation

(moduli is stabilized at the origin 
during inflation)

moduli oscillation (may) dominate 
the energy density of the Universe

moduli decay reheats the Universe

Precise reheating 
temperature 

Gravitino Dark Matter

testable prediction
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Our model
✓Hybrid inflation is embedded in the SUSY-breaking model
✓Moduli oscillation can dilute gravitinos

Hybrid inflation moduli field oscillates 
around the meta-stable vacuum

All the fields are needed for SUSY-breaking !!
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