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Inflaton potential
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inflation
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inflation

?
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CMB obs.

Reheating, 
Baryogenesis 

Dark matter, etc.

The curvature during inflation is not directly related to 
the inflaton mass at the minimum.



Planck 2015 results XX

(ns, r)
Quadratic  
chaotic infl

V =
1

2
m2�2 m ' 2⇥ 1013 GeVwith

See talk by Bucher



still natural.
r = O(0.01)•If                     , |V 00|inf ⇠ V 00

present ⇠ 1013 GeV may be 

e.g.) ・Polynomial chaotic inflation
Destri, de Vega, Sanchez [astro-ph/0703417] 
Nakayama, FT, Yanagida 1303.7315

Czerny, FT 1401.5212 
Czerny, Higaki FT 1403.0410, 1403.5883 

•Multi-Natural inflation

Sub-Planckian decay constants are allowed, because hilltop 
inflation can be realized.

Many exceptions: linear term inflation, running kinetic inflation, etc.

V =
1

2
m2

�
�2 + k�3 + k0�4 + · · ·

�
(cf. Kallosh, Linde, Westphal 1405.0270)

See talks by Nilles and Hyungjin Kim
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•If                     , however,           and           are        
generically very different. This is because inflaton  
potential must be extremely flat during inflation.

r = O(10�3) |V 00|inf V 00
present

・SM Higgs inflation with a non-minimal 
           coupling to gravity.

・New (hilltop) inflation

As =
V 3

2
p
3V 02

e.g.) 
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Physics during inflation may be quite different from 
that after inflation. It may also depend on other fields.

Single field or 
multiple fields?
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e.g. Hybrid inflation



Here we consider an extreme case where the inflaton 
potential (almost) disappears after inflation by heavy 
field dynamics.

During 
inflation

After 
inflation

�

Kitajima, FT 1509.01729

cf. Effects of heavy fields on the inflaton dynamics have 
been extensively studied in the literature.

Dong, Horn, Silverstein, and Westphal,1011.4521; Achucarro, Gong,  Hardeman, Palma, and Patil 1010.3693, 
Cespedes, V. Atal, and G. A. Palma, 1201.4848, Buchmuller, Wieck, and Winkler, 1404.2275, Buchmuller, 
Dudas, Heurtier, Westphal, Wieck, and Winkler, 1501.05812; Kumar, Sandora, Sloth 1501.06919; Dudas and 
Wieck, 1506.01253, Harigaya, Ibe, Kawasaki, and Yanagida 1506.05250 



Disappearing inflaton potential
Kitajima, FT 1509.01729

F (Xinf) 6= 0We assume

V (�, X) = F (X)v(�)

� X: inflaton : (heavy) modulus

during inflation.

after inflation.
X=0 is an enhanced symmetry point where massless 
(light) degrees of freedom may appear contributing to 
dark matter/dark radiation.

F (X = 0) = 0

m2
X ⇠ H2

inf Xinf ⇠ 1

e.g. Hidden gauge symmetry, self-int. DM/DR.
See talks by Lonsdale, Tait, Hye-Sung Lee



Chaotic inflation in SUGRA

To have a good control over the inflaton field values greater than 
the Planck scale, we impose a shift symmetry;

Kawasaki, Yamaguchi, Yanagida, hep-ph/0004243 ,hep-ph/0011104

which is explicitly broken by the superpotential.

even for 

K =
1

2
(�+ �†)2 + |S|2 + · · · ,

W = mS�

� ! �+ iC

V =
1

2
m2�2 � =

p
2Im[�]

� � Mp

S
U(1)R 2 0
Z2 - -

�

cf. Polynomial chaotic inflation is realized with W = mS(�+ k�2)



Chaotic inflation in SUGRA
Let us promote the inflaton mass to a modulus field X:

W = �SX�

We assume that X is stabilized around the Planck scale 
during inflation:

S X
U(1)R 2 0 0
Z2 + - -

U(1)X -1 0 1

�

hXi ⇠ 1, � ⇠ 10�5

V = eKKSS̄ |WS |2 ⇠ �2 hXi2

2
�2

m ! �X

The inflaton dynamics during inflation is same as before.
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Mass spectrum
At the origin, all the scalars are massless in the 
SUSY limit, and they acquire soft masses:

m2
S ⇠ m2

X ⇠ m2
3/2

The inflaton mass is further suppressed by the order 
parameter of the shift symmetry breaking:

m2
� ⇠ �2

16⇡2
m2

3/2

S X
U(1)R 2 0 0
Z2 + - -

U(1)X -1 0 1

�
The inflaton is stable because 
Z2 symmetry is restored at the 
origin.



Reheating
We may couple the inflaton to the RH neutrinos as

W = y�XNN + �⇧NN,

where U(1)X is replaced with Z4,B-L.
X S

After X starts to oscillate, the inflaton becomes light 
and stable. The remnant of incomplete reheating will 
contribute to DM.

The reheating temperature 
can be as high as 109-10GeV.



Higgs new inflation
GUT Higgs new inflation was extensively 
studied in the early 80s.

V

Hawking `82, Starobinsky `82, Guth and Pi `82

It was, however, soon abandoned because CW corrections 
lead to too large density perturbations.



V
The CW potential

Too large density perturbations!

Recall                               : large CW potential forces the inflation

requiresIn fact,

�⇢

⇢
=

V 3/2

2
p
3⇡|V 0|M3

p to start to from in the vicinity of the 
origin where            . V 0 ⇡ 0

Hawking `82, Starobinsky `82, Guth and Pi `82



SUSY B-L Higgs new inflation

V �⇥ = H
2�

h�i ⇠ 1015 GeV

Senoguz and Shafi, `04, cf. Asaka et al `99

In SUSY, two Higgs are required for anomaly cancellation.

�(+2), �̄(�2) , Inflaton: �2 =
����̄

��

The B-L breaking scale (inflaton VEV) 
is fixed by COBE normalization.

vB�L = h�i ⇠ 1015 GeV

W = �
⇣
v2 �

�
��̄

�2⌘

V (�) ' v4 � kv4�2 � v2�4 + �8 · · ·
MP = 1

Planck units adopted

W = �NN +NLHu

Z2 symmetry is imposed for slow-roll 
inflation.



SUSY SM Higgs new inflation

W = SX
�
v2 � (HuHd)

2
�

V (�) ' v4 � kv4�2 � v2�4 + �8

for hXiinf ⇠ 1

The HuHd direction acquires 
a GUT-scale VEV temporarily, 
and returns to the EW scale 
after inflation.

Kitajima, FT, `15

The inflaton dynamics is 
same as before.
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SUSY SM Higgs new inflation
Kitajima, FT, `15

✓Flatness of the inflaton potential and the smallness 
of the mu-term are due to the same Z2 symmetry. 

✓The soft SUSY breaking mass as well as the mu-
term must be smaller than O(100)TeV for 
successful inflation. 

✓X and HuHd can be replaced with two compatible 
MSSM flat directions. Then, the Affleck-Dine 
baryogenesis can be naturally implemented.

Nakayama, FT, 1203.0323 
cf. Ellis, Nanopoulos, Olive and Tamvakis, `82

m
soft

. O(0.1)H
inf

http://arxiv.org/abs/arXiv:1203.0323


✓The inflaton potential may vanish after inflation. 

✓The modulus field is stabilized at ESP, where light degrees 
of freedom appear, and some become stable due to 
restored symmetry, contributing DM or DR. 

- Hidden gauge symmetry, self-int DM/DR. 

✓Chaotic inflation in SUGRA 
- Inflaton can be DM. 

✓SUSY SM Higgs new (hilltop) inflation 
- The flatness of the inflaton potential  
related to the smallness of    .  
- The stop mass needs to be smaller  
than O(100)TeV.

Summary
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Back-up slides



Ellis, Nanopoulos, Olive and Tamvakis, PLB 118 335 (1982) 

These are valid iff    
mB , mF / h�i

However, the soft mass 
needs not be proportional to 
the Higgs vev, which results 
in the underestimate of the 
SUSY breaking mass.

gmS < 2⇥ 109 GeV
gmS < 1014 GeV

from density perturbation.



1. SUSY 
2. Cancellations between gauge and Yukawa 

couplings. 

3. Very small gauge and Yukawa couplings 

4. Extra damping mechanism 

5. Gauge singlet inflaton

Known solutions
Hawking `82, Ellis, Nanopoulos, Olive, Tamvakis `82

Hawking `82, Starobinsky `82, Guth and Pi `82

Kolb, Turner

Starobinsky `82, Baremboim, Chun, Lee, 1309.1695

Nakayama, FT 1108.0070,1203.0323

Shafi, Vilenkin `84, Pi `84

The last solution became popular since then. 
Now let us revisit the first solution using SUSY.
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ns can be  increased by the CW correction,  
if                                   and               . mÑ,3 ⇠ Hinf ⇠ 106 GeV yN,3 ⇠ 1
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The CW potential is partially cancelled between B-L gauge 
boson and gaugino contributions,

Requiring that the curvature of the potential be smaller 
than O(0.1)Hinf, we obtain

M� . Hinf
K. Nakayama and FT 1108.0070,  
                                1203.0323

VCW (�) '
g2B�L

32⇡2
M2

��
2

✓
1� 3 ln

�2

�2
⇤

◆

N.B. The upper bound on SUSY breaking was overestimated in 
the literature.

Soft SUSY breaking mass  
of the B-L gaugino

A similar bound holds for the soft mass of RH sneutrino 



Bosons Fermions
 B-L gauge boson  B-L gaugino

Soft SUSY breaking mass

m2
B = g2B�L�

2 mF = gB�L�± 1

2
M�

Then the CW potential is partially cancelled,

Requiring that the curvature of the potential be smaller 
than O(0.1)Hinf, we obtain

M� . Hinf K. Nakayama and FT 1108.0070,  
                                1203.0323

VCW (�) '
g2B�L

32⇡2
M2

��
2

✓
1� 3 ln

�2

�2
⇤

◆

N.B. The upper bound on SUSY breaking was overestimated in Ellis et al `83.



Then the CW potential is partially cancelled,

Requiring that the curvature of the potential be smaller 
than O(0.1)Hinf, we obtain

The soft SUSY breaking mass of the RH sneutrino 
is similarly bounded above:                    .                  

V susy
CW,gauge(�) '

g2B�Lq
2
'

32⇡2
M2

��
2

 
1� 3 ln

g2B�Lq
2
'�

2

µ2

!

M� . Hinf

K. Nakayama and FT 1108.0070, 1203.0323

mÑ,3 . Hinf

N.B. The upper bound on the soft SUSY breaking was 
overestimated in the literature including Ellis et al `83.



Inflation scale Hinf

SUSY B-L Higgs inflation implies  
O(100)TeV SUSY!

Nakayama, FT 1203.0323
10-4 10-3 10-2 10-1
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k
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f [
G

eV
]

Hinf ⇠ 800TeV

M�,mÑ . O(100)TeV


