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The observed CMB anisotropies strongly suggest 
inflation at an early stage of evolution.

What is the inflaton?
Mass, coupling to the SM sector, …



Obs. vs Theory
Scalar metric perturbations

Tensor metric perturbations

V : the inflaton potential



Planck 2015 results XX

(ns, r)
Quadratic  
chaotic infl

V =
1

2
m2�2 m ' 2⇥ 1013 GeVwith



Various large-field inflation models
Polynomial chaotic inflation

(see also Kobayashi, Seto 1403.5055 
Kallosh, Linde, Wesphal 1405.0270)

Multi-Natural inflation
Czerny, FT 1401.5212 

Czerny, Higaki FT 1403.0410, 1403.5883 

N.B. Sub-Planckian decay constants are allowed 
as axion hilltop inflation can be realized in a certain limit.

Nakayama, FT, Yanagida, 1303.7315
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Classification of inflationary models

1. Extensions of quadratic chaotic inflation or 
natural inflation r ~ 0.01-0.1

is the typical curvature|V 00|inf ⇠ V 00
present ⇠ 1013 GeV

of the potential.
minf ⇠ 1013 GeV?

Intriguingly close to  
the seesaw scale!
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1. Extensions of quadratic chaotic inflation or 
natural inflation r ~ 0.01-0.1

is the typical curvature|V 00|inf ⇠ V 00
present ⇠ 1013 GeV

of the potential.
minf ⇠ 1013 GeV?

Intriguingly close to  
the seesaw scale!

r ~ 10-3

r << 10-3

2.R2 inflation, Higgs inflation 

3. Small-field inflation (e.g. new inflation) 



Chaotic inflation in SUGRA
We impose a shift symmetry;

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

which is explicitly broken by the superpotential with inflaton 
and stabilizer fields.

even for 
V ' 1

2
M2'2 ' =

p
2Im[�]

� ! �+ iC

K =
1

2

�
�+ �†�2 + |X|2 + · · ·

W = MX� M ⇠ 1013 GeV X : stabilizer field
inflaton� :



Viable chaotic inflation in SUGRA requires two gauge singlets, 
inflaton and stabilizer fields. Being singlets, they are naturally 
coupled to LHu.

W = MX�+ y��LHu + yXXLHu

M ⇠ 1013 GeV

K =
1

2

�
�+ �†�2 + |X|2 + · · ·

Our basic idea:

The inflaton potential can be made flatter to be consistent 
with the CMB obs. (later).

The F-term of X is not 
absorbed by LHu if y = O(0.1).



Inflaton also decays into leptons and Higgs via preheating 
and TR is of order 1013 GeV. Successful leptogenesis is 
possible.

Then, integrating out the inflaton and stabilizer fields, 
we are left with the neutrino mass terms thru the 
seesaw mechanism:

W ⇠ (LHu)2

M
Minkowski `77, Yanagida `79, Ramond `79, Glashow `80

'
0

`, Hu, · · ·



Minimal Sneutrino Chaotic inflation
cf. Murayama, Nakayama, FT, Yanagida,1404.3857   Nakayama, FT, Yanagida, 1601.00192

Logic:  
Viable chaotic inflation in SUGRA  
→ Two singlets needed (inflaton and stabilizer) 
→ Being singlets, naturally coupled to LHu 
→ Leptogenesis & seesaw mechanism

Seesaw and leptogenesis are natural outcomes of 
viable chaotic inflation in supergravity!



Minimal Sneutrino Chaotic inflation
cf. Murayama, Nakayama, FT, Yanagida,1404.3857   

•Deviation from quadratic potential required. 
•At inflaton field values > 10Mp, the lepton and Higgs 
become heavier than the Planck mass and effective 
field theory description breaks down.

W = MX�+ y��LHu + yXXLHu

These can be avoided if there remains unbroken 
discrete shift symmetry: 

' ! '+ 2⇡f

y = O(0.1)

Nakayama, FT, Yanagida, 1601.00192

f = O(10)Mp



Minimal Sneutrino Chaotic inflation
cf. Murayama, Nakayama, FT, Yanagida,1404.3857   
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To see how (ns,r) changes, we focus on the first two terms.
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Neutrino masses
Seesaw with two RH neutrinos leads to m1 = 0.

Frampton, Glashow, Yanagida 2002

for y1|N1| ≫ y2M . Thus there are no tachyonic direction during inflation if kH2 >
y22M2/y12. Actually this condition is easily satisfied. Although the other combination
of Lα orthogonal to both L′

1 and L′
2 remains massless at this level, it can also have a positive

Hubble mass by introducing K = −|N2|2|Lα|2/M2
P . Therefore the inflationary path is stable

and we can take Hu = Lα = 0 during inflation.
As we shall see in Sec. 3.1, a typical value of y1 is of O(0.1) which may lead to super-

Planckian masses for leptons and Higgs during inflation, spoiling the effective field theory
description. This is our motivation to introduce a discrete shift symmetry on the inflaton
field and we need f ! O(10)MP . We note, however, that it is in principle possible to have
y1 ! O(0.01). In such a case, we can take f = O(100)MP and the predicted (ns, r) are close
to that of the quadratic chaotic inflation.

3 Implications

3.1 Neutrino masses and mixings

Here let us show that our model can reproduce the observed neutrino masses and mixings [5,
28, 29]. To this end, it is convenient to work with a basis in which the RH neutrino masses
are diagonalized:

W =
1

2
M̃iÑiÑi + ỹiαÑiLαHu, (3.1)

with

M̃1 = M̃2 = M, (3.2)

ỹ1α =
1√
2
(y1α + y2α), ỹ2α =

i√
2
(−y1α + y2α), (3.3)

Ñ1 =
1√
2
(N1 +N2), Ñ2 =

i√
2
(N1 −N2), (3.4)

where we have expanded the interactions at the potential minimum. After integrating out
the RH neutrinos in (3.1), we obtain

W = −1

2
ỹiαỹjβ(M̃

−1)ij(LαHu)(LβHu). (3.5)

Thus the light neutrino mass matrix is given by

m(ν)
αβ =

v2 sin2 β

M
ỹiαỹiβ, (3.6)

where v = 174GeV and sin β ≡ ⟨Hu⟩/v. Note that since the mass matrix (M̃−1)ij is rank 2,

m(ν)
αβ can only have two non-zero eigenvalues. Therefore, among the total 9 real parameters

7

Variables in the mass eigenstate basis are shown with tildes:
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M̃iÑiÑi + ỹiαÑiLαHu, (3.1)

with

M̃1 = M̃2 = M, (3.2)
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Ñ1 =
1√
2
(N1 +N2), Ñ2 =
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# of degrees of freedom in UV

A general 2 RHN model: 2 + (2⇥ 3)⇥ 2� 3 = 11

M1,M2
2RH neutrino masses neutrino Yukawa complex  

(real + imaginary)

Rotation phases 
of charged lepton

2r + (2⇥ 3)⇥ (r + i)� 3i = 8r + 3iMore precisely,

In our 2 RHN model, RH neutrino masses are degenerate, 
and the mass scale is (almost) fixed by the Planck norm. 
Thus, 11� 2 = 9 (8r + 3i� 2r = 6r + 3i)

`↵ ! ei✓↵`↵
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# of degrees of freedom in UV
11� 2 = 9 (8r + 3i� 2r = 6r + 3i)

# of degrees of freedom in IR
6⇥ 2� 3� 2 = 7

m(⌫)
↵�

Rotation phases 
of charged lepton

det
h
m(⌫)

↵�

i
= 0

(6⇥ (r + i)� 3i� (r + i) = 5r + 2i)
2 masses, 
3 mixing angles, 
one Dirac and one Majorana phase.

Therefore there are two unfixed parameters in out set-up.



Both NH and IH are possible.

to characterize the neutrino mass matrix (three masses, three mixing angles and three CP
phases), one mass parameter and one phase vanish. Thus we are left with 7 low energy
parameters. On the other hand, ỹiα is a general 2 × 3 complex matrix having 12 real
parameters, but three phases can be absorbed by redefining the phase of Lα.#4 Thus the
total physical degrees of freedom in the neutrino sector is 2 (RH neutrino mass) +(12 − 3)
(neutrino yukawa: ỹiα) = 11 if the RH neutrino masses are taken freely. Of these, the overall
rescaling M̃i → λ2

i M̃i combined with ỹiα → λiỹiα does not affect the light neutrino masses.
This rescaling has two parameters, hence we are left with the 9 parameters in the high
energy to parameterize the light neutrino masses and mixings. This number is larger than
the number of the low energy parameters, which is 7, hence a model with two RH neutrinos
has enough parameters to reproduce the light neutrino mass matrix.

In our case, the RH neutrino mass matrix has only one parameter M and its value is fixed
by the normalization of the primordial curvature perturbations. Since M is fixed, there are 9
parameters in the neutrino yukawa sector, which cannot be reduced further by the rescaling.
Hence the situation remains intact.

By using the MNS matrix [30], neutrino mass eigenvalues are expressed as

m(ν)
ᾱ δᾱδ̄ = U (MNS)T

ᾱβ m(ν)
βγU

(MNS)
γδ̄

, (3.7)

where ᾱ = 1, 2, 3 denotes the mass eigenstate basis. Here we impose m(ν)
1 < m(ν)

2 , so that

m(ν)
1 = 0 for the normal hierarchy (NH) and m(ν)

3 = 0 for the inverted hierarchy (IH). The
MNS matrix is parametrized as

U (MNS)
αβ̄

=

⎛

⎝
c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13

⎞

⎠× diag
(
1, eiα/2, 1

)
,

(3.8)

where cij = cos θij, sij = sin θij, δ is the Dirac phase and α is the Majorana phase. The
neutrino yukawa is given by

ỹiαỹiβ =
M

v2 sin2 β
U (MNS)∗
αγ̄ m(ν)

γ̄ δγ̄δ̄U
(MNS)†
δ̄β

. (3.9)

As mentioned above, this does not uniquely determine all the matrix elements of ỹiα: there
are additional two degrees of freedom in the yukawa sector to determine the light neutrino
mass matrix. This can be explicitly seen by solving (3.9) as [28, 31]

ỹiα =
M1/2

v sin β
Riγ̄

√
m(ν)

γ̄ δγ̄δ̄U
(MNS)†
δ̄α

, (3.10)

#4The phase redefinition of Lα combined with those of right handed charged leptons Eα can leave charged
lepton yukawa matrix real and diagonal.
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parameters in the neutrino yukawa sector, which cannot be reduced further by the rescaling.
Hence the situation remains intact.

By using the MNS matrix [30], neutrino mass eigenvalues are expressed as

m(ν)
ᾱ δᾱδ̄ = U (MNS)T

ᾱβ m(ν)
βγU

(MNS)

γδ̄
, (3.7)

where ᾱ = 1, 2, 3 denotes the mass eigenstate basis. Here we impose m(ν)
1 < m(ν)

2 , so that

m(ν)
1 = 0 for the normal hierarchy (NH) and m(ν)

3 = 0 for the inverted hierarchy (IH). The
MNS matrix is parametrized as

U (MNS)

αβ̄
=

⎛

⎝
c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13

⎞

⎠× diag
(
1, eiα/2, 1

)
,

(3.8)

where cij = cos θij, sij = sin θij, δ is the Dirac phase and α is the Majorana phase. The
neutrino yukawa is given by

ỹiαỹiβ =
M

v2 sin2 β
U (MNS)∗
αγ̄ m(ν)

γ̄ δγ̄δ̄U
(MNS)†
δ̄β

. (3.9)

As mentioned above, this does not uniquely determine all the matrix elements of ỹiα: there
are additional two degrees of freedom in the yukawa sector to determine the light neutrino
mass matrix. This can be explicitly seen by solving (3.9) as [28, 31]

ỹiα =
M1/2

v sin β
Riγ̄

√
m(ν)

γ̄ δγ̄δ̄U
(MNS)†
δ̄α

, (3.10)

#4The phase redefinition of Lα combined with those of right handed charged leptons Eα can leave charged
lepton yukawa matrix real and diagonal.
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(neutrino yukawa: ỹiα) = 11 if the RH neutrino masses are taken freely. Of these, the overall
rescaling M̃i → λ2
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where ᾱ = 1, 2, 3 denotes the mass eigenstate basis. Here we impose m(ν)
1 < m(ν)

2 , so that

m(ν)
1 = 0 for the normal hierarchy (NH) and m(ν)

3 = 0 for the inverted hierarchy (IH). The
MNS matrix is parametrized as

U (MNS)
αβ̄

=

⎛

⎝
c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13

⎞

⎠× diag
(
1, eiα/2, 1

)
,

(3.8)

where cij = cos θij, sij = sin θij, δ is the Dirac phase and α is the Majorana phase. The
neutrino yukawa is given by
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Casas-Ibarra parametrization:

where

Riγ̄ =

!
0 cos z − sin z
0 sin z cos z

"
for NH, (3.11)

and

Riγ̄ =

!
− sin z cos z 0
cos z sin z 0

"
for IH, (3.12)

with z being an arbitrary complex parameter, corresponding to the additional degrees of
freedom.

The best-fit values of the observed parameters are [32]

∆m2
12 = 7.54× 10−5 eV2, ∆m2

23 = 2.43× 10−3 eV2, (3.13)

sin2 θ12 = 0.308, sin2 θ23 = 0.437, sin2 θ13 = 2.34× 10−2. (3.14)

for NH, and

∆m2
12 = 7.54× 10−5 eV2, ∆m2

23 = 2.38× 10−3 eV2, (3.15)

sin2 θ12 = 0.308, sin2 θ23 = 0.455, sin2 θ13 = 2.40× 10−2. (3.16)

for IH. We can determine the yukawa matrix yiα by using these values for arbitrary values
of δ,α and z. Note that y1 and y2 in (2.13) are independent of δ and α. Also they are
independent of z as long as z is real and in such a case we have y1 = y2. If z is real, we
obtain

y1 = y2 = 0.139 for NH, (3.17)

y1 = y2 = 0.180 for IH, (3.18)

for M = 2 × 1013GeV and sin β = 1. We regard them as “typical” values. On the other
hand, if z has an imaginary component, the prediction changes. For example, for z = i we
obtain

y1 = 0.0511, y2 = 0.377 for NH, (3.19)

y1 = 0.0660, y2 = 0.488 for IH. (3.20)

By taking a large value of imaginary component of z, we can make a hierarchy between y1
and y2. For |z| ! O(1), y1 and y2 are of O(0.01− 1).

3.2 Reheating

Now let us consider the reheating after inflation. In our model, the reheating process is
slightly nontrivial because of the large yukawa coupling of the inflaton. Just after inflation,
the inflaton ϕ begins a coherent oscillation with its amplitude of order MP , and the coupled
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Leptogenesis
In the limit of degenerate RH neutrino masses, the CP  
asymmetry in the RH nu decay vanishes.

W = MN1N2Ni ! e±i↵Ni

This is because one can absorb the CP phase in nu Yukawa 
by                     without affecting

One has to add a small breaking term to lift the degeneracy,

W 0 = �MN2N2

Then, resonant leptogenesis takes place, and a large amount 
of baryon asymmetry can be produced.

3.3 Leptogenesis

Now let us consider implication for the leptogenesis scenario [2]. In our model, two RH
neutrino masses are nearly degenerate, and so, we must take account of the resonant ef-
fect [36–41]. It should be noticed that the effective CP asymmetry in the RH neutrino decay
vanishes in the exact degenerate limit.#5 Thus we need a small diagonal mass matrix ele-
ment of ∼ δM (|δM | ≪ M) in (2.4).#6 After diagonalizing the RH neutrino mass matrix,
we obtain

W =
1

2
M̃iÑiÑi + ỹiαÑiLαHu, (3.26)

M̃1 = M − δM, M̃2 = M + δM. (3.27)

The lepton asymmetry is generated via the CP asymmetric decay of Ñ1 and Ñ2. The CP
asymmetry parameter is given by

ϵi =
Im
!
(ỹiαỹ

†
αj)

2
"

8π(ỹiαỹ
†
αi)

M̃iM̃j(M̃2
i − M̃2

j )

(M̃2
i − M̃2

j )
2 +R2

, (3.28)

where R denotes the regulator, which is of the order of ∼ MΓ with Γ being the decay width
of RH neutrino [41–44]. The ϵi parameter is maximized and can be O(1) for M̃2

1 − M̃2
2 ∼ R.

The final baryon asymmetry, after the sphaleron conversion of the lepton number to the
baryon number, is given by

nB

s
=

8

23

nL

s
=

8

23
κ
#

i=1,2

ϵi
nNi

s
, (3.29)

where κ represents the suppression factor due to the washout effect [45]. In our case, RH
neutrinos are expected to be in thermal equilibrium at T ∼ Mi: ΓN1/HT=Mi ∼ O(100). Thus
we have κ ∼ O(0.01). To explain the observed value nB/s ≃ 9×10−11, we need ϵi ∼ 10−5.#7

3.4 Gravitino problem

Finally we discuss the gravitino problem. In general, there are two contributions to the
gravitino production: thermal production and nonthermal production. The nonthermal
gravitino production rate from the direct decay of the inflaton depends on the inflaton

#5This can be seen in (2.4) that we can rotate a phase of N1 and N2 without affecting the RH mass term,
while it can absorb the phase of yukawa matrix which appears in the CP asymmetric decay of RH neutrinos.
This phase rotation is allowed only for the degenerate case, i.e., there are no diagonal elements in the mass
matrix of RH neutrinos.
#6As long as |δM | ≪ 10−2M , it does not much affect the inflaton dynamics.
#7The calculation based on the Boltzmann equation may become invalid for the strongly degenerate case.

Instead, we may need Kadanoff-Baym approach to estimate the lepton asymmetry. In any case, we can
obtain small ϵi in a degenerate limit [41].
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�M/M ⇠ 10�8 is required for a right amount of baryon
asymmetry.



Summary 

✓The viable chaotic inflation in sugra requires two 
gauge singlets, which can be naturally identified with 
the right-handed neutrinos. 

✓Seesaw mechanism & leptogenesis are natural 
outcomes of the chaotic inflation. 

-  Deviation from the quadratic potential as well as the blow-up of 
the neutrino Yukawa couplings can be avoided by unbroken 
discrete shift symmetry. 

-Multi-natural inflation. 

-Gravitino overproduction must be solved by violating R-parity.


