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1. Introduction



A rough current status of particle physics

• Standard Model (SM) is a good theory (at least) up to the electroweak 
(EW) scale

• No significant signal beyond the SM so far (except for neutrino masses)

• SM has several of inconsistencies in cosmology or astrophysics

On the other hand



Possible ways to go:

• Find out the BSM in precision measurements or further analysis

• Focus on the cosmological issues
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The cosmological issues

• Isotropic, homogeneous, flat universe

• Baryon asymmetry

• Dark matter

• Dark energy

• Missing satellite, cusp, Too-big-to-fail,  etc.
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• Isotropic, homogeneous, flat universe

– Indirect detection
– Direct detection



Figure 10. Upper limit on dark matter annihilation cross section due to cross correlation between
the gamma-ray background and five galaxy catalogs. Line contents are the same as the decaying
cases, i.e., Figs. 7–9. Additionally, ‘Thermal WIMP’ line is included as in Fig. 6.

previous papers [16, 17], i.e., the similar results are obtained for hadronic channels (bb̄,
W

+
W

�, ⌧+⌧�) and on leptonic channels (µ+
µ
�) in mdm . 1 TeV region. For annihilating
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Tomographic cross-correlation using local galaxy distribution 12
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Figure 7. Lower limits on dark matter lifetime for leptonic channels due to cross correlation between
the EGRB and five galaxy catalogs. The solid curves are the limits as the result of analysis that takes
into account astrophysical contributions, while the dotted curves are the dark matter only analysis as
shown in Figs. 3–5. For example, for µ

+
µ
� channel, the obtained results are better than the latest

limit [42] given from dwarf galaxies by a few factors.

of the cosmic-ray anti-proton as mentioned in the previous subsection. Our present result
for W±

µ
⌥ final state excludes possibility to explain the anti-proton excess even in MAX or

MED models.6 As stressed before, including the impact of the IC gamma rays is crucial to
get this conclusion.

Finally we give results for annihilation cases. Figure 10 shows the same result as Fig. 6
but taking astrophysical components into account. Similar to decaying cases given in Figs. 7–
9, the constraints become more stringent by an order of magnitude compared to those by
taking only dark matter component. For a reference, a line h�vi = 3⇥ 10�26 cm3 s�1, which
is required value for the conventional thermal WIMP production scenario, is also shown in
the plot. It is found that the mass region mdm . 100 GeV is excluded for the thermal WIMP
mainly annihilating to bb̄ or ⌧

+
⌧
�. Namely the cross-correlating analysis is beginning to

6
It might be possible to find loophole for the constraint, e.g., considering unconventional propagation model

or spectrum for astrophysical proton source. Our discussion is based on conventional cases.
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Constraints on DM annihilation cross-section or lifetime

Ando, KI ’16



With multi-messenger astrophysical data

Ando, Arimoto, KI, Macias ’19
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Figure 7: SI scattering cross sections of the SU(2)L multiplet DM candidates. Red solid,
green dashed, and blue dash-dotted lines correspond to the (n, Y ) = (3, 0), (2, 1/2),
and (5, 0) cases, respectively. Yellow shaded area indicates the region in which neutrino
background overcomes the DM signal [32].

The LO calculation of the scattering cross section with a nucleon for this type of DM
candidates is given in Ref. [28]. As in the case of the wino DM, we find that there is a
significant cancellation among the contributions to the scattering amplitude. Therefore,
the NLO corrections are of importance to evaluate the scattering cross section precisely.
We compute the NLO scattering cross section in a similar manner to above discussion.
The only di↵erence is the electroweak matching conditions, which we summarize in Ap-
pendix B. Below the electroweak scale, the procedure is completely the same as before.

In Fig. 7 we plot the SI scattering cross sections for several SU(2)L multiplet DM
candidates. Here the red solid, green dashed, and blue dash-dotted lines represent the
(n, Y ) = (3, 0), (2, 1/2), and (5, 0) cases, respectively. The triplet case corresponds to
the wino DM, while the doublet one is regarded as the higgsino DM. The (n, Y ) = (5, 0)
fermion DM is the so-called minimal DM [55], for which the gauge symmetry guarantees its
stability. Again, the yellow shaded area indicates the region in which neutrino background
overcomes the DM signal [32]. We find that all of the scattering cross sections are almost
constant in the mass region we are interested in, as already seen in the case of wino DM.
In the heavy DM mass limit, the DM-proton e↵ective coupling f p

⌘ f p
scalar + f p

twist2 at the
NLO is given by

f p = (n2
� 4Y 2

� 1)f p
W + Y 2f p

Z , (4.57)

23

Direct detection of E-WIMP DM



16 26. Dark matter

Figure 26.1: WIMP cross sections (normalized to a single nucleon) for spin-
independent coupling versus mass. The DAMA/LIBRA [72], and CDMS-Si
enclosed areas are regions of interest from possible signal events. References to the
experimental results are given in the text. For context, the black contour shows a
scan of the parameter space of 4 typical SUSY models, CMSSM, NUHM1, NUHM2,
pMSSM10 [73], which integrates constraints set by ATLAS Run 1.

Argon for example).

In summary, the confused situation at low WIMP mass has largely been cleared
up (with the notable exception of the DAMA claim). Liquid noble gas detectors have
achieved large progress in sensitivity to spin independent coupling WIMPs without seeing
any hint of a signal. A lot of progress has also been achieved by the PICO experiment
for spin dependent couplings. Many new projects focus on the very low mass range of
0.1-10 GeV. Sensitivities down to σχp of 10−13 pb, as needed to probe nearly all of the
MSSM parameter space [39] at WIMP masses above 10 GeV and to saturate the limit
of the irreducible neutrino-induced background [56], will be reached with Ar and/or
Xe detectors of multi-ton masses, assuming nearly perfect background discrimination
capabilities. For WIMP masses below 10 GeV, this cross section limit is set by the solar
neutrinos, inducing an irreducible background at an equivalent cross section around 10−9

pb, which is accessible with less massive low threshold detectors [31].

June 5, 2018 19:56

Wino DM

Higgsino

Wino DM can be detected 

from PDG 
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4. Conclusions

Outline

3. Leptogenesis after the inflation



2. Superconformal subcritical hybrid inflation



The cosmological issues

• Baryon asymmetry

• Dark matter

• Dark energy

• Missing satellite, cusp, Too-big-to-fail,  etc.

• Isotropic, homogeneous, flat universe



Cosmic Microwave Background (CMB) 

WMAP, Planck ’13

• It tells the fundamental cosmological parameters

• It strongly supports inflation 



V (�)

�inf

Inflation

inflaton �

• The paradigm of early universe, supported by the CMB observations

• It can be driven by a slow-roll scalar, inflaton

• It explains isotropic, homogenous and flat universe



Inflation models

Starobinsky ’80

Linde ’83

Kallosh, Linde ’13

Linde ’94

The observations of the CMB constrain the inflation models

• Starobinsky model

• Chaotic inflation

• Superconformal     attractor model↵

• Hybrid inflation

Kallosh, Linde, Roest ’13

• etc.



Planck ’18
Planck Collaboration: Constraints on Inflation
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Fig. 8. Marginalized joint 68 % and 95 % CL regions for ns and r at k = 0.002 Mpc�1 from Planck alone and in combination with
BK14 or BK14 plus BAO data, compared to the theoretical predictions of selected inflationary models. Note that the marginalized
joint 68 % and 95 % CL regions assume dns/d ln k = 0.

limits obtained from a ⇤CDM-plus-tensor fit. We refer the inter-
ested reader to PCI15 for a concise description of the inflationary
models studied here and we limit ourselves here to a summary
of the main results of this analysis.

– The inflationary predictions (Mukhanov & Chibisov 1981;
Starobinsky 1983) originally computed for the R2 model
(Starobinsky 1980) to lowest order,

ns � 1 ' �
2
N
, r '

12
N2 , (48)

are in good agreement with Planck 2018 data, confirm-
ing the previous 2013 and 2015 results. The 95 % CL al-
lowed range 49 < N⇤ < 58 is compatible with the R2 ba-
sic predictions N⇤ = 54, corresponding to Treh ⇠ 109 GeV
(Bezrukov & Gorbunov 2012). A higher reheating temper-
ature Treh ⇠ 1013 GeV, as predicted in Higgs inflation
(Bezrukov & Shaposhnikov 2008), is also compatible with
the Planck data.

– Monomial potentials (Linde 1983) V(�) = �M4
Pl (�/MPl)p

with p � 2 are strongly disfavoured with respect to the
R2 model. For these values the Bayesian evidence is worse
than in 2015 because of the smaller level of tensor modes
allowed by BK14. Models with p = 1 or p = 2/3
(Silverstein & Westphal 2008; McAllister et al. 2010, 2014)
are more compatible with the data.

– There are several mechanisms which could lower the pre-
dictions for the tensor-to-scalar ratio for a given potential
V(�) in single-field inflationary models. Important exam-
ples are a subluminal inflaton speed of sound due to a non-
standard kinetic term (Garriga & Mukhanov 1999), a non-
minimal coupling to gravity (Spokoiny 1984; Lucchin et al.

1986; Salopek et al. 1989; Fakir & Unruh 1990), or an ad-
ditional damping term for the inflaton due to dissipation in
other degrees of freedom, as in warm inflation (Berera 1995;
Bastero-Gil et al. 2016). In the following we report on the
constraints for a non-minimal coupling to gravity of the type
F(�)R with F(�) = M2

Pl + ⇠�
2. To be more specific, a quartic

potential, which would be excluded at high statistical signif-
icance for a minimally-coupled scalar inflaton as seen from
Table 5, can be reconciled with Planck and BK14 data for
⇠ > 0: we obtain a 95 % CL lower limit log10 ⇠ > �1.6 with
ln B = �1.6.

– Natural inflation (Freese et al. 1990; Adams et al. 1993) is
disfavoured by the Planck 2018 plus BK14 data with a Bayes
factor ln B = �4.2.

– Within the class of hilltop inflationary models
(Boubekeur & Lyth 2005) we find that a quartic poten-
tial provides a better fit than a quadratic one. In the quartic
case we find the 95 % CL lower limit log10(µ2/MPl) > 1.1.

– D-brane inflationary models (Kachru et al. 2003; Dvali et al.
2001; Garcı́a-Bellido et al. 2002) provide a good fit to
Planck and BK14 data for a large portion of their parame-
ter space.

– For the simple one parameter class of inflationary potentials
with exponential tails (Goncharov & Linde 1984; Stewart
1995; Dvali & Tye 1999; Burgess et al. 2002; Cicoli et al.
2009) we find ln B = �1.0.

– Planck 2018 data strongly disfavour the hybrid model driven
by logarithmic quantum corrections in spontaneously broken
supersymmetric (SUSY) theories (Dvali et al. 1994), with
ln B = �5.0.

18

The CMB constrains the inflation models, which 
can be a hint for new physics



Supersymmetry is one of possible candidates for new physics

• There are flat directions Inflation

• Superstring theory requires SUSY 

• It is compatible with the GUT
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• There are flat directions Inflation

VSUSY = VF + VD

F/D-term hybrid inflation

• Superstring theory requires SUSY 

• It is compatible with the GUT

Supersymmetry is one of possible candidates for new physics

Many hybrid inflation models have been proposed



D-term hybrid inflation (canonical case)
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critical point

• Inflaton field slowly rolls down to the critical point 

• At the critical point, “waterfall field” becomes tachyonic, and 
then inflation ends



Dynamics of inflaton-waterfall field system depends on the 
Kähler potential

Buchmüller, Domcke, Schmitz ’12
Buchmüller, Domcke, Kamada ’13
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the critical point
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Buchmüller, Domcke, Schmitz ’12
Buchmüller, Domcke, Kamada ’13

Buchmüller, Domcke, Wieck ’13

Buchmüller, Domcke, Schmitz ’14

• Superconformal

• Shift-symmetric

• Superconformal

Starobinsky model

?

“Chaotic regime” below 
the critical point

+ apprx. shift-symmetric

Dynamics of inflaton-waterfall field system depends on the 
Kähler potential

Buchmüller, KI ’15



W = ��S+S�

The model

• Kähler potential:

• Superpotential:

Buchmüller, Domcke, Schmitz ’12
Buchmüller, Domcke, Kamada ’13

� S+ S�
U(1) 0 q �q

with

q > 0

⌦�2 = 1� 1

3

�
|S+|2 + |S�|2 + |�|2

�
� �

6

�
�2 + �̄2

�

Superconformal D-term hybrid inflation model

Mpl = 1

K = �3 log⌦�2
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⌦�2 = 1� 1

3

�
|S+|2 + |S�|2 + |�|2

�
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6
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Superconformal term

Superconformal D-term hybrid inflation model
(with an explicit superconformal term)

Mpl = 1

K = �3 log⌦�2
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W = ��S+S�

⌦�2 = 1� 1

3

⇥
(1 + �)(Re�)2 + (1� �)(Im�)2 + |S+|2 + |S�|2

⇤
K = �3 log⌦�2
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Kähler potential has a shift symmetry

which is broken in superpotential by non-zero

W = ��S+S�

Re� ! Re�+ const
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for
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⇤

�
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Kähler potential has a shift symmetry

W = ��S+S�

Re� ! Re�+ const

Im� ! Im�+ const
for

� = �1

� = 1

In the following discussion, we focus on 

(and          ) and          as inflaton

•            is expected� ⌧ 1

⌦�2 = 1� 1

3

⇥
(1 + �)(Re�)2 + (1� �)(Im�)2 + |S+|2 + |S�|2

⇤

which is broken in superpotential by non-zero �

•                     can be inflaton for � ' �1 (1)Re� (Im�)

� ' �1 � ⌧ 1 Re�

K = �3 log⌦�2
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Scalar potential (in Einstein frame)

• F-term

VF = ⌦4�2


|�|2

�
|S+|2 + |S�|2

�
+ |S+S�|2 �

�2|S+S��|2

3 + �
2

�
�2 + �̄2

�
+ �2|�|2

�

• D-term

VD =
1

2
g2

�
q⌦2(|S+|2 � |S�|2)� ⇠

�2

: constant Fayet-Iliopoulos term

Komargodski, Seiberg ’10

Binetruy, Dvali, Kallosh, Proeyen ’04
Dienes, Thomas ’09

Catino, Villadoro, Zwirner ’11

⇠(> 0)

Buchmüller, Domcke, Schmitz ’12

see also



s ⌘
p
2|S+|

� ⌘
p
2Re�

waterfall field
inflaton field

Vtot(�, s) = VF + VD

=
⌦4(�, s)�2

4
s2�2 +

g2

8

�
q⌦2(�, s)s2 � 2⇠

�2

⌦�2(�, s) = 1� 1

6

�
s2 + (1 + �)�2

�



Suppose the initial inflaton value is super-Planckian (due to the 
approximated shift symmetry)

We have found that the dynamics of the inflaton/
waterfall fields are similar to subcritical hybrid inflation

s ⌘
p
2|S+|

� ⌘
p
2Re�

Vtot(�, s) = VF + VD

=
⌦4(�, s)�2

4
s2�2 +

g2

8

�
q⌦2(�, s)s2 � 2⇠

�2

⌦�2(�, s) = 1� 1

6

�
s2 + (1 + �)�2

�

waterfall field
inflaton field



Subcritical hybrid inflation
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2) At the critical point, waterfall field begins to grow

3) Inflaton is still slow-rolling and inflation continues

Subcritical hybrid inflation

Cosmological consequences are determined by the 
subcritical regime

1) Inflaton rolls down to the critical point from super-Planckian value
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Remaining task:
Solve the dynamics of the inflaton to give cosmological 
parameters



and     are determined for given 

• Scalar spectral index:

• Tensor-to-scalar ratio:

• Scalar amplitude:

Slow-roll parameters ✏, ⌘

ns

r

As

for given number of e-folds N⇤

Observables

ns r N⇤



Preparation for numerical study
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• We rewrite      as critical point

•        can be absorbed in redefinition of 
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                        and                             are consistent with the data

N* = 55

N* = 60
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Inflation 

What we’ve done so far
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Baryon asymmetry ?

Dark matter ?
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3. Leptogenesis after the inflation



W = ��S+S�

The original model

• Kähler potential:

• Superpotential:

Buchmüller, Domcke, Schmitz ’12
Buchmüller, Domcke, Kamada ’13
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The extended model

• Kähler potential:

• Superpotential:
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For further study, let us take

•  

•  Mij = diag(M1,M2,M3)
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We consider two representative cases:

(II). 

m� ' 1013 GeV
<latexit sha1_base64="F/+QJksyykdgGE6tPIz/RcgCVuQ="></latexit><latexit sha1_base64="F/+QJksyykdgGE6tPIz/RcgCVuQ="></latexit><latexit sha1_base64="F/+QJksyykdgGE6tPIz/RcgCVuQ="></latexit><latexit sha1_base64="F/+QJksyykdgGE6tPIz/RcgCVuQ="></latexit>

c.f., inflaton mass

M1, M2 < m�
<latexit sha1_base64="YWkCJWtnvXt/R8xGcGbrLjsWSGo="></latexit><latexit sha1_base64="YWkCJWtnvXt/R8xGcGbrLjsWSGo="></latexit><latexit sha1_base64="YWkCJWtnvXt/R8xGcGbrLjsWSGo="></latexit><latexit sha1_base64="YWkCJWtnvXt/R8xGcGbrLjsWSGo="></latexit>

M1, M2 > m�
<latexit sha1_base64="Si4yuYAd7HVj2HUXwzKjng/71vg="></latexit><latexit sha1_base64="Si4yuYAd7HVj2HUXwzKjng/71vg="></latexit><latexit sha1_base64="Si4yuYAd7HVj2HUXwzKjng/71vg="></latexit><latexit sha1_base64="Si4yuYAd7HVj2HUXwzKjng/71vg="></latexit>



Preparation: neutrino sector

Light neutrino mass matrix is given by seesaw mechanism:

M⌫ = �m̃T
⌫ M̃

�1m̃⌫
<latexit sha1_base64="4MUyEFAFEC4gjVCJ2fdwyF1/6cw="></latexit><latexit sha1_base64="4MUyEFAFEC4gjVCJ2fdwyF1/6cw="></latexit><latexit sha1_base64="4MUyEFAFEC4gjVCJ2fdwyF1/6cw="></latexit><latexit sha1_base64="4MUyEFAFEC4gjVCJ2fdwyF1/6cw="></latexit>

M̃ =

0

BB@

M1 0
M2 0

M3 m�

0 0 m� 0

1

CCA

<latexit sha1_base64="TLI1JxSTs4IQzibfS+od6S+jGLA="></latexit><latexit sha1_base64="TLI1JxSTs4IQzibfS+od6S+jGLA="></latexit><latexit sha1_base64="TLI1JxSTs4IQzibfS+od6S+jGLA="></latexit><latexit sha1_base64="TLI1JxSTs4IQzibfS+od6S+jGLA="></latexit>

m̃⌫ =

0

BB@
m⌫

0 0 0

1

CCA

<latexit sha1_base64="TdTza8KyCAGHP0TSxHIAlS5ayhU="></latexit><latexit sha1_base64="TdTza8KyCAGHP0TSxHIAlS5ayhU="></latexit><latexit sha1_base64="TdTza8KyCAGHP0TSxHIAlS5ayhU="></latexit><latexit sha1_base64="TdTza8KyCAGHP0TSxHIAlS5ayhU="></latexit>

m⌫ = y⌫hH0
ui

<latexit sha1_base64="tQVI56yClndhfFWksdZ7EQdJosE="></latexit><latexit sha1_base64="tQVI56yClndhfFWksdZ7EQdJosE="></latexit><latexit sha1_base64="tQVI56yClndhfFWksdZ7EQdJosE="></latexit><latexit sha1_base64="tQVI56yClndhfFWksdZ7EQdJosE="></latexit>

4⇥ 3
<latexit sha1_base64="z834e/CKqYKOSiNX4MAuw8bpG24="></latexit><latexit sha1_base64="z834e/CKqYKOSiNX4MAuw8bpG24="></latexit><latexit sha1_base64="z834e/CKqYKOSiNX4MAuw8bpG24="></latexit>

matrix

4⇥ 4
<latexit sha1_base64="dHyOoPUP9vNstzVQFb3tFpYMYls="></latexit><latexit sha1_base64="dHyOoPUP9vNstzVQFb3tFpYMYls="></latexit><latexit sha1_base64="dHyOoPUP9vNstzVQFb3tFpYMYls="></latexit><latexit sha1_base64="dHyOoPUP9vNstzVQFb3tFpYMYls="></latexit>

matrix



(independent of                        )

Features of light neutrino mass matrix

• One neutrino is massless

• The mass matrix becomes

(* rank (M⌫) = 2)
<latexit sha1_base64="CCGL0aPJbLcqBoVHDTgfu/D1ByQ="></latexit><latexit sha1_base64="CCGL0aPJbLcqBoVHDTgfu/D1ByQ="></latexit><latexit sha1_base64="CCGL0aPJbLcqBoVHDTgfu/D1ByQ="></latexit><latexit sha1_base64="CCGL0aPJbLcqBoVHDTgfu/D1ByQ="></latexit>

are not constrained by the neutrino observations

Preparation: neutrino sector

m�, M3, y⌫3i
<latexit sha1_base64="kD7doMntTXQjVK3oDlym03YyVA8="></latexit><latexit sha1_base64="kD7doMntTXQjVK3oDlym03YyVA8="></latexit><latexit sha1_base64="kD7doMntTXQjVK3oDlym03YyVA8="></latexit><latexit sha1_base64="kD7doMntTXQjVK3oDlym03YyVA8="></latexit>

M⌫ij = �hH0
ui2

2X

k=1

y⌫kiy⌫kj

Mk
<latexit sha1_base64="QeG92SKWlptAfZeVgm/C9YSm7fA="></latexit><latexit sha1_base64="QeG92SKWlptAfZeVgm/C9YSm7fA="></latexit><latexit sha1_base64="QeG92SKWlptAfZeVgm/C9YSm7fA="></latexit><latexit sha1_base64="QeG92SKWlptAfZeVgm/C9YSm7fA="></latexit>

m�, M3, y⌫3i
<latexit sha1_base64="kD7doMntTXQjVK3oDlym03YyVA8="></latexit><latexit sha1_base64="kD7doMntTXQjVK3oDlym03YyVA8="></latexit><latexit sha1_base64="kD7doMntTXQjVK3oDlym03YyVA8="></latexit><latexit sha1_base64="kD7doMntTXQjVK3oDlym03YyVA8="></latexit>



(independent of                        )

Features of light neutrino mass matrix

• One neutrino is massless

• The mass matrix becomes

(* rank (M⌫) = 2)
<latexit sha1_base64="CCGL0aPJbLcqBoVHDTgfu/D1ByQ="></latexit><latexit sha1_base64="CCGL0aPJbLcqBoVHDTgfu/D1ByQ="></latexit><latexit sha1_base64="CCGL0aPJbLcqBoVHDTgfu/D1ByQ="></latexit><latexit sha1_base64="CCGL0aPJbLcqBoVHDTgfu/D1ByQ="></latexit>

are not constrained by the neutrino observations

Preparation: neutrino sector

m�, M3, y⌫3i
<latexit sha1_base64="kD7doMntTXQjVK3oDlym03YyVA8="></latexit><latexit sha1_base64="kD7doMntTXQjVK3oDlym03YyVA8="></latexit><latexit sha1_base64="kD7doMntTXQjVK3oDlym03YyVA8="></latexit><latexit sha1_base64="kD7doMntTXQjVK3oDlym03YyVA8="></latexit>

M⌫ij = �hH0
ui2

2X

k=1

y⌫kiy⌫kj

Mk
<latexit sha1_base64="QeG92SKWlptAfZeVgm/C9YSm7fA="></latexit><latexit sha1_base64="QeG92SKWlptAfZeVgm/C9YSm7fA="></latexit><latexit sha1_base64="QeG92SKWlptAfZeVgm/C9YSm7fA="></latexit><latexit sha1_base64="QeG92SKWlptAfZeVgm/C9YSm7fA="></latexit>

m�, M3, y⌫3i
<latexit sha1_base64="kD7doMntTXQjVK3oDlym03YyVA8="></latexit><latexit sha1_base64="kD7doMntTXQjVK3oDlym03YyVA8="></latexit><latexit sha1_base64="kD7doMntTXQjVK3oDlym03YyVA8="></latexit><latexit sha1_base64="kD7doMntTXQjVK3oDlym03YyVA8="></latexit>

determines the reheating temperature



Reheating

Inflaton decays to Higgses and leptons to reheat the universe

�� ' (y⌫y†⌫)33
8⇡

m�
<latexit sha1_base64="QtCBs2L1mQvx+I9K/hgfjmxp55k="></latexit><latexit sha1_base64="QtCBs2L1mQvx+I9K/hgfjmxp55k="></latexit><latexit sha1_base64="QtCBs2L1mQvx+I9K/hgfjmxp55k="></latexit><latexit sha1_base64="QtCBs2L1mQvx+I9K/hgfjmxp55k="></latexit>

TR ⇠
p

��Mpl
<latexit sha1_base64="xlKnLhuitXktXODI2G//qJv0mGE="></latexit><latexit sha1_base64="xlKnLhuitXktXODI2G//qJv0mGE="></latexit><latexit sha1_base64="xlKnLhuitXktXODI2G//qJv0mGE="></latexit><latexit sha1_base64="xlKnLhuitXktXODI2G//qJv0mGE="></latexit>

TR ' 1.4⇥ 1010 GeV

✓
(y⌫y†⌫)33
10�9

◆1/2

<latexit sha1_base64="pdCXfLrUqN8V0Tl5d+lUrkT1FP8="></latexit><latexit sha1_base64="pdCXfLrUqN8V0Tl5d+lUrkT1FP8="></latexit><latexit sha1_base64="pdCXfLrUqN8V0Tl5d+lUrkT1FP8="></latexit><latexit sha1_base64="pdCXfLrUqN8V0Tl5d+lUrkT1FP8="></latexit>

/
X

i

|y⌫3i|2
<latexit sha1_base64="joxfhXW3fLspFaFml/1pwzV+YsQ="></latexit><latexit sha1_base64="joxfhXW3fLspFaFml/1pwzV+YsQ="></latexit><latexit sha1_base64="joxfhXW3fLspFaFml/1pwzV+YsQ="></latexit><latexit sha1_base64="joxfhXW3fLspFaFml/1pwzV+YsQ="></latexit>



Reheating

Inflaton decays to Higgses and leptons to reheat the universe

�� ' (y⌫y†⌫)33
8⇡

m�
<latexit sha1_base64="QtCBs2L1mQvx+I9K/hgfjmxp55k="></latexit><latexit sha1_base64="QtCBs2L1mQvx+I9K/hgfjmxp55k="></latexit><latexit sha1_base64="QtCBs2L1mQvx+I9K/hgfjmxp55k="></latexit><latexit sha1_base64="QtCBs2L1mQvx+I9K/hgfjmxp55k="></latexit>

TR ⇠
p

��Mpl
<latexit sha1_base64="xlKnLhuitXktXODI2G//qJv0mGE="></latexit><latexit sha1_base64="xlKnLhuitXktXODI2G//qJv0mGE="></latexit><latexit sha1_base64="xlKnLhuitXktXODI2G//qJv0mGE="></latexit><latexit sha1_base64="xlKnLhuitXktXODI2G//qJv0mGE="></latexit>

TR ' 1.4⇥ 1010 GeV

✓
(y⌫y†⌫)33
10�9

◆1/2

<latexit sha1_base64="pdCXfLrUqN8V0Tl5d+lUrkT1FP8="></latexit><latexit sha1_base64="pdCXfLrUqN8V0Tl5d+lUrkT1FP8="></latexit><latexit sha1_base64="pdCXfLrUqN8V0Tl5d+lUrkT1FP8="></latexit><latexit sha1_base64="pdCXfLrUqN8V0Tl5d+lUrkT1FP8="></latexit>

/
X

i

|y⌫3i|2
<latexit sha1_base64="joxfhXW3fLspFaFml/1pwzV+YsQ="></latexit><latexit sha1_base64="joxfhXW3fLspFaFml/1pwzV+YsQ="></latexit><latexit sha1_base64="joxfhXW3fLspFaFml/1pwzV+YsQ="></latexit><latexit sha1_base64="joxfhXW3fLspFaFml/1pwzV+YsQ="></latexit>

is a free parameterTR
<latexit sha1_base64="0JFz/bPy+O/u0zVIfjv/l0LMH3U="></latexit><latexit sha1_base64="0JFz/bPy+O/u0zVIfjv/l0LMH3U="></latexit><latexit sha1_base64="0JFz/bPy+O/u0zVIfjv/l0LMH3U="></latexit><latexit sha1_base64="0JFz/bPy+O/u0zVIfjv/l0LMH3U="></latexit>



On the other hand,        and        are not constrained

(I). 

M1
<latexit sha1_base64="9WhyJkMYQTBm/hkrbjYMMk6/L08="></latexit><latexit sha1_base64="9WhyJkMYQTBm/hkrbjYMMk6/L08="></latexit><latexit sha1_base64="9WhyJkMYQTBm/hkrbjYMMk6/L08="></latexit><latexit sha1_base64="9WhyJkMYQTBm/hkrbjYMMk6/L08="></latexit>

M2
<latexit sha1_base64="I+Lr/ke9sLtwPaBQqGXJwCquotM="></latexit><latexit sha1_base64="I+Lr/ke9sLtwPaBQqGXJwCquotM="></latexit><latexit sha1_base64="I+Lr/ke9sLtwPaBQqGXJwCquotM="></latexit><latexit sha1_base64="I+Lr/ke9sLtwPaBQqGXJwCquotM="></latexit>

We consider two representative cases:

(II). 

m� ' 1013 GeV
<latexit sha1_base64="F/+QJksyykdgGE6tPIz/RcgCVuQ="></latexit><latexit sha1_base64="F/+QJksyykdgGE6tPIz/RcgCVuQ="></latexit><latexit sha1_base64="F/+QJksyykdgGE6tPIz/RcgCVuQ="></latexit><latexit sha1_base64="F/+QJksyykdgGE6tPIz/RcgCVuQ="></latexit>

c.f., inflaton mass

M1, M2 < m�
<latexit sha1_base64="YWkCJWtnvXt/R8xGcGbrLjsWSGo="></latexit><latexit sha1_base64="YWkCJWtnvXt/R8xGcGbrLjsWSGo="></latexit><latexit sha1_base64="YWkCJWtnvXt/R8xGcGbrLjsWSGo="></latexit><latexit sha1_base64="YWkCJWtnvXt/R8xGcGbrLjsWSGo="></latexit>

M1, M2 > m�
<latexit sha1_base64="Si4yuYAd7HVj2HUXwzKjng/71vg="></latexit><latexit sha1_base64="Si4yuYAd7HVj2HUXwzKjng/71vg="></latexit><latexit sha1_base64="Si4yuYAd7HVj2HUXwzKjng/71vg="></latexit><latexit sha1_base64="Si4yuYAd7HVj2HUXwzKjng/71vg="></latexit>



•       : Efficiency factor 

Leptogenesis: case (I)

Thermal leptogenesis takes place when                        , 
which is always possible

Buchmüller, Peccei, Yanagida ’05
see, e.g., 

Davidson, Nardi, Nir ’08

⌘B ' 2.7⇥ 10�10
⇣ ✏1
10�6

⌘✓
f

2⇥ 10�2

◆

<latexit sha1_base64="LV4BFGLC7m5XJyKB0S04AfGITLw="></latexit><latexit sha1_base64="LV4BFGLC7m5XJyKB0S04AfGITLw="></latexit><latexit sha1_base64="LV4BFGLC7m5XJyKB0S04AfGITLw="></latexit><latexit sha1_base64="LV4BFGLC7m5XJyKB0S04AfGITLw="></latexit>

f
<latexit sha1_base64="sL4X4bK+EruzXa90lD1TAWU3yRY="></latexit><latexit sha1_base64="sL4X4bK+EruzXa90lD1TAWU3yRY="></latexit><latexit sha1_base64="sL4X4bK+EruzXa90lD1TAWU3yRY="></latexit><latexit sha1_base64="sL4X4bK+EruzXa90lD1TAWU3yRY="></latexit>

•       : Asymmetric parameter

Buchmüller, Di Bari, Plümacher ’04

Baryon number: 

Giudice, Notari, Raidal, Riotto, Strumia ’04

Davidson, Nardi, Nir ’08

✏1
<latexit sha1_base64="bQhuPpSkRIwPQvC29YhpV1EpCQ0="></latexit><latexit sha1_base64="bQhuPpSkRIwPQvC29YhpV1EpCQ0="></latexit><latexit sha1_base64="bQhuPpSkRIwPQvC29YhpV1EpCQ0="></latexit><latexit sha1_base64="bQhuPpSkRIwPQvC29YhpV1EpCQ0="></latexit>

TR & M1, M2
<latexit sha1_base64="eNvGKZhgJj6Ewee3kTrhzNs0hyY="></latexit><latexit sha1_base64="eNvGKZhgJj6Ewee3kTrhzNs0hyY="></latexit><latexit sha1_base64="eNvGKZhgJj6Ewee3kTrhzNs0hyY="></latexit><latexit sha1_base64="eNvGKZhgJj6Ewee3kTrhzNs0hyY="></latexit>

M1, M2 < m�
<latexit sha1_base64="kMrw0Y9rZMG0/CeS2N6WAEHmvjA="></latexit><latexit sha1_base64="kMrw0Y9rZMG0/CeS2N6WAEHmvjA="></latexit><latexit sha1_base64="kMrw0Y9rZMG0/CeS2N6WAEHmvjA="></latexit><latexit sha1_base64="kMrw0Y9rZMG0/CeS2N6WAEHmvjA="></latexit>

Covi, Roulet, Vissani ’96



Leptogenesis: case (I)

NH
IH

��-� ��-�
���

����

����

����

����

����

�̃�[��]

�
�[�

��
]

m̃1 ⌘ (m⌫m†
⌫)11

M1
<latexit sha1_base64="eKtbPx61L7mauZr9TlOVW59Jw5k="></latexit><latexit sha1_base64="eKtbPx61L7mauZr9TlOVW59Jw5k="></latexit><latexit sha1_base64="eKtbPx61L7mauZr9TlOVW59Jw5k="></latexit><latexit sha1_base64="eKtbPx61L7mauZr9TlOVW59Jw5k="></latexit>



m̃1 �
⇢

m2 ' 8.6⇥ 10
�3

eV (NH)

m1 ' 4.9⇥ 10
�2

eV (IH)
<latexit sha1_base64="NdHeAwFERxwrnjRQ/YpxvvUPOr8="></latexit><latexit sha1_base64="NdHeAwFERxwrnjRQ/YpxvvUPOr8="></latexit><latexit sha1_base64="NdHeAwFERxwrnjRQ/YpxvvUPOr8="></latexit><latexit sha1_base64="NdHeAwFERxwrnjRQ/YpxvvUPOr8="></latexit>

NH
IH

��-� ��-�
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Leptogenesis: case (I)



NH
IH
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M1 < m� = 1013 GeV
<latexit sha1_base64="rLXWZLwcySSElK7FQN1+tgXG8Z4="></latexit><latexit sha1_base64="ZoqryvK2CE7Rg7pkZV7HmjRsIho="></latexit><latexit sha1_base64="ZoqryvK2CE7Rg7pkZV7HmjRsIho="></latexit><latexit sha1_base64="uKfpZydXFEsoI0JFd05AZ1Z9HN0="></latexit>

Leptogenesis: case (I)



⌘max
B � ⌘obsB

<latexit sha1_base64="u6fMwjEYAMscM7O1bKQP8wjwfmk="></latexit><latexit sha1_base64="ujGaZe+ZS6+mwWwZmICPwcTGQ78="></latexit><latexit sha1_base64="ujGaZe+ZS6+mwWwZmICPwcTGQ78="></latexit><latexit sha1_base64="tmhFc5jEDaBWk61L5wKWx9Sint8="></latexit>

NH
IH
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]

Leptogenesis: case (I)



⌘max
B � ⌘obsB

<latexit sha1_base64="u6fMwjEYAMscM7O1bKQP8wjwfmk="></latexit><latexit sha1_base64="ujGaZe+ZS6+mwWwZmICPwcTGQ78="></latexit><latexit sha1_base64="ujGaZe+ZS6+mwWwZmICPwcTGQ78="></latexit><latexit sha1_base64="tmhFc5jEDaBWk61L5wKWx9Sint8="></latexit>

NH
IH

��-� ��-�
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����

����

����
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�̃�[��]

�
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]

 Successful leptogenesis in wide parameter space

Leptogenesis: case (I)



Leptogenesis: case (II)

Inflaton decay produces baryon number

Murayama, Suzuki, Yanagida, Yokoyama ’93
see, e.g., 

(similar to sneutrino leptogenesis)

Ellis, Raidal, Yanagida ’04
Nakayama, Takahashi, Yanagida ’16

Baryon number: 

d = (s/n�)0
<latexit sha1_base64="fBgd7obdqecMebxEuupYZVLs0OY="></latexit><latexit sha1_base64="NWlwIFZGWW42af5OZUlWqIVXk7c="></latexit><latexit sha1_base64="NWlwIFZGWW42af5OZUlWqIVXk7c="></latexit><latexit sha1_base64="teSHz+PCQk5VstT7mFE4Y822qVk="></latexit>

(Independent of       )m�
<latexit sha1_base64="MOdukyS2pHyDd8yngRyITC36pYM="></latexit><latexit sha1_base64="MOdukyS2pHyDd8yngRyITC36pYM="></latexit><latexit sha1_base64="MOdukyS2pHyDd8yngRyITC36pYM="></latexit><latexit sha1_base64="MOdukyS2pHyDd8yngRyITC36pYM="></latexit>

M1, M2 > m�
<latexit sha1_base64="yA9dneh6FAX/xSTwX9udEW3BzwM="></latexit><latexit sha1_base64="yA9dneh6FAX/xSTwX9udEW3BzwM="></latexit><latexit sha1_base64="yA9dneh6FAX/xSTwX9udEW3BzwM="></latexit><latexit sha1_base64="yA9dneh6FAX/xSTwX9udEW3BzwM="></latexit>

•       : Asymmetric parameter✏�
<latexit sha1_base64="+4QjPSijrJy3Ap6SxugKUm0Xl+k="></latexit><latexit sha1_base64="+4QjPSijrJy3Ap6SxugKUm0Xl+k="></latexit><latexit sha1_base64="+4QjPSijrJy3Ap6SxugKUm0Xl+k="></latexit><latexit sha1_base64="+4QjPSijrJy3Ap6SxugKUm0Xl+k="></latexit>

Hamaguchi, Murayama, Yanagida ’02

⌘B =
3

4

TR

m�
asphd✏�

<latexit sha1_base64="/lAgBaEkgC7C3xBqVc/wvZWADyM="></latexit><latexit sha1_base64="/lAgBaEkgC7C3xBqVc/wvZWADyM="></latexit><latexit sha1_base64="/lAgBaEkgC7C3xBqVc/wvZWADyM="></latexit><latexit sha1_base64="/lAgBaEkgC7C3xBqVc/wvZWADyM="></latexit> asph = 28/79
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4. Conclusions



We have studied phenomenology of superconformal subcritical 
hybrid inflation:

• Three right-handed (s)neutrinos are introduced, one of which becomes 
inflaton 

• Light neutrino mass matrix is given by the seesaw mechanism, but it 
has an unconventional structure

• (sneutrino) Inflaton decay reheats the universe, and       is not constrained 
by the neutrino data

• Thermal or sneutrino leptogenesis can be realized
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• Predicted cosmological parameters fit with the CMB data
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