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Research Activities
Theory group is making theoretical studies on phenomenology-
oriented particle physics and cosmology including


Higgs physics


Collider phenomenology


Dark matter


Axion cosmology


Inflation models


Baryogenesis


Big-bang nucleosynthesis


PBH formation


.......


We published 199 papers in refereed journals during 2012-2018



Big-bang nucleosynthesis and long-lived decaying particles
Long-lived particles with lifetime 10-1-1012 sec           


appear in physics beyond the standard model (SUSY, string..)

affect abundances of light elements (D, He4, He3…)


BBN can give significant constraints


First reliable constraints 


Improved analysis


effects of anti-nucleons, new observational constraints …

updated constraints on abundance of  decaying particles

Decay photons, hadrons

photo- & hadro-dissociations

electromagnetic & hadronic showers 

D, He3, Li7
destruction

He4 
destruction

D, He3, Li7,Li6
production

Kawasaki, Kohri, Moroi  PRD D71 083502 (2005)

Kawasaki, Kohri, Moroi, Takes  PRD D97 023502 (2018)



Axion emission from topological defects
Axion is predicted in Peccei-Quinn mechanism 
which solves strong CP problem in QCD


Axion models have U(1)PQ  which is 
spontaneously broken at 


Axion strings are formed 


At QCD scale axion acquires mass


Domain walls are formed 


( Coherent oscillation starts )       


Strings and domain walls emit axions


We investigated axion emission from defects

T � Fa

T = 0
T ⇠ ⌘
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significant contribution to 
the present axion density
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NDW : domain wall number
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Axion emission from topological defects
Lattice simulations with N(grid)=(512)3  and (4096)3 

Evolution of strings


String density obeys scaling solution


Axion spectrum has a peak at horizon scale


Axion density    


Evolution of string-wall network 


NDW=1


NDW >1   string-wall systems are long-lived 
       more axion emission                  

⇢string = ⇠
µ

t2
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Axions from defects can account for dark matter

Axion emission from topological defects

108 109 1010 1011 1012

10-510-410-310-2

108 109 1010 1011 1012

10-510-410-310-2

Now it is the standard to include the contribution from 
topological defects in considering the present axion density



Formation of primordial black holes (PBHs)
PBHs are formed by gravitational collapse of over-density region with 
Hubble radius in the early universe 


A candidate for dark matter


PBHs can account for GW events detected by LIGO-Virgo recently


Large density fluctuations δ with O(0.1) are required for PBH formation 
but δ ~ O(10-5 ) on CMB scales 
             This is difficult to realize in a simple inflation model


We built sophisticated models for generating large density fluctuations


Double inflation model


Axion curvaton model


PBH formation by Affleck-Dine mechanism 

collapse
⇠ H

�1
BH

Kawasaki Kusenko Tada Yanagida arXiv:1606.07631

Inomata Kawasaki Mukaida Tada Yanagida 

              arXiv:1611.06130, 1701.02544, 1711.06129

Ando Inomata Kawasaki et al  arXiv:1711.08966

Ando Kawasaki Nakatsuka arXiv:1805.07757 

Hasegawa Kawasaki arXiv:1711.00990, 1807.00463



PBH formation in double inflation
Double inflation (preinflation+new inflation)


Preinflation accounts for perturbations on 
CMB scales 


New inflation with e-fold Nnew < 50 produces 
large curvature perturbations on small scales


Model can produce PBHs which account 
for DM and LIGO events


Large density fluctuations produce GWs   
   can be detected by future GW detectors

P⇣(k)

k

preinflation new inflation

kCMB kPBH

DM PBH LIGO PBH

���-�� ��-�� ��-�

�

��-�

��-�

��-�

��-�

���� ���� ���� ���� ����



Inflation model building

IPMU 15-0086

Revisiting the Minimal Chaotic Inflation Model

Keisuke Harigaya,1 Masahiro Ibe,1, 2 Masahiro Kawasaki,1, 2 and Tsutomu T. Yanagida2

1ICRR, University of Tokyo, Kashiwa, Chiba 277-8582, Japan
2Kavli IPMU (WPI), UTIAS, University of Tokyo, Kashiwa, Chiba 277-8583, Japan

(Dated: September 10, 2018)

We point out that the prediction of the minimal chaotic inflation model is altered if a scalar
field takes a large field value close to the Planck scale during inflation due to a negative Hubble
induced mass. In particular, we show that the inflaton potential is e↵ectively suppressed at a large
inflaton field value in the presence of such a scalar field. The scalar field may be identified with
the standard model Higgs field or flat directions in supersymmetric theory. With such spontaneous
suppression, we find that the minimal chaotic inflation model, especially the model with a quadratic
potential, is consistent with recent observations of the cosmic microwave background fluctuation
without modifying the inflation model itself.

Cosmic inflation is the most important paradigm of
modern cosmology. The flatness and the homogeneity of
the universe are explained by a quasi-exponential expan-
sion of spacetime in the very early universe [1, 2]. Fur-
thermore, so-called slow-roll inflation [3, 4] (see also [5])
predicts the almost scale invariant and Gaussian fluctua-
tion of the universe [6–10], which has been confirmed by
observations of the large scale structure of the universe
and the cosmic microwave background (CMB). Slow-roll
inflation is driven by a flat scalar potential of a scalar
field referred as an inflaton.

Among slow-roll inflation models, chaotic inflation [11]
is the most attractive model, since it is free from the
initial condition problem [12]. Here, let us briefly review
the minimal model of chaotic inflation with a quadratic
scalar potential [11],

V =
1

2
m2�2 , (1)

where � is a real scalar field and m denotes a mass pa-
rameter. In this simplest model, so-called slow-roll con-
ditions are satisfied when � takes a field value larger than
the Planck scale, MPL ' 2.4 ⇥ 1018 GeV. (Hereafter, we
occasionally take a unit MPL = 1.) The scalar field �
plays a role of the inflaton when it starts o↵ from a very
large field value in the early universe, where the Hubble
parameter is given by H = m�/

p
6.

From the observed magnitude of the curvature pertur-
bation at the pivot scale, k⇤ = 0.05Mpc�1, the mass
parameter m is determined to be

m ' 6⇥ 10�6
⇥MPL . (2)

The spectral index of the curvature perturbation ns and
the tensor-to-scalar ratio r are, on the other hand, in-
dependent of m, and depend only on the inflaton field
value at the corresponding e-folding number Ne of the
pivot scale, �Ne ' 2

p
Ne;

ns = 1�
2

Ne
' 0.967 (Ne = 60) ,

r =
8

Ne
' 0.133 (Ne = 60) . (3)

The virtue of the choatic inflation model is that it is
free from the initial condition problem. There, inflation
starts out with arbitrary or chaotic initial conditions. It
is also advantageous that inflation starts even when the
universe is closed at the Planckian time, since the slow-
roll conditions are satisfied for V ⇠ M4

PL (� ⇠ M2
PL/m).

Because of the absence of the initial condition problem
and its simplicity, the chaotic inflation model has at-
tracted great attention for a long time.

Before applauding the chaotic inflation model, how-
ever, we need to address an important question about
the shape of the inflaton potential. Why is the inflaton
potential given by a quadratic term over a Planck scale
field value? Generically, there would be higher dimen-
sional terms of � which ruin the flatness of the potential.

One of the most attractive ideas addressing the above
problem is to use a shift symmetry [13] under which �
transforms as � + c with c being a real parameter. The
shift symmetry is assumed to be softly broken by a spu-
rion field m which transforms as m ! m�/(�+ c). With
these assumptions, � appears in the scalar potential only
through a combination of m�, which ensures the domi-
nance of the quadratic term and the flatness of the po-
tential even above the Planck scale field value.

Despite those successful foundations, however, recent
observations of the CMB seem to disfavor the minimal
model with a quadratic inflaton potential [14] (see also
Eq. (3) and Fig. 3). This forces us to modify the mini-
mal model, for example, by introducing further breaking
of the shift symmetry in addition to m [15–17], or by
achieving an inflaton potential with a power law expo-
nent smaller than two [18–20], or by considering a generic
polynomial potential [21–23].

As we will see, however, it is not necessary to mod-
ify the inflation model itself to fit the observations. The
inflaton potential is e↵ectively suppressed at a large in-
flaton field value when another scalar field obtains a large
value during inflation due to a negative Hubble induced
mass. The scalar field may be identified with the stan-
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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

Planck 2018 (arXiv:1807.06211)
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field takes a large field value close to the Planck scale during inflation due to a negative Hubble
induced mass. In particular, we show that the inflaton potential is e↵ectively suppressed at a large
inflaton field value in the presence of such a scalar field. The scalar field may be identified with
the standard model Higgs field or flat directions in supersymmetric theory. With such spontaneous
suppression, we find that the minimal chaotic inflation model, especially the model with a quadratic
potential, is consistent with recent observations of the cosmic microwave background fluctuation
without modifying the inflation model itself.

Cosmic inflation is the most important paradigm of
modern cosmology. The flatness and the homogeneity of
the universe are explained by a quasi-exponential expan-
sion of spacetime in the very early universe [1, 2]. Fur-
thermore, so-called slow-roll inflation [3, 4] (see also [5])
predicts the almost scale invariant and Gaussian fluctua-
tion of the universe [6–10], which has been confirmed by
observations of the large scale structure of the universe
and the cosmic microwave background (CMB). Slow-roll
inflation is driven by a flat scalar potential of a scalar
field referred as an inflaton.

Among slow-roll inflation models, chaotic inflation [11]
is the most attractive model, since it is free from the
initial condition problem [12]. Here, let us briefly review
the minimal model of chaotic inflation with a quadratic
scalar potential [11],

V =
1

2
m2�2 , (1)

where � is a real scalar field and m denotes a mass pa-
rameter. In this simplest model, so-called slow-roll con-
ditions are satisfied when � takes a field value larger than
the Planck scale, MPL ' 2.4 ⇥ 1018 GeV. (Hereafter, we
occasionally take a unit MPL = 1.) The scalar field �
plays a role of the inflaton when it starts o↵ from a very
large field value in the early universe, where the Hubble
parameter is given by H = m�/

p
6.

From the observed magnitude of the curvature pertur-
bation at the pivot scale, k⇤ = 0.05Mpc�1, the mass
parameter m is determined to be

m ' 6⇥ 10�6
⇥MPL . (2)

The spectral index of the curvature perturbation ns and
the tensor-to-scalar ratio r are, on the other hand, in-
dependent of m, and depend only on the inflaton field
value at the corresponding e-folding number Ne of the
pivot scale, �Ne ' 2

p
Ne;

ns = 1�
2

Ne
' 0.967 (Ne = 60) ,

r =
8

Ne
' 0.133 (Ne = 60) . (3)

The virtue of the choatic inflation model is that it is
free from the initial condition problem. There, inflation
starts out with arbitrary or chaotic initial conditions. It
is also advantageous that inflation starts even when the
universe is closed at the Planckian time, since the slow-
roll conditions are satisfied for V ⇠ M4

PL (� ⇠ M2
PL/m).

Because of the absence of the initial condition problem
and its simplicity, the chaotic inflation model has at-
tracted great attention for a long time.

Before applauding the chaotic inflation model, how-
ever, we need to address an important question about
the shape of the inflaton potential. Why is the inflaton
potential given by a quadratic term over a Planck scale
field value? Generically, there would be higher dimen-
sional terms of � which ruin the flatness of the potential.

One of the most attractive ideas addressing the above
problem is to use a shift symmetry [13] under which �
transforms as � + c with c being a real parameter. The
shift symmetry is assumed to be softly broken by a spu-
rion field m which transforms as m ! m�/(�+ c). With
these assumptions, � appears in the scalar potential only
through a combination of m�, which ensures the domi-
nance of the quadratic term and the flatness of the po-
tential even above the Planck scale field value.

Despite those successful foundations, however, recent
observations of the CMB seem to disfavor the minimal
model with a quadratic inflaton potential [14] (see also
Eq. (3) and Fig. 3). This forces us to modify the mini-
mal model, for example, by introducing further breaking
of the shift symmetry in addition to m [15–17], or by
achieving an inflaton potential with a power law expo-
nent smaller than two [18–20], or by considering a generic
polynomial potential [21–23].

As we will see, however, it is not necessary to mod-
ify the inflation model itself to fit the observations. The
inflaton potential is e↵ectively suppressed at a large in-
flaton field value when another scalar field obtains a large
value during inflation due to a negative Hubble induced
mass. The scalar field may be identified with the stan-
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The spectral index and the tensor-to-
scalar ratio are predicted:

CMB observations disfavor the minimal model…

CMB observations rather favors a fractional power-law potential 
V ~ φp     (0<p<1)

How can we achieve such a potential ?



Dynamical fractional chaotic inflation
Harigaya, Ibe, Schmitz, Yanagida (1211.6241, 1403.4536, 1407.3084)

Potential Energy of Inflaton = Vacuum energy 

In supersymmetric (SUSY) theory 
              Vacuum energy =  Order parameters of supersymmetry

Spontaneous SUSY breaking model by strong gauge dynamics 

(Supersymmetric vacuum : vacuum energy = 0)

VSUSY ~ ΛSUSY 4

ΛSUSY : dynamical scale 
             (e.g. QCD scale)

RG running of gs

ΛSUSY Energy scale

ga
ug

e 
co

up
lin

g

By modulating the dynamical scale by the field value of the Inflaton, 
fractional power potential can be achieved.

VSUSY ~ ΛSUSY(φ) 4 ~ φ4q

ΛSUSY

ga
ug

e 
co

up
lin

g

φ

ΛSUSY(φ) ~ φq ( q: rational number )



Dynamical fractional chaotic inflation
Harigaya, Ibe, Schmitz, Yanagida (1211.6241, 1403.4536, 1407.3084)

Example

SP(Nc) Supersymmetric Gauge Theory

S = SIJ

VS dependent dynamical
SUSY breaking

s-confiment  (No SUSY breaking)

V ~ |S| p p = 2/(Nc+1) 

e.g.  SP(2) Model, p = 2/3

Can be tested by future CMB
measurements !

At a large field value :



Migdal Effect in Dark Matter Direct Detection Experiments 

In conventional analysis of the dark matter direct detection 
experiments, the recoiled nucleus scattered by dark matter 
is treated as a recoiled neutral atom. 

(a) (b)

N N

1

In reality, it takes some time for the electrons to catch up…

v

(a) (b)

N N

1

v

≠

The process to catch up causes electron excitations/ionizations!
→ Migdal Effect  [1939, Migdal]

Xe

Xe

Xe

DM DM

[ ’05 Vergados&Ejiri, ’07 Bernabei et al.  Application to DM detection ]

[detector]

Xe

Xe

Ibe, Nakano, Shoji, Suzuki (1707.07258)



+
+ electron

DM DM DM DM

Xe

DM DM
elastic excitation ionization 

Migdal Effect in Dark Matter Direct Detection Experiments 

TABLE II. The excitation probabilities into unoccupied states for a given initial state orbital (n, `).

Here P!n0`0 is defined by P!n0`0 ⌘ pdqe(n` ! n0`0). The probabilities not shown in this table are

forbidden or negligibly small.

Ar (qe = me ⇥ 10�3)

(n, `) P!3d P!4s P!4p P!4d P!5s P!5p En` [eV] 1
2⇡

R
dEe

dpc

dEe

1s – – 1.3⇥ 10�7 – – 4.3⇥ 10�8 3.2⇥ 103 7.2⇥ 10�5

2s – – 5.3⇥ 10�6 – – 1.8⇥ 10�6 3.0⇥ 102 4.1⇥ 10�4

2p 4.3⇥ 10�6 5.0⇥ 10�6 – 3.0⇥ 10�6 1.3⇥ 10�6 – 2.4⇥ 102 4.2⇥ 10�3

3s – – 5.3⇥ 10�7 – – 1.1⇥ 10�6 2.7⇥ 10 1.2⇥ 10�3

3p 7.9⇥ 10�3 8.5⇥ 10�3 – 4.0⇥ 10�3 1.2⇥ 10�3 – 1.3⇥ 10 7.4⇥ 10�2

(n, `) 3d 4s 4p 4d 5s 5p

En`[eV] 1.6 3.7 2.5 0.88 1.6 1.2

Xe (qe = me ⇥ 10�3)

(n, `) P!4f P!5d P!6s P!6p En` [eV] 1
2⇡

R
dEe

dpc

dEe

1s – – – 7.3⇥ 10�10 3.5⇥ 104 4.6⇥ 10�6

2s – – – 1.8⇥ 10�8 5.4⇥ 103 2.9⇥ 10�5

2p – 3.0⇥ 10�8 6.5⇥ 10�9 – 4.9⇥ 103 1.3⇥ 10�4

3s – – – 2.7⇥ 10�7 1.1⇥ 103 8.7⇥ 10�5

3p – 3.4⇥ 10�7 4.0⇥ 10�7 – 9.3⇥ 102 5.2⇥ 10�4

3d 2.3⇥ 10�9 – – 4.3⇥ 10�7 6.6⇥ 102 3.5⇥ 10�3

4s – – – 3.1⇥ 10�6 2.0⇥ 102 3.4⇥ 10�4

4p – 4.1⇥ 10�8 3.0⇥ 10�5 – 1.4⇥ 102 1.4⇥ 10�3

4d 7.0⇥ 10�7 – – 1.5⇥ 10�4 6.1⇥ 10 3.4⇥ 10�2

5s – – – 1.2⇥ 10�4 2.1⇥ 10 4.1⇥ 10�4

5p – 3.6⇥ 10�2 2.1⇥ 10�2 – 9.8 1.0⇥ 10�1

(n, `) 4f 5d 6s 6p

En`[eV] 0.85 1.6 3.3 2.2
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FIG. 3. The di↵erential ionization probabilities as a function of the emitted electron energy, Ee,

for isolated Ar, Xe, Ge, Na, and I. The contributions from di↵erent `’s are summed. We also

summed all the possible final states for a given n. The integrated probabilities are given in Tab. II.

21

initial state

ionization spectrum

(transition is possible only for | Δℓ | = 1)

Xe Xe Xe

XeXe

The ionization rate from n = 3 state can be of O(10-(3-2)).
→ leading to O(1)keV electronic energy deposition !



LUX collaboration analyzed data by taking into account of the Migdal effects.

The result shows that the LXe can test the low mass dark matter region !

5

FIG. 5. Upper limits on the spin-independent DM-
nucleon cross section at 90% C.L. as calculated using the
Bremsstrahlung and Migdal e↵ect signal models assuming a
scalar mediator (coupling proportional to A2). The 1- and
2-� ranges of background-only trials for this result are pre-
sented as green and yellow bands, respectively, with the me-
dian limit shown as a black dashed line. The top figure
presents the limit for a light mediator with qref = 1 MeV.
Also shown is a limit from PandaX-II [25] (pink). The bot-
tom figure shows limits for a heavy mediator along with
limits from the spin-independent analyses of LUX [1] (red),
PandaX-II [2] (gray), XENON1T [26] (orange), XENON100
S2-only [27] (pink), CDEX-10 [28] (purple), CDMSlite [29]
(teal), CRESST-II [30] (dark blue), CRESST-III [31] (light
blue), CRESST-surface [32] (cyan), DarkSide-50 [33] (green),
NEWS-G [34] (brown), and XMASS [35] (lavender).

background only.
Summary.—Contributions from the Bremsstrahlung

and Migdal e↵ects extend the reach of the LUX detector
to masses previously inaccessible via the standard NR
detection method. The Bremsstrahlung photon and the
electron from Migdal e↵ect emitted from the recoiling
atom boost the scattering signal for low mass DM par-
ticles since the energy transfer is larger in these atomic
inelastic scattering channels than in the standard elas-

tic channel and the ER e�ciency is significantly higher
at low energies. This analysis places limits on spin-
independent DM-nucleon cross sections to DM masses
down to 0.4 GeV/c2 from 5 GeV/c2 assuming both scalar
and vector, and light and heavy mediators. The result-
ing limits achieved using the Migdal e↵ect in particu-
lar create results competitive with detectors dedicated
to searches of light DM. Furthermore, this type of anal-
ysis will be useful to the next-generation DM detectors,
such as LZ [37] by extending their reach to sub-GeV DM
masses.
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Double Phase Experiment (detect scintillation photon and ionized electrons)

( Xenon1T collaboration is also working on the Migdal effects. 
   They unofficially said that the constraints can be more stringent.)

Migdal Effect in Dark Matter Direct Detection Experiments 
LUX result (1811.11241 LUX collaboration) 



Education

We accept 2-3 graduate students every year


12 students were awarded doctor degrees (2012-2018)


16 students got master degrees  (2012-2018)

2012 2013 2014 2015 2016 2017 2018

Master 
degree 2 2 3 1 2 4 2

Doctor 
degree 2 2 1 2 1 2 2

About half of students who got a PhD continue research

Kenichi Saikawa (2013)             [ DESY —> Max Planck ] 
Naoya Kitajima (2014)               [ ACTP —> Nagoya Univ. ] 
Masaki Yamada (2016)              [ Tufts Univ. —> MIT ] 
Jeong-Pyong Hong (2018)        [ Seoul Univ. ]



Summary

We believe that Theory Group has been highly active and 
giving  significant contributions to particle physics and 
cosmology


