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G →  H

Boson ⇄ Fermion
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μ2
tree = 0 Hashino, SK, Orikasa, 2015

Bardeen

Georgi, Kaplan
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H, A, H+, H++, …

• ���"+41-7
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(�FJIM@ mW , S, T, U,  Zff, Wff’, WWV, ... 

GB<>�� hWW, hZZ, hγγ, hff, hhh, … 
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LHC → HL-LHC 
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LHC → HL-LHC → ILC250 
2/+-��%�
��&10����$

Hagiwara et al. (1994)

LEP%���
 Fermilab, LHC%����(

ILC%���
 HL-LHC, ���1045,3*.6#%��
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Higgs Precision at HL-LHC, ILC250, …

ILC250�HL-LHC��
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Higgs singlet extension (HSM)

Two Higgs doublet model (2HDM)

With the softly broken Z2 symmetry (FCNC)

→ (h, H) with

λ6 = λ7 = 0
4 types of Yukawa interaction  (Type I, II, X, Y)
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2 =sin2(β−α)
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SK, Tsumura, Yagyu, Yokoya, 2014
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SK, Tsumura, Yagyu, Yokoya, 2014
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F1 → + F1, F2 → - F2

ECWEVTPJU:%
���:��46����;ZHBP

Type-I Type-II Type-X Type-Y

Barger,  Hewett, Phillips 
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Glashow, Weinberg 1964

Φ1
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KRWJSL
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Type-I
Type-II

Type-X

Type-Y

hττ hbb hcchVV
κV κτ κb κc

cos(β-α) < 0
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SK, K. Tsumura, K. Yagyu, H. Yokoya, 2014
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Ellipse = 68.27% CL

hbb vs hττ

SK, K. Tsumura, K. Yagyu, H. Yokoya, 2014
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κV = 1 - (1/2) x2 + …
SM-like: |x| <<1x = cos(β−α)
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H-COUP Project Additional Singlet
2HDM (I)
2HDM (II)
2HDM (X)
2HDM (Y)
Inert doublet/singlet
Triplet model

SK, Kikuchi, Sakurai, Yagyu

�43
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arXiv: 1710.04603
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Full set of 1-loop corrections (EW + QCD + Higgs) to the decay rates in various Higgs sectors 
and future precision measurements at ILC250 make us possible to fingerprint models and 
also to get information of inner parameters such as mass of the second Higgs boson

SK, Kikuchi, Mawatari, Sakurai, Yagyu 2018 

HL-LHC
2σ

ILC250
2σ

ILC250
2σ

HL-LHC
2σ

H-COUP Project

PLB783(2018)140-149

arXiv: 1710.04603
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– WH������	��#��"
– H→WW����	��#��"
– ZH�� �#���
– H→ZZ �#����

• κW > κZ�"�
$

• κV (V=W,Z) > 1 �"�
$



κW ≠ κZ �����

• ρ = 1 �����.#$('"!+��	�����/��
�� κW = κZ .&*-,)+/
– Doublet-Singlet Model,        
– Two Doublet Model,              
– Georgi-Machacek Model     (T, Y) = (1/2,1/2) + (1,0) + (1,1)          
– Doublet-Septet model          (T, Y) = (1/2,1/2) + (3,2) 

• ρ ≠ 1 ������� κW ≠ κZ���
– Doublet-Triplet model (Type II seesaw)
– '-%�����.����
�� ���
�/

2�� �3�� ��3��

7��
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ρ ≠ 1 (tree)

S. K, Kikuchi, Yagyu, 2013

cHTM���	

rHTM��	




��	��(κW≠κZ)

����	���
�
��(cHTM) ���	���
�
��(rHTM)

S. K, Kikuchi, Yagyu, 2013



κV (V=W,Z) > 1 %$*��

• �
ρ.2/5+ ρ76 ⇄ κW = κZ

• H++���� (Triplet model, GM model, Septet)
– WW�
��%�"*��1-+35
&�� ), 

κV > 1 #$*��%' H++ %(*	�!��%$*

• GM0,4(Georgi-Machacek model)&��

– κW = κZ > 1   '��%��
– H++&���� vξ = vχ

Custodial Symmetry

(T, Y) = φ (1/2,1/2) +  ξ (1,0) +  χ (1,1) 



��	
������� (κV > 1)

Chiang, Kuo, Yagyu, 2018SK, Tsumura, Yokoya, Yagyu, 2014

κV

κF SM

κZ

κF

Full 1 loop analysis
Unitarity
Vacuum Stability
S-parameter
Current LHC data



Georgi Machacek��

H++ →W+W+

tanΒ = vφ/vΔ

For κV > 1, tanΒ�O(1)  ⇄ vΔ � vφ

κV

Blasi et al. 2017 CMS arXiv: 1410.6315

H++ mainly decays into W+W+
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– WH�������#�)��(
– H→WW�����#�)��(
– ZH��%�)�"�
– H→ZZ%�)��"�

• κW > κZ"(��0

• κV (V=W,Z) > 1 "(��0
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Wait for more data!
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ΔB ≠ 0

7>2CDE
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Γsph < H(Tc)

Γsph ~ e− Esph/Tc

~ e− α’ φc/Tc
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S.K., Y. Okada,  E. Senaha (2005)
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hhh#�8�/7
2@

2HDM

ILC (1 TeV) 30. 10 %4�@?

��7.> LHC 4: λhhh A
�<9"�4:�?9:��

K.Fujii et al., arXiv:1506.05992 [hep-ex]
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Higgs singlet model
�����↑

→ (h, H) with 

EW

IISYM

I

B

A

D
C

Multi-field analysis of EWPT is necessary

Public tool “CosmoTransi=on” is used. 

�������↓



Direct searches of 
the second Higgs 
at LHC

Self-coupling hhh
measurement at ILC

κ =κV=κf
=cosθ
Precision
measurement 
at ILC/LHC

K. Hashino, M. Kakizaki, S.K., T. Matsui, P. Ko, Phys. Lett. B 766, 49 (2017)

Region of
Strong 1st OPT

Fuyuto, Senaha (2013)
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7�$BGJVSOR[TcQ]a�.

2016�aLIGOAX_SNZda6�C7�$ (�100 Hz) L�0&
→ 7�$
��C�FI

 ����A3>?(2L7�$A0KJ=g
McWbdQ^c, �!+9�,4-/, …

	��; aLIGO, KAGRA, aVirgo…

7�$')�EC�

9�,4-=HC7�$C���D,4-%�A#FJ

T = 100GeV → f = 10−1 −10−3 Hz LIGO/KAGRAC��:

(10-103Hz) =H�K@<J

LISA�;e"�f
DECIGO1*e��f

��:
\`Hz �5

��:
UQHz�5

��C��AC7�$0& (2030��)

����C')=HC7�$LPdYMA>J

2034��;8�
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(Compressional plasma)
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(Envelope approximation)
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6HR?���(Fitting function)

C.Caprini et al., arXiv:1512.06239 

�7��
� Γ(T) = Γ0 exp(− S3 /T) 

 ("�� Γ(T)/H4 = 1<'34
 ("�
 Tt<��

1;97GOMRC.9+��AJ?EP/&$50:

Veff(φ, Tt)

φ

tunneling

false

true

KDQ@NP7�2
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Direct searches of 
the second Higgs 
at LHC

Self-coupling hhh
measurement at ILC

κ =κV=κf
=cosθ
Precision
measurement 
at ILC/LHC

K. Hashino, M. Kakizaki, S.K., T. Matsui, P. Ko, Phys. Lett. B 766, 49 (2017)

Region of
Strong 1st OPT

Fuyuto, Senaha (2013)
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Doublet-Singlet Mixing 
model

Blue:  LISA�
�
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�

Κ (= Kf =KV = cosθ):  Scaling Factor
mH :   Mass of the 2nd Higgs �H�

Fiducial point

By Hashino, Jinno, Kakizaki, SK, Takahashi, Takimoto
Preliminary
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Upper limit on the Higgs mixing angle
[Robens, Stefaniak (2016)]

Constraints on the Higgs 
boson coupling

Excluded (95% CL)

(= cos ✓)

| sin ✓|
	�����
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Likelihood func.on

Taylor expansion at

Fisher information matrix

GW spectrum for 
parameter set {p}
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GW spectrum for 
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Effective sensitivity of interferometerObservation period
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GW spectrum 

Expected constraints on the GW spectrum

LISA

l Fiducial values

DECIGO

BBO

LISA

T
obs

= 1 yr
<latexit sha1_base64="Dxp14sKP90U6nRRiA17ZtlboX/A="></latexit><latexit sha1_base64="Dxp14sKP90U6nRRiA17ZtlboX/A="></latexit><latexit sha1_base64="Dxp14sKP90U6nRRiA17ZtlboX/A="></latexit><latexit sha1_base64="Dxp14sKP90U6nRRiA17ZtlboX/A="></latexit>

T
obs

= 3 yr
<latexit sha1_base64="RIsaPJgN4lQKcdhEKd3wWnAhy+c="></latexit><latexit sha1_base64="RIsaPJgN4lQKcdhEKd3wWnAhy+c="></latexit><latexit sha1_base64="RIsaPJgN4lQKcdhEKd3wWnAhy+c="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="AxCpHwMjfGtFg2dj8bw2WP1GHWM="></latexit><latexit sha1_base64="AxCpHwMjfGtFg2dj8bw2WP1GHWM="></latexit><latexit sha1_base64="jpFvEJpBklM78Hj3C4ruqeDQgy0="></latexit><latexit sha1_base64="RIsaPJgN4lQKcdhEKd3wWnAhy+c="></latexit><latexit sha1_base64="RIsaPJgN4lQKcdhEKd3wWnAhy+c="></latexit><latexit sha1_base64="RIsaPJgN4lQKcdhEKd3wWnAhy+c="></latexit><latexit sha1_base64="RIsaPJgN4lQKcdhEKd3wWnAhy+c="></latexit><latexit sha1_base64="RIsaPJgN4lQKcdhEKd3wWnAhy+c="></latexit><latexit sha1_base64="RIsaPJgN4lQKcdhEKd3wWnAhy+c="></latexit>

T
obs

= 10 yr
<latexit sha1_base64="3IN25P8qnWsOhUHsCqHMuKRsIyw="></latexit><latexit sha1_base64="3IN25P8qnWsOhUHsCqHMuKRsIyw="></latexit><latexit sha1_base64="3IN25P8qnWsOhUHsCqHMuKRsIyw="></latexit><latexit sha1_base64="3IN25P8qnWsOhUHsCqHMuKRsIyw="></latexit>

1σ confidence 
ellipse in 

for P1 and P2
(fpeak,⌦peak)

<latexit sha1_base64="2eeoc78kiMWty6NiB1DIUW78mmE="></latexit><latexit sha1_base64="2eeoc78kiMWty6NiB1DIUW78mmE="></latexit><latexit sha1_base64="2eeoc78kiMWty6NiB1DIUW78mmE="></latexit><latexit sha1_base64="2eeoc78kiMWty6NiB1DIUW78mmE="></latexit>

Constraints on the shape of spectrum

Point 1 Point 2

Hashino, Jinno, Kakizaki, SK, Takahashi, Takimoto, work in progress 
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l Fiducial values

Quantities describing transition dynamics
LISA
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l The GW spectrum is determined by 

Expected constraints on the 
transition parameters
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Constraining parameters 

Our Fisher analysis generically constrain 
2 combina7ons of underlying parameters

l confidence ellipse in
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Constraints on transition parameters
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C.Caprini et al., arXiv:1512.06239

FP (Fabry-Perot)-DECIGO

1 cluster    (arm length 1000km)

Correlation between 2 cluster

S. Kawamura et al, Class. Quant. Grav. 28, 094011 (2011)        

LISA has been approved in 2016

It will start from 2034

Laser interferometer space antena





Direct searches of 

the second Higgs 

at LHC

Self-coupling hhh
measurement at ILC

Measurement of 

Gravita=onal Waves 

at LISA/DECIGO

Precision

measurement 

at ILC250

K. Hashino, M. Kakizaki, S.K., T. Matsui, P. Ko, Phys. Lett. B 766, 49 (2017)

κ =κV=κf
=cosθ

Model of EW Baryogenesis will be well tested by 

the synergy of HL-LHC, ILC250, LISA/DECIGO, ….
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