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This	talk	
•  IntroducOon		

–  Higgs	as	a	probe	of	new	physics	
–  In	the	future	we	have	the	golden	age	to	explore	Higgs	physics		
													       	HL-LHC,	ILC250,	LISA,		…	in	2030s	
	

•  Precision	study	of	Higgs	sectors	at	ILC250	(Higgs	Factory)	

•  GravitaOonal	Waves	
–  LIGO,	Virgo,	KAGRA					→				LISA	(approved),	DECIGO,	BBO		
–  A	new	tool	to	access	the	Higgs	PotenOal/Phase	transiOon	

•  Summary		
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The	LHC	data	show	…	
				No	contradicOon	with	the	SM	predicOon	
				No	signal	for	new	BSM	phenomena	

				The	SM	is	enough?											
There	are	many	reasons	to	consider	BSM	

UnificaOon	of	Law	
–  Paradigm	of	Grand	UnificaOon　　	
–  Yukawa	structure	(flavor	physics)	

Problem	in	the	SM	Higgs		
–  Hierarchy	Problem,	Shape	of	Higgs	sector,	Nature,	…	

BSM	Phenomena	
–  Dark	Maeer,			Neutrino	mass	and	mixing	
–  Baryon	Asymmetry	of	Universe,		InflaOon,	Dark	Energy,	Gravity,…	

New	Physics	must	exist!　　　　　　	

IntroducOon	



Higgs:		a	key	to	new	physics	
Although	Higgs	boson	was	found,	Higgs	sector	is	unknown		
・	Nature	of	Higgs	boson	　   		  Hierarchy	Problem	
　　　　　　　　　　　　　　　　　　　　　New	paradigm	of	New	Physics	

By	the	discovery	of	h(125),	these	problems	became	fronOer	

・ Structure		            																 MulOplet	structure,	Symmetry,	…										
																																																												RelaOon	to	new	paradigms		
	                                            and	BSM	phenomena　　　　　　　　　　　　　　            　	

・ Higgs	PotenOal		　　　　　　   		EW	Symmetry	Breaking	
　　　　　　　　　　　　　　　　　　　　　Dynamics	of	EWSB	
																																																														EW	Phase	TransiOon		
　　　　　　　　　　　　　　　　　  　　　　　　　	

μ2	<	0	

Only	one	Higgs?	

Higgs	sector	is	a	probe	of	new	physics	



Extended	Higgs	sectors?	
MulOplet	Structure	(with	addiOonal	scalars)	
				ΦSM+Isospin	Singlet,					
	  ΦSM+Doublet	(2HDM),				
				ΦSM+Triplet,			…		
	
AddiOonal	Symmetry	
					Discrete	or	ConOnuous?	
					Exact	or	Sojly	broken?	

InteracOon	
				Weakly	coupled	or	Strongly	Coupled?	
	

Hint	for		
BSM	
models	



Simplest	Extension	
	2	Higgs	doublet	model	(2HDM)	

Sharing	the	VEV	

Field	Mixing	

DeviaOon	in	the	couplings	of	h(125)		

New		ParOcles	
CP-odd	 Charged	

AddiOonal	bosons	h(125)	
Other	three	are	unphysical	
Nambu-Goldstone	bosons		

↑	

									SM　　　　　                	2HDM	
hVV				1　　　   　→			hVV						sin(β−α)			



LHC:	Hadron	Collider		

•  Direct	searches	of	addiOonal	Higgs	bosons　　		
							h(125),		H,	A,	H+,	H++,	…	
	
	
•  Indirect	test	by	finding	deviaOons	from	SM		
								
										Couplings	of	h(125)					hWW,	hZZ,	hγγ,	hff,	hhh,	…		

Run1										7-8	TeV					20n-1	

Run	2,3		13-14	TeV				300n-1	

HL-LHC								14	TeV			3000n-1	

h,	H,	A,	…	

p	

p	

At	some	probability,		elementary	process		
with	very	large	energy	can	occur	

Machine		
for	discovery	

Precision	rather	limited	by	huge	QCD	backgrounds	etc		



Machine	for	precision	measurements!		
e+	

e−	

Lepton	Collider		

Simple	KinemaOcs	
Low	QCD	backgrounds		
Beam	polarizaOon	(linear	collider)	
Energy	Scan	(linear	collider)		

InternaOonal	Linear	Collider	(ILC)	
Next	GeneraOon	Linear	Collider	
Energy	250-500	GeV,	1TeV)	
	
TDR	published	
Technically	ready	
WaiOng	for	approval	
Hosted	by	Japan	(Iwate)	
	



New	proposal	(ILC250)	
ILC	(TDR)		250GeV→500GeV,	and	1TeV	
					It	takes	Ome	for	making	decision	(due	to	the	cost!)	
	
ILC250	as	Higgs	Factory	(proposed	in	2017)	
•  Collision	Energy	E	=	250GeV	  	(40%	cost	reducOon)	
•  Run	in	the	similar	Ome	to	HL-LHC	(2030s)	
•  Accumulate	2ab-1		by	running	for	10	years	
•  Possibility	of	a	future	energy	extension	
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11	

Slide	from	ILC250	Commieee		ILC250	Valueable?	
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ICFA	welcomes	the	efforts	by	the	Linear	Collider	CollaboraOon	on	cost	
reducOons	for	the	ILC,	which	indicate	that	up	to	40%	cost	reducOon	
relaOve	to	the	2013	Technical	Design	Report	(500	GeV	ILC)	is	possible	for	
a	250	GeV	collider.	

ICFA	thus	supports	the	conclusions	of	the	Linear	Collider	Board	(LCB)	in	
their	report	presented	at	this	meeOng	and	very	strongly	encourages	
Japan	to	realize	the	ILC	in	a	Omely	fashion	as	a	Higgs	boson	factory	with	
a	center-of-mass	energy	of	250	GeV	as	an	internaOonal	project,	led	by	
Japanese	iniOaOve.	

ICFA	statement.	Nov.	8,	2017　(Extracts)		

Commissioned	by	the	Japan	AssociaOon	of	HEP.	July	26.			
	In	light	of	the	recent	outcomes	of	LHC	Run	2,	JAHEP	proposes	to	promptly	
construct	ILC	as	a	Higgs	factory	with	the	center-of-mass	energy	of	250	GeV					
in	Japan.	

ICFA:	Interna4onal	Commi9ee	for	Future	Accelerators	

Physics	Case	for	the	250	GeV	Stage	of	the	ILC		
K.	Fujii,	C.	Grojean,	M.	Peskin,	et	al.		arXiv:1710.07621		
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Slide	from	ILC250	Commieee		
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Slide	from	ILC250	Commieee		
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Slide	from	ILC250	Commieee		



DECIGO?	

Future	experiments	
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2017	

2026	

2034	

2030	

SuperKEK	B	
LHC	

Run	II,	III	

HL-LHC	
Direct/
indirect	
searches	

ILC250	
Higgs	

precision	

LISA	
GW	
EWPT	

2040	

Golden	Age		2030s　	



Precision	study	at	ILC250					
a	Higgs	factory	
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If	a	2%	deviaOon	in	κV2		

κV2	=sin2(β−α)	

The	second	Higgs	H	must	be	
lighter	than	800	GeV	
	

Excluded	by		
Unitarity	bounds	

DeviaOon	=	New	Physics	scale	
Scaling	factor	κi	:	factor	of	deviaOon	from	the	SM	value	

Precision	test	has	the	similar	power	to	the	direct	search	

Coupling	of	h(125)	and	weak	bosons		
V	(=W,	Z)			hVV		

κV2	

mH	(GeV)	

SM	value	

DeviaOon	

|να⟩t =
∑

i

Uαi exp (−iEit)|ν ′i⟩

Ei =
√

p2 + m2
i ≃ |p⃗| + m2

i

2Ei

Uαi =

(
cos θ sin θ
− sin θ cos θ

)

Pνe→νµ = |⟨νµ|νe⟩t|2 = sin2 2θ sin2 ∆m2

4E

λTc ∼ m2
h

m2
Φ = λ′v2 + M2

Leff =
c

M
νc

LνLΦ†Φ

Yhff̄ ≃ Yhff̄ (SM)

ghV V ≃ ghV V (SM)

Leff = LSM +
v2

M2
O(6)

1



Paeerns	of	deviaOons	in	2HDM	

We	can	fingerprint	extended	Higgs	models	from		
the	paeern	of	deviaOon	in	Higgs	couplings	

Type-I	

Type-II	

Type-X	

Type-Y	

hττ	 hbb		 hcc		hVV		

κV	 κτ	 κb	 κc	
cos(β-α)	<	0	

Gauge	couplings	 Yukawa	couplings	

DirecOon	of		
deviaOon	in		
each	coupling	

SK,	K.	Tsumura,	K.	Yagyu,	H.	Yokoya,	2014	



FingerprinOng	the	model	

Ellipse	=	68.27%	CL	

hbb		vs		hττ	

SK,	K.	Tsumura,	K.	Yagyu,	H.	Yokoya,	2014	

If	deviaOon	in	κ2V	can	be			
large	enough	to	be	detected		
at	future	collider	

κτ	

κb	

・	

SM	point	

4-models	can	be	separated		
by	looking	at	deviaOons	in	
Yukawa	couplings		κτ,	κb,	κc,	
…	

When a Fermion couples to Φ1        
     κf  = 1 + cotβ x + …　 
and if it couples to Φ2         

     κf = 1 − tanβ x + …　  

κV	=	1	-		(1/2)	x2	+	…				
SM-like:	|x|	<<1	x	=	cos(β−α)	



RadiaOve	CorrecOons	
Higgs	couplings	hγγ,	hgg,	hWW,	hZZ,	hττ,	hbb,	h8,	…		
will	be	measured	thoroughly	in	the	future	

Future Precision 
Measurements 

Accurate Theory  
Predictions ×

New Physics! 

Full	set	of	Fortran	codes	to	systemaOcally	
calculate	quantum	correcOons	to	Higgs	
couplings	in	various	extended	Higgs	models	
Program	H-COUP	ver.	1	has	been	completed	
[Manual	arXiv:	1710.04603]	

Analyses	with	radiaOve	correcOons	are	
necessary	

H-COUP	Project	 AddiOonal	Singlet	
2HDM	(I)	
2HDM	(II)	
2HDM	(X)	
2HDM	(Y)	
Inert	doublet/singlet	
Triplet	model	

SK,	Kikuchi,	Sakurai,	Yagyu	(2017)	

M
od

el
s	



For example: renormalized hff coupling 

hff	: 1PI+ + h 

f 

f 

h 
f 

f 

tree	level 1-loop	level counter	term 

1PI = 

counter	term	parameters	: 
these	are	determined	by	relevant	renormaliza4on	condi4ons. 

+	h 

f 

f 

S 

S 
F 

V 

V 
S +	

F 

F 
S +	…	

tree	
level 

1-loop	
level	

counter		
term	



One	can	download		
the	H-COUP	program		
and	the	manual	
on	this	website	



Type-II 

Type-X 

Type-I 
Type-Y 

Doublet-Singlet 

700	GeV 

500	GeV 

300	GeV 

1000	GeV 

700	GeV 

500	GeV 
4 types of the 2HDMs  
can be discriminated. 

・Color plot : predictions at the  
    1-loop level 

・Color gradation : upper bound 
   on the mass mΦ (=mH=mA=mH+) 
   of additional Higgs bosons 

Devia4ons	from	the	SM 

Information of inner  
parameters such as  
mΦ, tanβ, α, …  can be obtained 

SK,	M.	Kikuchi,	K.	Mawatari,	K.	Sakurai,	K.	Yagyu	
In	preparaNon	

mΦ	>	1000	GeV	

300	GeV 



Type-II,Y 

Type-I,X 

Doublet-Singlet 300	GeV 

500	GeV 

 Doublet-Singlet model can be separated from 2HDM-I 

Devia4ons	from		
the	SM	: 

700	GeV 

500	GeV 

300	GeV 

1000	GeV 

>	2000	
GeV 

>1000	GeV 

Type-Y 

1000	GeV 

700	GeV 

SK,	M.	Kikuchi,	K.	Mawatari,		
K.	Sakurai,	K.	Yagyu,	In	preparaNon	

mΦ	>	1000	GeV	

300	GeV 

700	GeV 



Higgs	potenOal	
Most	important	part	for	the	EW	symmetry	breaking　　　　       
(Yet	to	be	tested)	
	
•  Physics	behind	EWSB	

–  Where	come	from	μ2	<	0	
–  What	is	the	origin	of	λ	
–  Dynamics		

•  Electroweak	Phase	TransiOon	
–  Aspect	of	TransiOon,	1st	order	or	not?	
–  RelaOon	to	EW	baryogenesis	
–  Mechanism	of	Phase	TransiOon	



Electroweak	Baryogenesis	

Sphaleron	Decoupling	
(strongly	1st	OPT)		

T
!
T c

T
"
T
c

T
#
T c

Veff!$, T"
$$c

Expanding	Bubble	 	

Physics	of	the		
Higgs	potenOal		

Sakharov	3rd	condiOon	
Departure	from	Thermal	equilibrium	

f
f

Symmetric		
Phase	

Broken	Phase	

Sphaleron	
transiOon		
ΔB	≠	0	

Shaleron		
TransiOon			
decouples	
nB	is	frozen	

CP	Thermal	non-	
equiliburium	
around	the	wall	

	1st	OPT　is	required		



1st	OPT	possible	in	extended	Higgs		
PotenOal	at	finite		
temperatures	(HTE)	

SM	

Realized	by	Quantum		
Effect	by		
Φ	(	=	H,	A,	H+,	…)		

>	1	

1st	OPT	not	realized	

Extended	Higgs:		Strongly	1st	OPT	possible	 Quantum	effect	of	addiOonal		
Scalar	field	Φ	(	=	H,	A,	H+,	…)	

PredicOon:　a	large	deviaOon	on	the	hhh	coupling	

>		λhhhSM	



1st	OPT	and	the	hhh	coupling	
S.K.,	Y.	Okada,		E.	Senaha	(2005)	

Strong	1st	OPT	(Φc/Tc	>1)	
⇔	DeviaOon	in	the	hhh	coupling	

φC/TC>1	
DeviaNon	in	hhh		

2HDM	
ILC(1	TeV)	[and	CLIC]	can	measure		
it	by	O(10)	%		

K.Fujii	et	al.,	arXiv:1506.05992	[hep-ex]	

EW	Baryogenesis	can	be	tested		
by	detecOng	a	large	deviaOon		
in	the	hhh	coupling	

Which	collider?	
(HL-)LHC	cannot	do	it		

But	now	ILC(1TeV)	became	out	of	plan!	



New	tool	
At	ILC250,	FCCee,…			the	hhh	coupling	cannot	be	measured																			

													We	cannot	test	the	Higgs	potenOal	so	long?	

30	

Fortunately,		
the	situaOon	has	changed	by	the	discovery	of	GWs		
	
GW	can	be	a	new	tool	to	explore	physics	of	EWPT	(Higgs	
potenOal)			



Higgs	potenOal	via	GWs	
In	2016,	LIGO	reported	the	first	direct	observaOon	of	GWs	from		
merge	of	a	BH	Binary	(〜100	Hz)	→　Era	of	GW	astronomy	started	

Ground	based	experimetns	
		aLIGO,	KAGRA,	aVirgo…	

GW	Physics	
GW	from	1st	OPT:		homogeneous,	isotropic,	staOonary,	unpolarized		

T	=	100GeV	→			f	=	10−1	−10−3	Hz	 Out	of	sensiOvity		
at	LIGO/KAGRA	(10-103Hz)			

LISA	

DECIGO	

SensiOvity	around	mili	Hz			

SensiOvity		around	deci	Hz	

Future	space	based	GW	experiments	　　	

We	can	explore	GWs	from	the	early	Universe!	

(approved	2034−)	

Relic	GWs	are	characterized	only	by	frequency		
TransiOon	temperature	gives	typical	frequencies		

Grojean,	Survant,	…	



GWs	from	1st	OPT 
“Sound waves” 
(Compressional plasma) 

“Wall Collisions” 
(Envelope approximation) 

 Spherical	symmetry	is	violated		
	by	bubble	collisions	→	 ︎	GW	occurs		

“Turbulences in the plasma” 

Source	of	GW	

Bubble	Collisions	



From	bubble	dynamics	to		
GW	spectrum	

Latent	（released	energy	from	）      α	
Bubble	nucliOzaOon	（inverse	of	β） β	

Ex）Sound	Wave	(Compressional	wave)のGW	spectrum	

C.Caprini	et	al.,	arXiv:1512.06239		

　Γ(T)	=	Γ0	exp(−	S3 /T)		

With	the	phase	transiOon	condiOon		
Γ(T)/H4	=	1	we	can	determine	

From	these	parameters	we	can	calculate	GW	spectra.	

Veff(φ,	Tt)	

φ	

tunneling	

false	

true	

Depth	of	the	potenOal	

Speed	of	phase	transiOon	
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Higgs	model	with	N	singlet	fields	

Imposed	O(N)	for	simplicity	

	
																	Mass	of	scalar	fields:		
φc/Tc	>	1	is	saOsfied	by	the	nondecoupling	effect	of	the	singlet	
fields	（compaOble	with	mh=125GeV）	

	

>	1	

>		λhhhSM	

M.	Kakizaki,	SK,	T.	Matsui,	Phys.	Rev.	D92	(2015)	no.11,115007	



GW	spectrum	from	1st	OPT	

SensiOviOes	
eLISA	
arXiv:1512.06239	

DECIGO	
Class.	Quant.	Grav.		
28,	094011	(2011)	N		=	1	

M.	Kakizaki,	S.K.,	T.	Matsui,	Phys.	Rev.	D92	(2015)	no.11,115007	

4	
60	

N	scalar		
model	

Mass	ms	is		
chosen	such	that		
the	peak	strength		
is	maximal	
	

Bound	from		
Non-observa4on	of	energy		
density	of	extra	radia4on	



(N,	ms)	may	be	determined	from	GWs	

For	larger	ms	
Γ/H4	=	1	cannot		
be	saOsfied	

For	smaller	ms		
φc/Tc>1	
cannot	be	saOsfied	

SensiOviOes	
eLISA	
arXiv:1512.06239	

M.	Kakizaki,	SK,	T.	Matsui,	Phys.	Rev.	D92	(2015)	no.11,115007	

DECIGO,	
Class.	Quant.	Grav.		
28,	094011	(2011)	

N	

ms	

O(N)	singlet	model	with	the	mass	mS		  	
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(N,	ms)	may	be	determined	from	GWs	

SensiOviOes	
eLISA	
arXiv:1512.06239	

M.	Kakizaki,	SK,	T.	Matsui,	Phys.	Rev.	D92	(2015)	no.11,115007	

DECIGO,	
Class.	Quant.	Grav.		
28,	094011	(2011)	

N	

ms	

O(N)	singlet	model	with	the	mass	mS		  	

37	

If	α	and	β	are	
determined		with	a		
resoluOon,		
We	may	be	able	to	
fingerprint	the	
model	with	(N,	mS)	
	



Final	Example:	Strongly	1st	OPT	by	
non-thermal	mixing	effect	

Higgs	singlet	model	
Non-thermal	effect	↑	

→	 (h,	H)	with		

EW

IISYM

I

B

A

D
C

MulO-field	analysis	of	EWPT	is	necessary	

Public	tool	“CosmoTransiOon”	(Python	code)	
is	used.		

Thermal	loop	effect	↓	



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.	Le8.	B	766,	49	(2017)	

Region	of		
Strong	1st	OPT	



Direct	searches	of		
the	second	Higgs		
at	LHC	

Self-coupling	hhh	
measurement	at	ILC	

Measurement	of		
GravitaOonal	Waves		
at	LISA/DECIGO	

Precision		
measurement		
at	ILC,	FCCee	

K.	Hashino,	M.	Kakizaki,	S.K.,	T.	Matsui,	P.	Ko,	Phys.	Le8.	B	766,	49	(2017)	

κ	=κV=κf		
=cosθ	



DECIGO?	

Future	experiments	

41	

2017	

2026	

2034	

2030	

SuperKEK	B	
LHC	

Run	II,	III	

HL-LHC	
Direct/
indirect	
searches	

ILC250	
Higgs	

precision	

LISA	
GW	
EWPT	

2040	

Golden	Age		2030s　	



Summary	
In	2030-40s,	three	experiments	will	be	run	at	the	same	Ome!	

–  Hadron	Collider	（HL-LHC）     　						Direct	searches	of	new	parOcles		
–  Lepton	Collider	 （ILC250）   　 　　 Higgs	factory					Precision	Study	
–  Space	based	GW	tests	（LISA/DECIGO） 							EWPT,	Higgs	potenOal	

	
The	details	of	the	Higgs	sector	can	be	determined,		
and	the	direcOon	of	new	physics	will	be	clarified			
	
	

Then,	we	may	get	more	informaOon	for	the	new	physics	scale	 			
to	be	examined	thereajer.		
LC	upgrades	or		next	generaOon	hadron	collider?			

42	

The	golden	age	will	have	come!	



Back	up	slides	

43	



Direct	searches	for	the	addiOonal	Higgs	
boson	at	the	LHC	in	HSM	

November	16,	2017	 44	

Upper	limit	on	the	Higgs	mixing	angle	
[Robens,	Stefaniak	(2016)]	

Constraints	on	the	Higgs		
boson	coupling	

Excluded	(95%	CL)	

(= cos ✓)

| sin ✓|



ProperOes	of	the	representaOve	LISA	configuraOons		

45	

C.Caprini	et	al.,	arXiv:1512.06239	

FP	(Fabry-Perot)-DECIGO		
1	cluster				(arm	length	1000km)			
CorrelaOon	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	



LISA	and	DECIGO	are	capable	of	detecOng	GWs		
from	1st	OPT	in	the	HSM.		 21	

K.Hashino,	M.Kakizaki,	S.K.,	T.Matsui,	P.Ko,	arXiv1608.00297	

Benchmark	point	

LISA	(C1-C4):	

DECIGO		
(Pre,	1	cluster,	Correla4on)	

[Caprini	et	al.	(2015)]	

[Kawamura	et	al.	(2011)]	



Signal strength current data  
JHEP08,045 



Signal strength by ILC (prospect)  
ArXiv:	1310.8361 



49	ILC２５０検証委員会スライドより	



From	Higgs	sector	to	new	physics		

50	

When	at	ILC250	the	structure	of	the	Higgs	sector	（1DM,	2HDM,		
Singlets,	exoOc,	…） is	clarified,	it	will	be	important	informaOon		
for	new	physics	
		

New	paradigm	(SUSY	or	others)　	
Baryogenesis	（CPV,	1st	Order	Phase	TransiOon）	
Neutrino				（radiaOve	seesaw,	triplet）	
Dark	Maeer　(Higgs	portal,	Inert	scalar	models),		
…	

Synergy	among	experiment	is	important	



Baryogenesis	and	Higgs	
Baryon	Number		
of	the	Universe	

Sakharov’s		
CondiOon	

1.		ΔB	≠	0	
	2.		C	and	CP	violaOon	

3.		Departure	from	thermal		
					equilibrium	

SM	could	saOsfy	these	condiOons	but	excluded	by	the	data		

2.	Leptogenesis			　                            New	physics	at	very	high	scales	

ηB =
nB
nγ
=
nb − nb
nγ

(= (5− 7)×10−10 )

What	is	the	mechanism	to	generate	the	baryon	
asymmetric	Universe	from	the	symmetric	one?	

Sakharov	1967	

Sphaleron	process	

Chiral	gauge	theory		
KM	phase	

Strongly	first	order		
phase	transiOon	

Scenario	of	Baryogenesis	
1.	Electroweak	Baryogenesis　 			Physics	of	(extended)	Higgs	sector	

Baryogenesis	
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CPV	and	EW	Baryogenesis	
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−29 e cmYB/Y obs
B = 1

ILC250	
CP	phase	can	be	determined	by	77mrad	
Tau	Yukawa		(κτ/κV)		0.84%		

Type	3	of	2HDM	
Tau	got	mass	from	two	Higgs	doublets　	
			・ Flavor	changing	interacOon	
　・ CP	violaOon	
Can	explain	electroweak	baryogenesis	
Chiang,	Fuyuto,	Senaha,	2016	

Blue	curves	are	EDM	bounds	
Current		|de|<	8.7	×10-29	e	cm　	

Important	synergy	with	CPV,	g-2,	LFV,	EDM	experiments	
Inner	parameter	fixed	as		
	Δtanβ=0.05,		vw=0.1		

By	combinaOon	of	precision	measurement	of	
Yukawa	coupling	and	CPV,	we	may	be	able	to	
disOnguish	(or	idenOfy)	model	

D.	Jeans,	et	al	2016	



1st	Order	Phase	TransiOon	

T
!
T c

T
"
T
c

T
#
T
cVeff!$, T"

$$c

PotenOal	Barrier	

True		
Vacuum	

False		
Vacuum	

Quantum	Tunneling	

'c/Tc / E

EffecOve	potenOal	at	one-loop	

Finite	temperature	parts		

High	temperature	expansion			

Bosonic	loop	contribute	to	the	cubic	term	→	1st	OPT	stronger	



Slide	by	Keisuke	Fujii	



RadiaOon	dominant		Universe	

Red-shijed	frequency	

ConservaOon	of	the	entropy	per	comoving	volume	

We	obtain		

ft	/Ht		must	be	>	1,		typically	102			(102-104)			

f0	=	10-3-10-1	Hz	

at:		scale	factor	
ft	:		frequency		
at	the	transiOon	

1/ft			Wavelength	of	GWs	at	the	PT		
1	/Ht		Size	of	the	universe	(horizon)	at	the	PT	



ProperOes	of	the	representaOve	LISA	configuraOons		

56	

C.Caprini	et	al.,	arXiv:1512.06239	

FP	(Fabry-Perot)-DECIGO		
1	cluster				(arm	length	1000km)			
CorrelaOon	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	



Landau	pole	and	EW	baryogenesis	

	Λcutoff	<	O(100)	TeV	
	

φC	

Tc	

S.K.,		E.	Senaha,	T.	Shindou	2011	

W	=	λ1		Hu	Hu’Ω1+ λ2		Hd	Hd’Ω2	

φc	/Tc	>	1	

102	TeV	>	Λ	>	2TeV		

Strong	1st	OPT　	
→	RGE	analysis		λ’					
→	Landau	pole	

57	

φc/Tc	>	1			⇒	

λ1	

Above	the	Landau	pole	it	is	a	new	world		



Efficiency	factor	

58	

[Espinosa	et	al.	(2010)]	
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RadiaOon	dominant		Universe	

Red-shijed	frequency	

ConservaOon	of	the	entropy	per	comoving	volume	

We	obtain		

ft	/Ht		must	be	>	1,		typically	102			(102-104)			

f0	=	10-3-10-1	Hz	

at:		scale	factor	
ft	:		frequency		
at	the	transiOon	

1/ft			Wavelength	of	GWs	at	the	PT		
1	/Ht		Size	of	the	universe	(horizon)	at	the	PT	



CharacterisOc	GW	Abundance	from	
the	strong	EW	1st	OPT		

Red	shijed	abundance		

Normalized	energy	density	

Scaling	

Transverse-Traceless	
gauge	



CharacterisOc	GW	Abundance	from	
the	strong	EW	1st	OPT		

Einstein	EquaOon		

At	the	phase	transiOon,	we	have		

Typical	duraOon	of	the	phase	transiOon:	1/β	

Eenergy	density	at	PT		



The	spectrum	is	determined	by		
α	(latent	heat),		β	(duraOon	of	PT),	κ	(Efficiency)		
They	can	be	basically	calculated	if	a	model	is	given.		

CharacterisOc	GW	Abundance	from	
the	strong	EW	1st	OPT		

This	rough	esOmaOon	is	applicable	to	GWs	from	the	wall	collision.		
However,	Ωh2	is	enhanced	by	β/Ht	for	GWs	from	the	moOon		
of	thermal	plasma	fluid	(sound	waves	and	turbulence).			

Energy	density	of	false	vacuum		
released	by	PT	

Efficiency	of	kineOc	energy	of	walls		
in	the	release	energy.		

Abundance	of	GWs		



Higgs	coupling	measurements	

Current	 Future	

Measurement		
accuracy	at	ILC	(500-up)		

hVV	coupling	by	about	0.4%			(95%	CL)	
Yukawa	coupling	by	a	few	%		(95%	CL)	

Snowmass	Higgs	Working	Group	Report	2013	


