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47	talks…  Too	many	to	summarize	in	30	minutes…				
→		the	usual	apologies	



par:cles	
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High	energy	physics	
explores		
physics	of	par:cles	
	
Big	bang	cosmology		
connects		
par:cle	physics		
and	early	Universe	



Standard	Model	

Spontaneous	Symmetry	Breaking:		Mass　	
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Tenta:vely	introducing	a	scalar	doublet	(Higgs	field)	
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Higgs	discovery	at	LHC	

　Spin,	Pality　0+　	

　Coupling	with	many	par:cles　		
　hγγ,	hgg,	hZZ,	hWW,	hττ,	h],	hbb,	… 	

ATLAS/CMS		
July	2012	

Discovery	of	a	scalar	par:cle	

Iden:fied	as	a	Higgs	boson	

　Mass	125	GeV,	… 	

Measured	couplings	turned	out	to	be	
consistent	with	the	SM	Higgs			

The	“tenta:ve”	SM	Higgs	sector	works	well!	

No	BSM	par:cle	has	been	found	

Standard	Model	is	enough?		



LHC	
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Slide	by	Kono	



Slide	by	Michael	Peskin	



Beyond	the	Standard	Model	

Unifica:on	of	Law	
–  Paradigm	of	Grand	Unifica:on　　	
–  Yukawa	structure	(flavor	physics)	

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

BSM	Phenomena	
–  Dark	Maier	
–  Neutrino	mass	and	mixing	
–  Baryon	Asymmetry	of	Universe	
–  Infla:on,	Dark	Energy,	Gravity,…	

New	Physics	must	exist!　　　　　　	
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There	are	many	reasons	to	consider	New	Physics	beyond	SM	



Beyond	SM?	
•  History	tells	us...			
unificaBon	laws							
in	the	nature	

	
•  UnificaBon	is	Goal	

•  We	are	sBll	on	the	
way		

	
	
	
	

	

Strong	
force	

Electric	
Force	

Magne:c	
Force	 Light	

Electromagn
e:c	Force	

Weak	
force	

	???	

	Grand	
Unifica:on	

EW	theory	 QCD	

Gravity	

SM	
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No	one	knows	where	and	how	SM	is	broken… 	

Thus	everyone	knows	that	SM	must	be	replaced		
by	a	BSM	model	

1	TeV?			10TeV?			100TeV?	or	1016GeV??	



Slide	by	Michael	Peskin	



Higgs	is	a	key	to	new	physics	

•  Higgs	sector	is	the	weakest	part	(No	principle)	
– Hierarchy	problem,	nature	of	a	Higgs	boson	 	
–  Its	structure	(mul:plet	structure,	interac:on,	
symmetry,	phase	transi:on)	remains	unknown	

–  It	strongly	depends	on	and	relates	to	new	phenomena	
		

•  It	can	be	thoroughly	tested	by	current	and	future	
experiments	(find	a	new	fundamental	principle	
for	Higgs)	

We	can	access	to	the	new	physics	via	the	Higgs	physics!		

13	



SM	is	consistent	with	the	LHC	data		

14	There	is	s:ll	a	room	for	non-standard	Higgs	sectors	

Mawatari	



Nature	of	Higgs		

	
– Elementary	Scalar																												
– Composite	of	fermions																																	
– A	vector	field	in	extra	D						
–  	Pseudo	NG	Boson												
– ……															

SUSY,			Scale	Invariance	

Dynamical	Symmetry	Breaking	

Minimal	Composite	Models	

Gauge	Higgs	Unifica:on	

……	

Higgs	Nature				⇔  　BSM	Paradigm	

Each	new	paradigm	predicts	a	specific	Higgs	sector		

15	



How	we	can	explain	125GeV?	
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Dynamical	EW	
Symmetry	Breaking	
Technicolor,	…	

	SUSY	
(MSSM)	

125	
GeV	

100	
GeV	

1000	
GeV	

Tradi:onal	predic:ons	for	mass	



How	we	can	explain	125GeV?	
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Dynamical	EW	
Symmetry	Breaking	
Technicolor,	…	

	SUSY	
(MSSM)	

125	
GeV	

100	
GeV	

1000	
GeV	

Higgs	boson	discovered	here	

Tradi:onal	predic:ons	for	mass	

Both	cannot	explain	125	GeV	
	in	a	natural	way		



How	we	can	explain	125GeV?	
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Dynamical	EW	
Symmetry	Breaking	
Technicolor,	…	

	SUSY	
(MSSM)	

125	
GeV	

100	
GeV	

1000	
GeV	

Higgs	boson	discovered	here	

Technicolor,	…	

125	
GeV	

100	
GeV	

1000	
GeV	

Discovered	Higgs	boson	

MCHM	etc	
(Higgs	as	pNGB)		

MSSM	with					
	mSUSY=		

10-100	TeV	

Adjustable	but		
nothing	to	do	with	the		
hierarchy	problem	anymore	

Tradi:onal	predic:ons	for	mass	

Anything	must	be	wrong	??	Both	cannot	explain	125	GeV	
	in	a	natural	way		 Natural?	



Extended	Higgs	sectors	
Mul:plet	Structure	(with	addi:onal	scalars)	
				ΦSM+Isospin	Singlet,					
	  ΦSM+Doublet	(2HDM),				
				ΦSM+Triplet,			…		
	
Addi:onal	Symmetry	
					Discrete	or	Con:nuous?	
					Exact	or	Sooly	broken?	

Interac:on	
				Weakly	coupled	or	Strongly	Coupled?	
	

Hint	for		
BSM	
models	
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Non-SM	Higgs sectors	
•  Unitarity,	Oblique	Correc:ons	

•  Extended	Higgs	models	(2HDM,	Singlet)	

•  MSSM,	NMSSM	

•  Composite	2Higgs	doublet	model	

•  Classically	conformal	invariant	model	

•  Flavor	symmetry	(U(1)Lμ-Lτ)　	

Nagai,	Uchida	

Sakurai	
Hashino	
Kakizaki	
Mawatari	

Heinemeyer,	K.	Fujii,		
Okumura	

Fujitani	
Kakizaki	

Yagyu	

Shimomura	



Decoupling	or	Alignment	

21	

Λ:		Cutoff	
M:		Mass	scale	
			　	irrelevant		
　 　to	VEV	

Low	energy	theory	is	the	SM	 Low	energy	theory	is	an	extended	Higgs	sector	

Decoupling	regime	

alignment	regime	

sin(β−α)	~	1	
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Effec:ve	Field	Theory	

Data	show		NP	effects	nearly	decouple	so	the	devia:ons	are	small.		
　　 Tian,	Peskin,	Jung,	Tseng,	Liu,	Ogawa	



Era	of	Precision	Measurement	again	

Direct	search			reach	1-2TeV					→						3	TeV		(HL-LHC)						
																																　						at	most	a	factor	improvement	
	
Indirect	test					10-20%					　　　→					1%		(Higgs	factory)	
																																					　at	least	several	10s	:mes	beier																			

Higgs	factory:		lepton	collider	
ILC,	CEPC,	FCCee,	CLIC	

Coming	months	will	be	very	important	for	ILC250		



ILC250	
A	e+e-	linear	collider		with	E	=	250GeV	
	
Integrated	luminosity		=	2ab-1		

Beam	polariza:on	(e-	80%,	e+	30%)	
	
Possibility	of	future	E	extensions	

The	best	energy	for	
Higgs	strahlung	

As	compared	to	ILC500,			
the	similar	performance	aiained		
for	the	Higgs	coupling	determina:on		
by	using	synergy	with	LHC		

Senergy	is	Key	



Slide	by	Peskin	



Slide	by	Junping	Tian	



Full	use	of		
beam	polariza:on	
E-		80%,			E+		30%		
	
	
Synergy	with	LHC,	EWPO	
custodial	symmetry	
Hγγ,	HγZ,	VWW	
	
	
Couplings	precision	of		
hWW,	hZZ					〜	0.7	%	
hff,	hgg										〜	1-2	%	
will	be	aiained								

1710.07621	

ILC250	
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Perturba:ve	Unitarity		
in	extended	scalar		
sectors		

κV	≠	1　gives	informa:on		
of	new	physics	

Talk	by	Uchida	

Talk	by	Nagai		

BSM	informaBon	DeviaBon	



If	a	2%	devia:on	in	κV2		

κV2	=sin2(β−α)	

The	second	Higgs	H	must	be	
lighter	than	800	GeV	
	

Excluded	by		
Unitarity	bounds	

Devia:on	=	New	Physics	Scale	
Scaling	factor	κi	:	factor	of	devia:on	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	

Devia:on	

30	

2HDM	



Complementarity	

SK,	Tsumura,	Yagyu,	Yokoya,	2014	

m
H	
　
(G
eV

)	

tanβ	

Type-II	2HDM	

H	

H	

	H	→	τ	τ		

Direct	detec:on	of	the		
heavier	Higgs	boson	H	at	LHC	

									Region	
of	discovery	
at	LHC300	

HL-LHC	
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SK,	Tsumura,	Yagyu,	Yokoya,	2014	

									Region	
of	discovery	
at	LHC300	
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Indirect	limits	allowed		
by	tree	unitarity		
when	 HL-LHC	

κV2=0.98	



Complementarity	 	

Indirectly,	new	physics	can			
be	surveyed	by	detec:ng		
devia:ons	even	out	of		
the	direct	search	regions	
	

SK,	Tsumura,	Yagyu,	Yokoya,	2014	

									Region	
of	discovery	
at	LHC300	
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when	



Talk	by		
M.	Peskin	

Complementarity	 	



 Talk	by	K.	Yagyu	

Different	decoupling		
speed	can	separate		
MSSM	and	C2HDM		

Two	Higgs	doublet	model		
from	MSSM	
from	C2HDM	

G/H	=	SO(6)/SO(4)×SO(2)			#(G/H)=8		

８NG	boson	→	2HDM	

Composite	2HDM	
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Full	set	of	1-loop	correc:ons	(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	informa:on	of	inner	parameters	such	as	mass	of	the	second	Higgs	boson	

Sakurai	
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1710.07621	



Talk	by	Jeans	



TesBng		CPV	of	the	Higgs	sector	from		
precision	Higgs	couplings	measurements	

It	seems	that	we	need	sufficient	Luminosity		

Talk	by	Hashino	



Talk	by	
Mawatari	



Significance	of	ILC250	
(1)  Higgs	precision	measurements		(coupling	%	level)				
	
There	are	more	things	ILC250	can	do!	
	
(2) 	Precision	test	of	the	EW	theory						SM	observables	

(3) 	New	gauge	force		(Z’	searches)	via		e+e-	→	ff’	

(4) 	 WIMP	Search			
							mono-photon,		
							exo:c	H	decay,		
　　	invisible	H	decay,	…	
	
(5)	New	par:cle	search					
						Light	scalar	boson	from	the	Higgs	exo:c	decay	

Suehara,	
Hosotani（GHU）	
Cho	(LFV)	Matsumoto	

Shirai	
Katayose	
Tseng	
Mustahid	
Kawada	 Kawada		

Shimomura	
Okumura	

Heinemeyer	



Talk	by		
S.	Heinemeyer	



Talk	by	Suehara	



Hosotani	

Hosotani’s	GHU	model		
can	be	well	tested	by		
2	fermion	final	state		
processes		
	
Using	beam	polariza:ons		
and	interference	effects	
mass	of	Z’	to	be	6-7TeV		
can	be	tested		





Systema:c	inves:ga:on	of	the	capability		
of	ILC250	for	 WIMP	search	 Talk	by	S.	Matsumoto	

Mono-photon	
process	

Invisible	
decay	

Exo:c	
Decay	
Tseng	

2	fermion	
process	

Mastahid	
Katayose	

Shirai	
Suehara	

Tseng	



Wang,	List,	Berggren,	Kawada	

Searching	for		
a	new	light	scalar		
at	ILC250	

Full	ILD	simula:on	

Such	a	light	scalar	was	discussed	in	the	context		of		the	BSM	model,			
the	U(1)Lμ-Lτ	model	(Talk	by	T.	Shimomura)	and		
the	NMSSM	with	the	mirage	mediaBon	(Talk	by	K.	Okumura)	



ILC500	→	ILC250	
Higgs	precision	measurements							Similar	performance	possible!	
	
Top	physics																																															Energy	not	enough	
		
HHH	Self-Coupling	(Higgs	poten:al)				Energy	not	enough	

comments	

How	we	consider	these	two	issues?	



Physics	of	the	top	quark	
Although	there	are	very	nice	expecta:on		
for	the	top	physics	at	ILC350,	ILC500	

ILC250	is	kinema:cally	limited		

I	may	say	one	thing…	
	
For	the	vacuum	stability,	we	can		
conclude	where	λ	goes	down	to	be		
nega:ve	with	the	accuracy			
Δmt	=	0.3	GeV	at	HL-LHC.		

So,	more	precision	at	ILC350,	ILC500	might	not	be	urgent			

Perello,	Kurihara,		Gomis,	Reuter,…	
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Measurement	of	the	HHH	coupling	

To	test	the	1st	order	phase	transi:on	of	EW	symmetry	breaking,		
as	required	for	a	successful	scenario	of	EW	baryogenesis,		
the	HHH	coupling	should	be	measured	by	O(10)	%	accuracy	

Although	HL-LHC	will	try	to	measure		
the	hhh	coupling	to	some	extent,		…											it	is	not	enough		

Talk	by	Paganis	

Fortunately,	in	2034	a	new	gravita:onal	wave	(GW)	experiment		
“Laser	Interferometer	Space	Antenna	(LISA)”	will	start	its	opera:on,		
where	we	can	detect	GW	from	1st	order	phase	transi:on		

If	ILC250	is	realized,	the	Higgs	precision	test	at	the	ILC250	and		
the	test	of	the	phase	transi:on	at	LISA	can	run	in	the	same	:me					

Talk	by	Kakizaki	



Future	experiments	
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2017	

2026	

2034	

2030	

SuperKEB	

LHC	
Run	II,	III	

HL-LHC	
Direct/
indirect	
searches	

LISA	
EWPT	via	GW	

2040	



Future	experiments	
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2017	

2026	

2034	

2030	

SuperKEB	

LHC	
Run	II,	III	

HL-LHC	
Direct/
indirect	
searches	

ILC250	
Higgs	

precision	

LISA	
EWPT	via	GW	

2040	



	
Hyper-K?	

	
Ν0ββ	
	

EDM	
	

LFV	
…	
	
	

DECIGO?	

Future	experiments	
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2017	

2026	

2034	

2030	

SuperKEB	

LHC	
Run	II,	III	

HL-LHC	
Direct/
indirect	
searches	

ILC250	
Higgs	

precision	

LISA	
EWPT	via	GW	

2040	

Golden	Age		2030s　	
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l  ILC w/	
[Durieux et al. (2017)]	

L = 2 ab�1p
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Synergy with future colliders 
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Universal		
Scale	factor	

LISA	 DECIGO	

BBO	

Mass	of	the	Higgs	singlet	

Constraints on model parameters 
Idea:	Fisher	analysis 

Models	with	1st	order	phase	transiBon 
l  GWs	observable	at	future	exps. 

l  e.g.	Higgs	singlet	model 

1 �
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Synergy	between	Collider	and	GW	
Talk	by	Kakizaki	



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.	Le].	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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Hyper-K?	

	
Ν0ββ	
	

EDM	
	

LFV	
…	
	
	

DECIGO?	

Future	experiments	
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2017	

2026	

2034	

2030	

SuperKEB	

LHC	
Run	II,	III	

HL-LHC	
Direct/
indirect	
searches	

ILC250	
Higgs	

precision	

LISA	
EWPT	via	GW	

2040	

Golden	Age		2030s　	



BBO?	

	
Hyper-K?	

	
Ν0ββ	
	

EDM	
	

LFV	
	

DM	
…	
	
	

DECIGO?	
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2017	

2026	

2034	

2030	

SuperKEB	

LHC	
Run	II,	III	

HL-LHC	
Direct/
indirect	
searches	

ILC250	
Higgs	

precision	

LISA	
EWPT	via	GW	

2040	

Golden	Age		2030s　	

ILC500	
1TeV?	
	CLIC?,
30TeV?	

FCC?	
100	TeV?	

…	

In	2030-2040,	we	can	
determine	the	target	for	the	
next	genera:on	experiments		



ILC250!　  ILC250!　  ILC250!	
1)		Higgs	Precision	is	most	important	
				ILC	is	absolutely	necessary	as	a	Higgs	factory	at	this	VERY	:ming		
				for	the	good	synergy	with	other	ongoing	and	preparing	future	experiments	
	
				ILC250	is	the	best	machine!		Precise	(%	level	or	beier)	measurements	possible.		
				With	the	synergy	with	HL-LHC	and	LISA	which	will	run	in	the	same	:me,			
				Higgs	sector	will	be	thoroughly	explored	(The	golden	age	for	the	Higgs	sector	)	
	
				From	the	Higgs	sector	we	can	get	the	hint	of	BSM,	and	most	possibly	we	will						
				know	the	next	energy	target	of	next	energy	fron:er	experiment	
	
At	ILC250,	the	followings can	also	be	tested	
	
2)	Dark	Maier:									thorough	test	of	WIMP	dark	maier	scenario	possible	
																																					Mono-photon	search,	Higgs	invisible	decay,	Higgs	exo:c	decay	
		
3)	New	gauge	Force:			Z’	boson	effect	on	e+e-	→	ff’	
	
4)	New	par:cle	search:			Discovery	of	a	new	light	scalar	via	Higgs	exo:c	decay		



Got	ILC	?		
Thanks	you	very	much	


