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Physics	Summary	



Our	charge:	



Disclaimer	
	
•  Track	1:		32	contributions	
•  Track	1/2	joint:		17	contributions	
•  Track	2:		12	contributions	
Suppose	to	cover	~	60	talks	in	30	minutes…	
	
	
	
Will	try	to	
•  Give	a	broad	context	of	the	physics	goals	of	ILC	and	skip	details	
•  Provide	a	roadmap	to	various	contributions	
	
Choice	of	topics	reflects	my	ignorance	– don’t	know	everything	well	enough	
to	comment	on	everything!		
	
	
	



After	the	discovery	of	the	Higgs,	the	Standard	Model	is	self-consistent	:	



																			Self-consistent				≠				Complete		
	
This	is	a	fallacy	that	has	been	refuted	through	out	the	course	of	history:	
	
•  QED	(photons+electrons)	is	self-consistent.	But	physics	didn’t	stop	there.	

•  QCD	(gluons+quarks)	is	self-consistent.	Again	it	didn’t	stop	there.	
	
•  SM	with	one	generation	of	fermion	is	self-consistent.	“WHO	ORDERED	

THAT?”	
	

	
	
	

	

Not	to	mention	the	empirical	evidence	for	BSM	physics:	
dark	matter,	dark	energy,	baryon	asymmetry	and	etc.	



	
	
	
	
	
	
	
	
	
	

“But the standard model, despite the glory of its vindication, is also a dead end. 
It offers no path forward […]”	



We	find	path	forward	by	
	
•  Testing	predictions	of	SM		
					– Prioritize	couplings	that	have	yet	to	be	established	experimentally	
					– Over-constrain	couplings	that	have	already	been	measured	

•  Asking	the	right	questions		
					–  conceptual	questions	that	can’t	be	answered	by	the	SM		

					–  empirical	questions	that	can’t	be	answered	by	the	SM			

	



But	first	we	need	to	acknowledge	
the	foundations	of	any	
measurements	
•  Detector	performance		
•  Object/event	reconstruction	
•  Event	simulations	



•  Testing	predictions	of	SM		
					– Prioritize	couplings	that	have	yet	to	be	established	experimentally	
					– Over-constrain	couplings	that	have	already	been	measured	



We	have	established	many	SM	gauge	interactions:	



as	well	as	Higgs	interactions:	



Once	a	coupling	is	established,	we	need	to	over-constrain	by	making	precision	
measurements	and	calculations	
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Talks	on	over-constraining	the	SM	masses	and	cross-sections:	



The	Higgs	boson	plays	a	special	role	in	the	SM	
	
	
Couplings	to	massive	gauge	bosons	à	
	
Couplings	to	massless	gauge	bosons	à		
	
	
	
	
	
Couplings	to	fermions	à	
	
Self-couplings	à		
	
NO	free	parameters	in	its	couplings!	



So	far	we	have	measured	a	subset	of	couplings	with	O(10-30%)	uncertainty:	
	
	
Couplings	to	massive	gauge	bosons	à	
	
Couplings	to	massless	gauge	bosons	à		
	
	
	
	
	
Couplings	to	fermions	à	
	
Self-couplings	à		
	
A	“SM	Higgs”	is	hardly	vindicated!	

✔ ✔

✔✔

✔ for bb, tt, and ττ only! 

✔ ? 

? 

? 

? 



•  Unverified	couplings	of	the	125	GeV	Higgs:	
	
	
	
	

Yukawa	couplings	to	1st	and		
2nd	generation	fermions.	

Trilinear	Higgs	self-coupling	– 	
we	have	NOT	measured	the		
Higgs	potential.	

4-pt	HHVV	coupling	–		
prediction	of	gauge	
invariance.					
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•  One	very	important	prediction	of	SM	need	to	be	pin-down	precisely:	
Without	the	Higgs,	WW	scattering	amplitude	violates	unitarity:	
	
	
	
	
	
	
	
	
	



•  One	very	important	prediction	of	SM	need	to	be	pin-down	precisely:	
Including	the	Higgs	contribution	allows	the	growth	to	be	cancelled	
completely,		
	
	
	
	
	
	
	
	
	
	
provided	the	HWW	coupling	have	precisely	the	form	in	the	SM!	
This	is	an	extremely	simple	and	economical	solution,	except…	



Nature	has	never	chosen	this	particular	simple	solution	before…	
(Recall	we	have	NOT	observed	a	fundamental	scalar	previously!)	
	
	
For	example,	pi-pi	scattering	in	low-energy	QCD	is	unitarized	by	a	series	of	
heavy	resonances,	including	the	spin-1	rho	meson:	
	
	
	
	
	
	
	
	
Each	resonance	only	partially	unitarizes	the	pi-pi	scattering.	



If	the	125	GeV	Higgs	does	NOT	unitarize	the	VV	scattering	
à  the	HVV	coupling	will	deviate	from	the	SM	expectation!!	

Unitarization	in	VV	scattering	is	only	tested	with	O(10%)	uncertainty.	
à	Clearly	not	sufficient!	
	
To	test	this	prediction	we	need	to	make	
	
•  More	precise	measurements	of	HVV	couplings.	

•  Direct	measurements	of	vector	boson	scatterings.	
	
	
	
	
	



In	considering	deviations	in	the	couplings,	it	is	useful	to	recall	the	generic	
expectation:	
	
	
	
To	establish	credible	deviations	would	require	a	precision	at	the	percent	
level!	
No	need	to	feel	distressed	for	lack	of	deviations	in	current	data!!	
If	the	precision	improved,	
	
	

HL� LHC : �hWW ⇠ 1% ) f ⇠ 1.7 TeV

CEPC : �hWW ⇠ 0.1% ) f ⇠ 5.5 TeV



Talks	on	Higgs	mass/couplings:	
	



•  Asking	the	right	questions		
					–  conceptual	questions	that	can’t	be	answered	by	the	SM.		
					–  empirical	questions	that	can’t	be	answered	by	the	SM.			



A	few	years	ago	my	(then)	7-year-old	asked	one	such	question:	
	
	

What	is	the	Higgs	boson	made	of?	
	
	
	
A	physics	Ph.D.	could	rephrase	slightly:	
What	is	the	microscopic	theory	that	gives	rise	to	the	Higgs	boson	and	its	
potential?	
	
	
	
Our	colleagues	in	condensed	matter	physics	are	very	used	to	asking,	and	
studying,	this	kind	of	questions.	
	
	

V (H) = �µ
2|H|2 + �|H|4



One	of	the	most	beautiful	examples	is	the	superconductivity	discovered	in	
1911:	
	
	
	
	
	
	
	
	
Ginzburg-Landau	theory	from	1950	offered	a	macroscopic	(ie	effective)	theory	for	
conventional	superconductivity,	
	
	
	
What	is	the	microscopic	origin	of	the	Ginzburg-Landau	potential	for	
superconductivity?	
	
	
	
	
	
	
	

V ( ) = ↵(T )| |2 + �(T )| |4 ↵(T ) ⇡ a2(T � Tc) and �(T ) ⇡ b2



In	1957	Bardeen,	Cooper	and	Schrieffer	provided	the	microscopic	
(fundamental)	theory	that	allows	one	to	
	
1)  interpret	|Ψ|2	as	the	number	density	of	Cooper	pairs		

2)  calculate	coefficients	of	|Ψ|2	and	|Ψ|4	in	the	potential.	
	
	
We	do	not	have	the	corresponding	microscopic	theory	for	the	Higgs	boson.	
	
In	fact,	we	have	NOT	even	measured	the	Ginzburg-Landau	potential	of	the	
Higgs!	
	
	
	
	
	
	



The	question	can	be	reformulated	in	terms	of	Quantum	Criticality:	

Mh=125	GeV.	We	are	sitting	extremely	
close	to	the	criticality.	WHY??	



	
One	appealing	possibility	–	the	critical	line	is	selected	dynamically.	
	
This	is	the	analogy	of	BCS	theory	for	electroweak	symmetry	breaking.	It	goes	
by	the	name	of	“technicolor,”	which	is	strongly	disfavored	experimentally.	
	
	
Two	popular	“explanations:”	
	
1.	Postulate	new	global	symmetries	above	the	weak	scale,	and	the	Higgs	
boson	arises	as	a	(pseudo)	Nambu-Goldstone	boson.	
è This	class	goes	by	the	name	of	“composite	Higgs	models.”	
	
2.	The	critical	line	is	a	locus	of	enhanced	symmetry.	
è This	is	the	(broken)	supersymmetry.	

	



We	have	not	seen	signs	of	new	physics,	but	not	ready	to	give	up	yet:	

J.	Ellis	@	HKUST,	January	2019	



	
	
The	mystery,	of	why	we	are	sitting	close	to	the	critical	line	of	EWSB,	deepens	
day	by	day	:	
	
	

The	Higgs	boson	is	the	most	exotic	state	of		
matter	in	the	Universe!	

	
	
	
After	40	years,	our	understanding	of	the	electroweak	symmetry	breaking	is	
still	at	the	level	of	Ginzburg-Landau	level!	
	
	
	
	
	



	
	
In	order	to	understand	the	microscopic	nature	of	the	Higgs,	we	need	to	look	
for	
	

•  Rare	and	new	decay	channels	of	H(125).	

•  Additional	Higgs	bosons.	

•  Partners	of	the	SM	top	quark	that	couple	significantly	to	H(125).	
	
	
	
	



No	shortage	of	talks	on	models	of	Electroweak	symmetry	breaking:	



•  Asking	the	right	questions		
					–  conceptual	questions	that	can’t	be	answered	by	the	SM.		
					–  empirical	questions	that	can’t	be	answered	by	the	SM.			



•  We	are	all	convinced	about	the	existence	of	dark	matter.		
						What	is	it??	
	
	
	
	
	
	
•  We	owe	our	existence	to	matter	–	antimatter	asymmetry	in	the	Universe.	
						Why	is	there	more	matter	than	antimatter?	
	



Some	talks	addressing	these	issues:	



Concluding	Remarks:	

•  For	the	first	time	we	are	staring	down	the	edge	of	the	Standard	
Model.	

					Anything	we	discover	from	this	point	on	will	be	revolutionary.	
	
•  Standard	Model	is	a	self-consistent	theory,	but	it	is	by	no	means	a	

complete	theory	--		it	cannot	explain	the	existence	of	dark	matter,	
nor	the	observed	matter--anti-matter	asymmetry,	just	to	name	a	
few.	

					Something	has	to	be	out	there!	

60	



	
	
	
•  The	Higgs	boson	is	the	most	exotic	state	of	matter	in	Nature.	

•  The	electroweak	criticality	is	the	most	bizarre	type	of	quantum	criticality.	

•  Our	understanding	is	still	preliminary,	at	the	level	of	Ginzburg-Landau	
picture	for	the	superconductivity.		

						Need	to	pin	down	a	microscopic	picture.	
	
	
	

	



The	International	Linear	Collider	will	help	us	unlock	all	
of	these	mysteries!	
	
	
	
	

	


