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Summary	of	the	Standard	Model
• Particles	and	SU(3)	×	SU(2)	×	U(1)	quantum	numbers:	

• Lagrangian:		 	 	 gauge	interactions	
	 	 	 	 	 	 matter	fermions	
	 		 	 	 	 	 Yukawa	interactions		
	 		 	 	 	 	 Higgs	potential

•

•

•

Where	are	we	now?

Tested	<	0.1%	
before	LHC

Testing	now	
in	progress



LHC	Measurements	
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Theory

LHC pp
p
s = 13.6 TeV

Data 29.0 � 31.4 fb
�1

LHC pp
p
s = 13 TeV

Data 3.2 � 140 fb
�1

LHC pp
p
s = 8 TeV

Data 20.2 � 20.3 fb
�1

LHC pp
p
s = 7 TeV

Data 4.5 � 4.6 fb
�1

LHC pp
p
s = 5 TeV

Data 0.255 � 0.3 fb
�1

Standard Model Total Production Cross Section Measurements Status: October 2023

ATLAS Preliminary

p
s = 5,7,8,13,13.6 TeV

Higgs	
production

Agree	with	the		
Standard	Model



It	Walks	and	Quacks	like	a	Higgs
• Couplings	scale	~	mass,	with	scale	~	v

JE & Tevong You



Emerging	Decay	Mode:	H → Zγ

Signal	strength	 	Zmes	Standard	Model	value	
Negligible	change	in	NLO	QCD	
Higher-order	EW	unimportant	

StaZsZcs?	BSM	physics?

μ = 2.2 ± 0.7
Buccioni,	Devoto,	Djouadi,	JE,		

Quevillon,	Tancredi,	arXiv:2312.12384

ATLAS	&	CMS,	arXiv:2309.03501

Chen,	Chen,	Qiao	&	Zhu,	
arXiv:2404.114441



Search	for	Triple-H	Coupling 



Search	for		
HHH	Coupling 



Evidence	for	VVHH	Coupling 

VVHH	
Coupling

HHH	Coupling

SM

No	
HH	

Couplings

CMS	collaboraZon	arXiv:2205.06667

	evidence	
for	VVHH	coupling	
if	other	H	couplings	
have	SM	values

6.3σ

X



Evidence	for	VVHH	Coupling	

VVHH	
Coupling

HHH	Coupling

SM

No	
HH	

Couplings

CMS	collaboraZon	arXiv:2205.06667

	evidence	
for	VVHH	coupling	
if	other	H	couplings	
have	SM	values	

	evidence	
using	ATLAS	HHH	

constraint

6.3σ

∼ 5σ

X

        

Search	for	
boosted	HH	

ATLAS	arXiv:2404.17193

ATLAS	arXiv:2211.01216



Future	Prospects

R.K.	Ellis	et	al	(European	Strategy),	arXiv:1910.11775















Is	“Empty	Space”	Unstable?

Latest	experimental	values:	
αs(mZ) = 0.1183 ± 0.0009

	log10
Λ

GeV = 10.9 ± 0.8

                                   LHC



Survey	of	SUSY	searches	in	pMSSM

ATLAS	CollaboraZon,	arXiv:2402.01392	

Lines	=	Exclusions	in	searches	with	simplifying	assumpZons	
on	spectrum	and	decay	modes	

		Black	=	<	10%	of	pMSSM	models	excluded	
Cream	=	>	90%	of	pMSSM	models	excluded

Many	low-mass	pMSSM	models	consistent	with	constraints	
Hope	springs	eternal!

Chargino-Neutralino	plane Neutralino2-Neutralino1	plane



Looking	Beyond	the	Standard	
Model	with	the	SMEFT

“...the	direct	method	may	be	used...but	indirect	methods	
will	be	needed	in	order	to	secure	victory….”		

“The	direct	and	the	indirect	lead	on	to	each	other	in	
turn.	It	is	like	moving	in	a	circle….”	

Who	can	exhaust	the	possibilities	of	their	combination?”		
	Sun	Tzu	



Effective	Field	Theories	(EFTs)		
a	long	and	glorious	History

• 1930’s:	“Standard	Model”	of	QED	had	d=4	

• Fermi’s	four-fermion	theory	of	the	weak	force	

• Dimension-6	operators:	form	=	S,	P,	V,	A,	T?	
– Due	to	exchanges	of	massive	particles?	

• V-A	➔	massive	vector	bosons	➔	gauge	theory	

• Yukawa’s	meson	theory	of	the	strong	N-N	force	
– Due	to	exchanges	of	mesons?	➔	pions	

• Chiral	dynamics	of	pions:	(∂π∂π)ππ	clue	➔	QCD



• Global	fit	to	dimension-6	operators	using	precision	
electroweak	data,	W+W-	at	LEP,	top,	Higgs	and	diboson	
data	from	LHC	Runs	1,	2	

• Search	for	BSM	
• Constraints	on	BSM	
• At	tree	level	
• At	loop	level

Global	SMEFT	Fit	
to	Top,	Higgs,	Diboson,	Electroweak	Data	

JE,	Madigan,	Mimasu,	Sanz	&	You,	arXiv:2012.02779

341	measurements	

included	in	

global	analysis



Dimension-6	Constraints	
with	Flavour-Universal	

SU(3)5	Symmetry

• Individual	
operator	
coefficients	

• Marginalised	
over	all	other	
operator	
coefficients

JE,	Madigan,	Mimasu,	Sanz	&	You,	
arXiv:2012.02779

No	significant	deviations	from	SM



Single-Field	Extensions	of	the	Standard	Model

JE,	Madigan,	Mimasu,	Sanz	&	You,	arXiv:2012.02779

Spin	zero

Vector



Single-Field	Extensions	of	the	Standard	Model

JE,	Madigan,	Mimasu,	Sanz	&	You,	arXiv:2012.02779

Spin	zero

Vector

Triplet	
scalar

Singlet	
scalar



Quo	Vadis	SMEFT?
• Powerful	framework	for	global	analyses	of	LHC	and	other	data	

• SystemaZc	way	to	search	for	BSM	physics	

• Can	be	used	in	principle	to	idenZfy	“interesZng”	BSM	scenarios	

• Dimension-6	operators	are	a	first	approximaZon	

• Important	to	check	lesser	importance	of	dimension-8,	convergence	
towards	ultraviolet-complete	model	

• InteresZng	direct	windows	on	dimension-8	operators



SMEFiT	Analysis • Includes	linear	
dimension-8	as	
well	as	quadratic	
dimension-6	

• No	significant	
evidence	for	non-
zero	operator	
coefficients	

• Experiments,	
please	enter	the	
game!
Celada	et	al,	arXiv:2004.12809



Future	SMEFT	Prospects

de	Blas	et	al	(Snowmass),	arXiv:2206:08326



Quo	Vadis	 ?gμ − 2

• New	Fermilab	result	confirms	previous	measurements,	uncertainty	
reduced	by	factor	~	2



Hadronic	Vacuum	PolarizaZon
• Most	important	contribuZon	is	from	

low	energies	 	GeV,	dominated	by	 	
and	 	peaks,	taking	account	of	
interference	effects	

• UncertainZes	dominated	by	 	and	 	
region,	and	by	region	between	1	and	2	
GeV	( ,	etc.)	

• High	energies	under	good	control	from	
perturbaZve	QCD	

•

≲ 1 ρ
ω

ρ ω

ϕ

Aoyama	et	al,	arXiv:2006.04822



Lazce	CalculaZons	of	
Hadronic	Vacuum	PolarizaZon

Aoyama	et	al,	arXiv:2006.04822 et	al,	arXiv:2006.04822 et	al,	arXiv:2006.04822

et	al,	arXiv:2006.04822



Recent	Lazce	CalculaZons



Updated	CMD-3	
Measurement	

of	HVP

HVP	discrepancy	
	

Consistent	with	no	BSM	signal

(gμ − 2) −
Δaμ = (49 ± 55) × 10−11

CMD-3	CollaboraZon,	arXiv:2309.12910

	form	factore+e− → π+π−

Comparison	with	previous	results



Visible	matter

Higgs	physics?	
Muon	

magnetic	
moment?	

Dark	Matter?

Standard	Model

Summary

•https://www.youtube.com/watch?v=Ts6vS-qYuY4





“Should	the	CERN	Member	States	determine	the	FCC-ee	is	likely	to	be	CERN’s	next	
world-leading	research	facility	following	the	high-luminosity	Large	Hadron	Collider,	
the	United	States	intends	to	collaborate	on	its	construcPon	and	physics	exploitaPon,	

subject	to	appropriate	domesPc	approvals.”


