
How	Effec)ve	is	the	Standard	Model?

Status	of	the	Standard	Model	
Looking	beyond	the	Standard	Model		
with	Effec)ve	Field	Theory	(SMEFT)	

Case	study:	mW	

What	about	 ?gμ − 2
John Ellis





… to make an end is to make a 
beginning. 
The end is where we start from. 

T.S. Eliot, Little Gidding



• « Empty » space is unstable
• Dark ma5er
• Origin of ma5er
• Sizes of masses
•Masses of neutrinos
• Infla?on
• Quantum gravity
• …

The Standard Model

LHC
LHC
LHC
LHC



Nothing (yet) at the LHC
Nothing else, eitherNo supersymmetry

More of same?
Unexplored nooks?
Novel signatures?



Everything about Higgs is Puzzling

• Pattern of Yukawa couplings y:
• Flavour problem

• Magnitude of mass term μ:
• Naturalness/hierarchy problem

• Magnitude of quartic coupling λ:
• Stability of electroweak vacuum

• Cosmological constant term V0:
• Dark energy

+ …

Higher-dimensional interactions?



Sic	Transit	Gloria	 	AnomaliaeRK



Will the Universe Collapse?

Tunnel through barrier
in current Universe?

Fluctuate over barrier?

Fluctuate over 
barrier?

Fluctuate over barrier
in the early Universe?

Quantum fluctuations

The Big Crunch

Tunnel through
barrier now?

We are here

Not if 
infinite barrier:

Supersymmetry?

Will the Universe Collapse?
Should it have Collapsed already?



Is	Empty	Space	Unstable?



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



Standard	Model	Effective	Field	Theory	
a	more	powerful	way	to	analyze	the	data

• Assume	the	Standard	Model	Lagrangian	is	correct	
(quantum	numbers	of	particles)	but	incomplete	

• Look	for	additional	interactions	between	SM	particles	due	
to	exchanges	of	heavier	particles	

• Analyze	Higgs	data	together	with	electroweak	precision	
data	and	top	data	

• Most	efficient	way	to	extract	largest	amount	of	
information	from	LHC	and	other	experiments	

• Model-independent	way	to	look	for	physics	beyond	the	
Standard	Model	(BSM)



Dimension-6	SMEFT	Operators
• Including	2-	and	4-
fermion	operators	

• Different	colours	for	
different	data	
sectors	

• Grey	cells	violate	
SU(3)5	symmetry	

• Important	when	
including	top	
observables	

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

Baryon	

decay

Flavour	anomalies

Anomalous	

magnetic	

moments



• 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



What	about	experimental	
hints	of	new	physics?



CDF	Measurement	of	mW	
compared	with	other	measurements

Tension:	7- 	discrepancy	with	Standard	Model?σ

Update	of	ATLAS	result	
mW = 80360 ± 16 MeV



SMEFT	Operators	that	can	
Contribute	to	W	Mass

• Relevant	SMEFT	operators	

• Contribu)ons	to	W	mass	

• Contribu)ons	to	S	and	T	oblique	parameters



SMEFT	Fit	with	the	Mass	of	the	W	Boson

Non-zero	coefficients	for	any	of	four	operators	can	fit	W	mass
Bagnaschi,	JE,	Madigan,	Mimasu,	Sanz	&	You,	arXiv:2204.05260									



Single-Field	Models	that	can	
Contribute	to	W	Mass

Operators	

contributing	to	mW

X
X

X

X

Wrong	sign

Right	sign

Bagnaschi,	JE,	Madigan,	Mimasu,	Sanz	&	You,	arXiv:2204.05260									Bagnaschi,	JE,	Madigan,	Mimasu,	Sanz	&	You,	arXiv:2204.05260									

X



Models	Fiqng	the	Mass	of	the	W	Boson

68	and	95%	CL	ranges	of	masses	assuming	unit	couplings,	
mass	range	propor)onal	to	coupling

Bagnaschi,	JE,	Madigan,	Mimasu,	Sanz	and	You	arXiv:2204.05260	

Spins	
V	

S	

V	

F	

F

Bagnaschi,	JE,	Madigan,	Mimasu,	Sanz	&	You,	arXiv:2204.05260									



Quo	Vadis	mW?
• The	jury	is	s)ll	out	concerning	the	experimental	measurement	

• Tension	with	SM,	previous	measurements	

“Extraordinary	claims	require	extraordinary	evidence”	

• Nevertheless,	much	theore)cal	specula)on	(>	90	papers!)	

• 4	SMEFT	operators	can	increase	mW	

• 3	SMEFT	operators	generated	by	single	field	extensions	of	the	SM	at	tree	
level	

• Vector	bosons	W	or	B,	scalar	boson	 ,	fermions	N,	E	

• Prospects	for	the	LHC?

Ξ



:		
from	Dirac	and	Schwinger	to	Fermilab	and	Beyond

gμ − 2



Possible	Discrepancy	with	Theory?

δa = ± 0.47 ppm
BNL	E821	experiment,	2001	-	2006



Theory	Ini)a)ve
• Comprehensive	review	of	

calcula)ons	of	the	Standard	
Model	contribu)ons	to	 	

• Including	discussion	of	the	
uncertain)es	

• Par)cularly	in	calcula)on	of	
leading-order	vacuum	polarisa)on

gμ − 2

Aoyama	et	al,	arXiv:2006.04822



Hadronic	Vacuum	Polariza)on
• Most	important	contribu)on	is	from	

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

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

• High	energies	under	good	control	from	
perturba)ve	QCD	

•

≲ 1 ρ
ω

ρ ω

ϕ

Aoyama	et	al,	arXiv:2006.04822



Fermilab	Measurement

Abi	et	al,	arXiv:2104.03281

FNAL	result:	
Combined	result:	
Difference	from	Standard	Model:



Interpreta)on	Papers



• Muon	 	,	4	neutralinos	 	,	2	smuons	 	 	

• One-loop	contribu)ons	from	smuon/neutralino	loops:	

• Lex-right	mixing:	

• Unmixed:

ψf ψi ϕk (μ̃L,R)

	in	Supersymmetrygμ − 2

Most		
important	

←

Ibrahim	&	Nath,	hep-ph/9910553



• One-loop	contribu)on	from	
smuon/neutralino	loop	

• where	

• and

	in	
Supersymmetry

gμ − 2 (1982)



Smuon

Neutralino	DM

MasterCode,	E.	Bagnaschi,	…,	JE	et	al,	arXiv:1710.11091

	in	Phenomenological	
Supersymmetry	

(pMSSM11)

gμ − 2

No	problem	accommodaCng	BNL/FNAL	result	
Neutralino	DM,	smuon	masses	 	GeV∼ 300/400

Can accommodate

  resultgμ − 2

No	relaCon	between	squark/gluino	masses	
and	slepton/neutralino	masses



LHC	vs	Supersymmetry
• LHC	favours	squarks	&	gluinos	>	2	TeV	(but	loopholes)	

• Does	not	exclude	lighter	electroweakly-interac)ng	par)cles,	e.g.,	sleptons	

• Most	models	have	 	but	 :	relevant	constraintmμ̃L
> mμ̃R

mμ̃R
≃ mẽR

ATLAS	Collabora)on

Can	explain	
	gμ − 2 Opportunity	for	

ATLAS/CMS?



Recent	LaPce	CalculaCons



New	CMD-3	Measurement	of	HVP
Comparison	with		

previous	energy	scan	
measurementss

Comparison	with		
radia)ve	return	(ISR)	

measurements

CMD-3	Collabora)on,	arXiv:2302.08834
A	task	here	for	Belle	II?



New	CMD-3	Measurement	of	HVP

Discrepancy	Δaμ ∼ 15 × 10−10

CMD-3	Collabora)on,	arXiv:2302.08834



Update	on	Hadronic	Vacuum	
Polariza)on

BMW	including	“window”	+	
extrapolaJons	to	small/large	distances	

New	laqce	values	of	“window”	
contribu)on	

from	intermediate	scales	

Previous	HVP	world	average	
Difference	between	CMD-3	and	

previous	data	



Quo	Vadis	 ?gμ − 2
• The	jury	is	sCll	out	concerning	the	theoreCcal	calculaCon:	hVps://

muon-gm2-theory.illinois.edu/	

• Tension	with	experiment	reduced	by	laPce	calculaCons	

• Also	by	CMD-3	measurement	of	hadronic	vacuum	polarizaCon	

• SCll	some	scope	for	new	physics	

• Prospects	for	the	LHC?	

• New	results	6pm	today	from	Fermilab:		hVps://fnal.zoom.us/j/
93860521626?pwd=K0JpMWFVMjlxbE1yRVA4a2NIWWdrZz09	

• J-PARC	experiment	in	preparaCon,	also	MuonE	at	CERN



Visible	matter

Higgs	physics?	
?	

Muon	
magnetic	
moment?	

Dark	Matter?

mW

Standard	Model

Summary

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


