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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)



• Include	all	leading	dimension-6	operators?	

• Simplify	by	assuming	flavour	SU(3)5	or		
SU(2)2	X	SU(3)3	symmetry	for	fermions	

• Work	to	linear	order	in	operator	
coefficients,	i.e.	 	

• Use	GF,	MZ,	α	as	input	parameters	
𝒪(1/Λ2)

Summary	of	Analysis	Framework
JE,	Madigan,	Mimasu,	Sanz	&	You,	arXiv:2012.02779
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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
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• 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



Data	included	in	Global	Fit

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



Model-Independent	BSM	Survey
Switch	on	random	subsets	of	2,	3,	4	or	5	operators

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



Single-Field	Extensions	of	the	Standard	Model

JE,	Madigan,	Mimasu,	Sanz	&	You,	arXiv:2012.02779
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Singlet	Scalar	Field:	
dimension-6,	-8	and	full	model

Check	on	Reliability	of	SMEFT

SMEFT	at	dimension-6,	-8

Main	effect	via	singlet	mixing	with	Higgs:	
good	convergence	for	MS > 500GeV

JE,	Mimasu	&	Zampedri,	arXiv:2304.06663



Triplet	Scalar	Field:	
dimension-6,	-8	and	full	model

Check	on	Reliability	of	SMEFT

SMEFT	at	dimension-6,	-8

Constrained	by	EWPOs:	
could	modify	 	

Good	convergence	for	

MW

MΞ = 1 TeV

JE,	Mimasu	&	Zampedri,	arXiv:2304.06663



CDF	Measurement	of	
the	Mass	of	the	W	Boson

Biggest	uncertain9es:	lepton	energy,	pT	model,	parton	distribu9ons,	backgrounds
CDF	Collabora9on,	Science	376	(2022)	p170



Theore9cal	
Interpreta9ons	
of	W	Mass	

taking	CDF		
measurement		
at	face	value	

90	papers	and	coun9ng!



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	

• Contribu9ons	to	W	mass	

• Contribu9ons	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	Extensions	of	the	Standard	Model

JE,	Madigan,	Mimasu,	Sanz	&	You,	arXiv:2012.02779
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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	Fitng	the	Mass	of	the	W	Boson

68	and	95%	CL	ranges	of	masses	assuming	unit	couplings,	
mass	range	propor9onal	to	coupling

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



Searching	for	Models	Fitng	the	
Mass	of	the	W	Boson

• W:	Isotriplet	vector	boson,	mass	~	3	TeV	x	coupling,	electroweak	produc9on,	
accessible	at	LHC?	

• B:	Singlet	vector	boson,	mass	~	8	TeV	x	coupling,	phenomenology	depends	
on	fermion	couplings,	too	heavy	for	LHC?	

• :	Isotriplet	scalar	boson,	mass	~	3	TeV	x	coupling,	detectable	in	LHC	
searches	for	heavy	Higgs	bosons?	

• N:	Isosinglet	neutral	fermion,	mass	~	4	TeV	x	coupling,	similar	to	(right-
handed)	singlet	neutrino	

• E:	Isosinglet	charged	fermion,	mass	~	6	TeV	x	coupling,	similar	to	(right-
handed)	singlet	electron

Ξ

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



LHC	Search	for	Triplet	Vector	Boson

Baker,	Martonhelyi,	Thamm	&	Torre,	arXiv:2207.05091



HL-LHC	Search	for	Triplet	Vector	Boson

Baker,	Martonhelyi,	Thamm	&	Torre,	arXiv:2207.05091



Quo	Vadis	mW?
• The	jury	is	s9ll	out	concerning	the	experimental	measurement	

• Tension	with	SM,	previous	measurements	

“Extraordinary	claims	require	extraordinary	evidence”	

• Nevertheless,	much	theore9cal	specula9on	(>	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

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



Beyond	Dimension-6:		
Dimension-8	Operators

•Most	analyses	focus	on	dimension-6:		

											

• Dimension-8	contribu9ons	scaled	by	quar9c	power	of	new	physics	scale:	

• Study	processes	without	dimension-6	contribu9ons,		

e.g.,	light-by-light	scayering,	 	

• Neutral	triple-gauge	couplings	(nTGCs):	 	

• Now	also	off-shell	nTGCs:	

gg → γγ, Zγ, . . .

γγ*Z, γZZ *

Z /γ* γ Z*

JE,	Mavromatos	&	You,	arXiv:1703.08450	
JE,	Mavromatos,	Roloff	&	You,	

arXiv:2203.17311	
JE	&	Ge,	arXiv:1802.02146	

JE,	Ge	&	Ma,	arXiv:2112.06729

JE,	Ge,	He	&	Xiao,	arXiv:1902.06631	
JE,	He	&	Xiao,	arXiv:2008.04298	
JE,	He	&	Xiao,	arXiv:2206.11676

JE,	He	&	Xiao,	arXiv:2308.16887



Dimension-8	Operators	Contribu9ng	to	On-Shell	nTGCs

• 	related	to	 	by	equa1ons	of	mo1on:	

• nTGCs	generated:

𝒪C+,C− 𝒪G+,G−,B̃W

JE,	Ge,	He	&	Xiao,	arXiv:1902.06631	
JE,	He	&	Xiao,	arXiv:2008.04298	
JE,	He	&	Xiao,	arXiv:2206.11676



Dimension-8	Operators	Contribu1ng	to		
Off-Shell	and	CP-violaGng	nTGCs

• Off-shell	vertex:	 	needed	to	analyze	 	final	
states	at	 	colliders	because	no	kinema1c	constraint	on	 :	

• Higgs	operators:	

• Gauge	operators:

V* γ Z* (Z* → ν̄ν) + γ
pp mν̄ν

JE,	He	&	Xiao,	arXiv:2308.16887

              

           

           



Probing	nTGCs	with	 		
Produc9on	at	Hadron	Colliders		

Z*( → νν̄)γ

• Cannot	determine	whether	 	is	on-shell:	primary	observable	is	 	

• Sample	differen1al	cross-sec1ons	for	illustra1ve	values	of	the	
SU(2) U(1)	form	factors	rise	above	Standard	Model	cross-sec1on	
for	values	<	unitarity	limit

Z pγ
T

⊗
JE,	He	&	Xiao,	arXiv:2308.16887



Combined	Sensi:vi:es	to		
SU(2) U(1)-Invariant	Mass	Scales⊗

Sensi:vi:es	using	
	decays	

CPC	and	CPV	operators

Z → ℓ+ℓ−, ν̄ν

             

             

JE,	He	&	Xiao,	arXiv:2308.16887



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

• Systema9c	way	to	search	for	BSM	physics	

• Can	be	used	in	principle	to	iden9fy	“interes9ng”	BSM	scenarios	

• Dimension-6	operators	are	a	first	approxima9on	

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

• Interes9ng	direct	windows	on	dimension-8	operators



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?”		
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