
Beyond	the	Standard	Model

Review	of	Higgs	physics	
Motivations	for	physics	beyond	the	SM:	

Higgs	mysteries	
Status	of	 	

SM	Effective	Field	Theory	to	scan	for	new	physics	
Dark	matter:	heavy	fermions	or	light	bosons?	

New	physics	in	gravitational	waves?	
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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

• 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)



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



Single-Field	Extensions	of	the	Standard	Model

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

Singlet	
scalar



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	

• Contriburons	to	W	mass	

• Contriburons	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	Fitng	the	Mass	of	the	W	Boson

68	and	95%	CL	ranges	of	masses	assuming	unit	couplings,	
mass	range	proporronal	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									



Beyond	Dimension-6:		
Dimension-8	Operators										

• Dimension-8	contriburons	scaled	by	quarrc	power	of	new	physics	
scale:	

• Include	dimension-8	as	well	as	-6	in	data	analysis,	check	convergence	

• Study	processes	without	dimension-6	contriburons,		

e.g.,	light-by-light	scawering,	 	

• Neutral	triple-gauge	couplings	(nTGCs):	

gg → γγ, Zγ, . . .

γγ*Z, γZZ *

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	

Liu,	Xiao,	Li,	JE,	He,	Yuan,	arXiv:2404:15937

JE,	Mimasu	&	Zampedri,	arXiv:2304.06663							



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



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

• Systemarc	way	to	search	for	BSM	physics	

• Can	be	used	in	principle	to	idenrfy	“interesrng”	BSM	scenarios	

• Dimension-6	operators	are	a	first	approximaron	

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

• Interesrng	direct	windows	on	dimension-8	operators







Galactic Rotation Curves
• In the Solar System

• The velocities decrease with 
distance from Sun

• Mass lumped at centre

• In galaxies

• The velocities do not decrease with 
distance

• Dark matter spread out





Strange	Recipe	for	a	Universe

The	‘Standard	Model’	of	the	Universe	
indicated	by	astrophysics	and	cosmology







BSM	Candidates	for	Dark	Matter

  

Atom	Interferometers

  









Searches	for	WIMP	Dark	Matter









Ultralight	Dark	Matter



AION	Collaboration

Network	with	MAGIS	project	in	US	
MAGIS	Collaboration	(Abe	et	al):	arXiv:2104.02835	

, A Beniwal1,
J. Carlton



Principle	of	Atom	Interferometry

Mach-Zehnder	Laser	Interferometer Atom	Interferometer

Laser	excitaron	gives	momentum	kick	to	excited	atom,		
which	follows	separated	space-rme	path	

Interference	between	atoms	following	different	paths



Effect	of	Dark	Matter	on	Atom	Interferometer



Effect	of	Gravitational	Wave	on	Atom	Interferometer



AION	–	Proposed	Programme

• AION-10:		Stage	1	[year	1	to	3]	
▪ 1	&	10	m	Interferometers	&	site	investigation	for	100m	
baseline	

• AION-100:	Stage	2	[year	3	to	6]		
▪ 100m	Construction	&	commissioning	
• AION-KM:	Stage	3	[>	year	6]		
▪ Operating	AION-100	and	planning	for	1	km	&	beyond	
• AION-SPACE	(AEDGE):	Stage	4	
▪ Space-based	version	

AION	Collaboration	(Badurina,	…,	JE	et	al):	arXiv:1911.11755

Initial	funding	from	UK	STFC

Boulby?	CERN?

Oxford



Possible	CERN	Locaron

LHC

Cross-secron	
of	access	sha�

Access	sha�

Layout	of	
experiment

LHC

Arduini	et	al:	arXiv:2304.00614



Searches	for	Light	Dark	Matter
Linear	couplings	to	gauge	fields	and	matter	fermions

AION	Collaboration	(Badurina,	…,	JE	et	al):	arXiv:1911.11755;	Badurina,	Buchmueller,	JE,	Lewicki,	McCabe	&	Vaskonen:	arXiv:2108.02468
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Gravitational	Waves
• General	relativity	proposed	by	Einstein	1915	
• He	predicted	gravitational	waves	in	1916	

• Tried	to	retract	prediction	in	1936!



Masses	of	Black	Holes	Deduced	from	
Measured	MergersIntermediate-Mass	black	holes

LIGO-Virgo-KAGRA	Black	Holes	&	Neutron	Stars



Future	Step:	Interferometer	in	Space

LISA	(+	Taiji)

Supermassive	black	holes	
in	galacrc	centres	

	Sun	
Detect	mergers?	

Intermediate	masses?

≳ 106 ×



Gravitational	Wave	Spectrum

• Gap	between	ground-based	optical	interferometers	&	LISA	
– Formation	of	supermassive	black	holes	(SMBHs)?	
– Supernovae?		Phase	transitions?	…



How	to	Make	a	Supermassive	BH?
SMBHs	from	mergers	of	intermediate-mass	BHs	(IMBHs)?



Gravitational	Waves	from	IMBH	Mergers

Probe	formation	of	SMBHs	
Synergies	with	other	GW	experiments	(LIGO,	LISA),	test	GR

Badurina,	Buchmueller,	JE,	Lewicki,	McCabe	&	Vaskonen:	arXiv:2108.02468



Pulsar	Timing	Arrays

NANOGrav	
&	other	PTAs	see	
nanoHz	GW	signal



The	Biggest	Bangs	since	the	Big	Bang
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NANOGrav	data,	assuming	energy	loss		
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JE,	Fairbairn,	Hütsi,	Raidal’,	Urrutia,	Vaskonen	&	Veermäe:	arXiv:2306.17021



Fundamental	Physics	and	Cosmology?	

Scenarios	beyond	the	Standard	Model

Alternarve	sources	for	PTA	GWs?



Fits	to	NANOGrav
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First-order GWs

Scalar-induced GWs

JE,	Fairbairn,	Franciolini,	Hütsi,,	Iovino,	Lewicki,	Urrutia,	Vaskonen	&	Veermäe,	arXiv:2308.08546



Quo	Vadis	NANOGrav?
• Astrophysics	or	fundamental	physics?	

• Biggest	bangs	since	the	Big	Bang,	or	physics	beyond	the	SM?	

• SMBH	binaries	driven	by	GWs	alone	disfavoured	

• SMBH	binaries	driven	by	GWs	and	environmental	effects	fit	bewer	

• Bewer	fits	with	cosmological	BSM	models	

• DiscriminaHon	possible	with	future	measurements:	fluctuaHons,	
anisotropies,	polarizaHon,	experiments	at	higher	frequencies	-	including	
atom	interferometers	

• Time	and	more	data	will	tell!
JE,	Fairbairn,	Franciolini,	Hütsi,,	Iovino,	Lewicki,	Urrutia,	Vaskonen	&	Veermäe,	arXiv:2308.08546



Visible	matter

Higgs	physics?	
Muon	magnetic	

moment?	
Dark	Matter?	
Gravitational	

Waves?

Standard	Model

Summary

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


