
“...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	

The	Future	of	Par-cle	Physics

John Ellis



LHC Measurements
Agree with the 
Standard Model

Higgs
production



• Do couplings scale ~ mass? With scale = v?

It Walks and Quacks like a Higgs



… 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



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



Is	Empty	Space	Unstable?



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



CDF	Measurement	of	mW	
compared	with	other	measurements

Tension:	7- 	discrepancy	with	Standard	Model?σ

Update	of	ATLAS	result	
mW = 80360 ± 16 MeV



ATLAS: Improved Measurement of the W Mass

Re-analysis of 7 TeV data with improved precision: mW = 80360 ± 16 MeV (previous ATLAS results: 80370 ± 19 MeV) 

� %DVHG�RQ�VDPSOH�RI�����PLOOLRQ�:�ĺ�Hߥ DQG�����PLOOLRQ�:�ĺ�ȝߥ events 

� More recent PDF, constrained profile likelihood fit, verification of pT,W modelling with dedicated Run 2 low-pileup data

� Agreement with SM
arXiv:1701.07240

Last	Week’s	News

ATLAS	Collabora-on,	ATLAS-CONF-2023-004	



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	Extensions	of	the	Standard	Model

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

Spin	zero

Vector



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	Fipng	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



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:



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

Close-up	of	
experimental	
constraints



Lapce	Calcula-ons	of	
Hadronic	Vacuum	Polariza-on

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

et	al,	arXiv:2006.04822



Recent	Lapce	Calcula-ons



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?



Discrepancy	with	Calcula-on	of	
Radia-ve	Correc-ons

Measured	forward-backward	asymmetry	in	
	disagrees	with	standard	sQED	code	e+e− → π+π−

CMD-3	Collabora-on,	arXiv:2302.08834



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	lapce	values	of	“window”	
contribu-on	

from	intermediate	scales	

Previous	HVP	world	average	
Difference	between	CMD-3	and	

previous	data	



Effects	on	Electroweak	Observables

MH

MW

Mtsin2 θeff

Dashed	lines	=	rescaling	of	low-energy	HVP	data	to	match	BMW	et	al
↓ ↓

Small	changes	in	Standard	Model	predic-ons
Malaescu	&	Schow,	arXiv:2008.08107

																																				New	ATLAS	value	



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

More of same?
Unexplored nooks?
Novel signatures?



Direct Dark Matter Searches
• Latest experimental results

PandaX,	LZ;		
XENON	Collabora-on,	arXiv:2303.14729

Next	step:	interna-onal	xenon	collabora-on	
to	reach	into	the	neutrino	“fog”?



Which	Collider	Next:	FCC?	

“...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	



Examples	of	FCC	Physics
The	indirect	…																																																and	the	direct

A	project	for	the	21st	century



FCC	Flavour	Physics

A	project	for	the	21st	century



Indirect	FCC	Physics

A	project	for	the	21st	century



Search	for	Ultralight	Dark	Matter

  

AION/AEDGE/STE-QUEST



Ultralight	Dark	Matter
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Light vs. Cold Atoms: Atom Interferometry

Light 
interferometer

Atom 
interferometer

Atom

http://scienceblogs.com/principles/2013/10/22/quantum-erasure/
http://www.cobolt.se/interferometry.html

Light fringes

Beam
splitter

Beam
splitter

M
irror

Atom fringes

Light

Principle	of	Atom	Interferometry

Laser	pulses	act	as	beamspliwers	and	mirrors



AION	Collaboration

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

, A Beniwal1,
J. Carlton



AION	–	Staged	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	[after	AION-km]		
▪ Space-based	version	

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

Initial	funding	from	UK	STFC

Workshop	@	CERN,	March	13/14,	2023



Also	studying	possible	site	at	STFC	Boulby	Laboratory	in	UK

Supported	by	CERN	PBC	Team	
(Gianluigi	Arduini,	Sergio	Calatroni	…)	

on	feasibility	study:	
Seismology	
Temperature	
Ven-la-on	

Radia-on	protec-on	
Electromagne-c	interference	

Access	&	safety

CERN-PBC-REPORT-2023-002,	hwps://cds.cern.ch/record/2851946	



Effect	of	Dark	Matter	on	Atom	Interferometer



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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Effect	of	Gravitational	Wave	on	Atom	Interferometer



Gravitational	Wave	Spectrum

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



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



Gravitational	Waves	from	
U(1)B-L	Phase	Transition

AEDGE:	Bertoldi,	…,	JE	et	al:	arXiv:1908.00802	

____	Total	
-	-	-	-		Bubble	collisions	
_		-	_		Sound	waves	
…….			Turbulence

JE,	Lewicki,	No	&	Vaskonen:		
arXiv:1903.09642	

T*	=	percolation	
temperature	

when	transition	
	completes



Cosmic	String	Interpretation	of	NANOGrav
JE	&	Lewicki:	arXiv:2009.06555	

Cosmic	string	prediction	can	be	tested	in	several	upcoming	experiments	(not	LIGO)
See	also Blasi,	Vrdar	&	Schmitz:	arXiv:2009.06607v2	



Stochastic	GW	Background	from	BH	Mergers

JE,	Fairbairn,	Hütsi,	Raidal,	Urrutia,	Vaskonen	&	Veermäe:	arXiv:2301.13854

Black	dashed	line	is	maximum	possible	 ,	i.e.,	ΩGW pBH = 1



Visible	matter

Higgs	physics?	

?	

?	
Flavour?	

Dark	Matter?	
Gravitational	

waves?	
…?

mW

gμ − 2

Standard	Model

Summary

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


