
Physics	Overview

The	Standard	Model	
Mo.va.ons	for	physics	beyond	

Many	Higgs	puzzles	
Effec.ve	Field	Theory:	a	tool	for	looking	beyond	

Experimental	anomalies:	 	?	
Cosmology:	dark	maDer	&	origin	of	maDer

MW, gμ − 2     John Ellis









LHC	Measurements

Agree	with	the		
Standard	Model

Higgs	
production



Russian	naval	shells	reused	in	
the	CMS	experiment



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

It	Walks	and	Quacks	like	a	Higgs

JE & Tevong You

Red line = SM, dashed line = best fit

Global	
fit

But	what	
is	origin	

of	hierarchy	
of	masses	
&	mixing?



…	to	make	an	end	is	to	make	a	beginning.		

The	end	is	where	we	start	from.		

														T.S.	Eliot,	Li6le	Gidding



• «	Empty	»	space	is	unstable	
• Dark	matter	
• Origin	of	matter	
• Masses/mixing	of	neutrinos	
• Hierarchy	problem	
• Size	&	age	of	Universe	
• Quantum	gravity	
• …

•The Standard Model

•John Ellis

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	terms	due	to	heavy	particles?





             

What	lies	beyond	the	Standard	Model?

Supersymmetry
New	motivations	

from	LHC• Stabilize	electroweak	vacuum	
• Successful	prediction	for	Higgs	mass	
– Should	be	<	130	GeV	in	simple	models	

• Successful	predictions	for	couplings	
– Should	be	within	few	%	of	SM	values	

• Naturalness,	GUTs,	string,	dark	matter,	 ,	…gμ − 2



• 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?

Not	if		
infinite	barrier:	
Supersymmetry?

Will	the	Universe	Collapse?	
Should	it	have	Collapsed	already?

• Fluctuate 
over barrier?

We	are	here



Is	“Empty	Space”	Unstable?

• Instability	scale	depends	on	masses	of	Higgs	boson	
and	top	quark,	and	strong	coupling:	

	

• Particle	Data	Group	values:	
	

	

• Instability	scale:	
	

• Dominant	uncertainties	those	in	 	and	

Log10
Λ

GeV = 10.5 − 1.3 ( mt

GeV − 172.6) + 1.1 ( mH

GeV − 125.1)) + 0.6 ( αs(mZ) − 0.1179
0.0009 )

mt = 172.69 ± 0.30 GeV
mH = 125.25 ± 0.17 GeV, αs(mZ) = 0.1179 ± 0.0009

Log10
Λ

GeV = 11.7 ± 0.8
αs mt

Buttazzo	et	al,	arXiv:1307.3536;	
Franceschini	et	al,	2203.17197



Is	“Empty	Space”	Unstable?

Depends	on	masses		
of	Higgs	boson		
and	top	quark	

Are	we	in	
metastable	region	
of	parameters?



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

• 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)



• 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

Positive	
contributions	

to	mW



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	previous	measurements

Tension:	7- 	discrepancy	with	Standard	Model?σ



SMEFT	Fits	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	Fi{ng	the	Mass	of	the	W	Boson

68	and	95%	CL	ranges	of	masses	assuming	unit	couplings

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									



HL-LHC	Search	for	Triplet	Vector	Boson

Baker,	Martonhelyi,	Thamm	&	Torre,	arXiv:2207.05091



W	Mass	in	Supersymmetry?

CDF					

     

80.42 —

80.43 —

80.44 —

New	World	
Average

Bagnaschi,	Chakrabor~,	Heinemeyer,	Saha	&	Weiglein,	arXiv:2203.15710									

Contribu~on	from	stops?

Heinemeyer,	Hollik,	Weiglein	&	Zeune,	2013								

Electroweak	par~cles	reach	old	world	
average,	but	not	CDF	or	new	world	average



SMEFT	Analysis	of	Future	Colliders
de	Blas	et	al,	arXiv:1905.03764



A	story	of	94	years,		
8	experiments	

and	many	theorists

:		
dawn	of	new	physics	or	its	sunset?

gμ − 2



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

• where	

• and

	in	
Supersymmetry

gμ − 2 (1982)



Fermilab	Measurement

Abi	et	al,	arXiv:2104.03281

FNAL	result:	
Combined	result:	
Difference	from	Standard	Model:



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



Comparison	of	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

Not	such	a	big	problem		
according	to	(some)		
la{ce	calcula~ons



Supersymmetry
• -friendly	scenario	with	light	neutralino,	chargino	&	slepton	

• Red	star	points	include	all	relevant	LHC	and	direct	sca�ering	constraints	

• Prospects	for	the	ILC

gμ − 2

Chakrabor~,	Heinemeyer	&	Saha,	arXiv:2104.03287





Decays	of	heavy	neutrinos?



Simplest	extension	of	the	Standard	Model:	singlet	scalar

Example	of	Baryogenesis	Model	Testable	at	LHC

Exhibits	first-order	cosmological	phase	transi.on	
Introduce	dimension-5	term	breaking	CP,	Z2	symmetry

Constrain	with	LEP	and	LHC	measurements

JE,	Lewicki,	Merchand,	No	&	Zych,	arXiv:2210.16305



Phenomenological	Constraints	
on	mass	and	mixing	of	singlet	boson

_____	Higgs	signal	strength	
———	Limit	on	CP-viola~on

From	top-Higgs	measurements From	other	measurements

Electroweak	measurements	
LHC	and	LEP	searches

JE,	Lewicki,	Merchand,	No	&	Zych,	arXiv:2210.16305



Results	for	Baryon	Asymmetry

Orange	points	within	10%	of	 	measurement	
Can	be	probed	with	LHC	data

η

JE,	Lewicki,	Merchand,	No	&	Zych,	arXiv:2210.16305







Searches	for	Dark	Matter	Particles

  
Oliver	Buchmueller   



Quo	Vadis	Supersymmetry?

Parameter	strips		
compa~ble	with	the		
DM	density	constraint

Parameter	ranges		
compa~ble	with	the		
measured	Higgs	mass

JE,	Olive,	Spanos	&	Stamou,	arXiv:2210.16337



Quo	Vadis	Supersymmetry?

Dark	Ma�er	strips	can	be	explored	by	FCC-hh

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



Visible	matter

Higgs	physics?	
?	

Dark	Matter?
mW, gμ − 2

Standard	Model

Summary

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


