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:		
dawn	of	a	new	era,	or	sunset	of	our	hopes?

gμ − 2



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

• where	

• and
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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:	

• Le`-right	mixing:	

• Unmixed:

ψf ψi ϕk (μ̃L,R)

	in	Supersymmetrygμ − 2

Most		
important	

←

Ibrahim	&	Nath,	hep-ph/9910553



Smuon

Neutralino	DM

MasterCode,	E.	Bagnaschi,	…,	JE	et	al,	arXiv:2108.xxxxx

	in	CMSSMgμ − 2

Scenario	relates	squark/gluino	masses		
to	slepton/neutralino	masses	

Cannot	accommodate	BNL/FNAL	result	
Smuon	masses	 	TeV≳ 4

Very	small	contribu@on	
to	gμ − 2 BMW

       

Assume	universality	between	squark	&	slepton,	
and	between	gluino	and	electroweakino	masses	

at	GUT	scale



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



Smuon

Neutralino	DM

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

	in	pMSSM11gμ − 2

No	problem	accommoda@ng	BNL/FNAL	result	
Neutralino	DM,	smuon	masses	 	GeV∼ 300/400

Can accommodate

  resultgμ − 2

No	rela@on	between	squark/gluino	masses	
and	slepton/neutralino	masses



Supersymmetry
• -friendly	scenarios	with	light	neutralino/chargino	or	neutralino/slepton	

• Red	star	points	include	all	relevant	LHC	and	direct	scalering	constraints

gμ − 2

Chakrabor@,	Heinemeyer	&	Saha,	arXiv:2104.03287



Comparison	with	Lamce	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



BMW	Lamce	
Calcula@on

BMW	Collabora@on,	Borsanyi	et	al,	arXiv:2002.12347

High	sta@s@cs,	accurate	con@nuum	extrapola@on	
aEXP

μ − aBMW
μ = 107(70) × 10−11



•Extend	GUT	SU(5)	with	addi@onal	U(1)	[mo@vated	by	string	theory]	

• “Flipped”	fermion	assignments	to	representa@ons:	

•Break	GUT	symmetry	with	10-dimensional	Higgses,	electroweak	
symmetry	with	5-dimensional	Higgses:	

• Superpoten@al:	

• Scan	free	parameters	of	model:

Flipped	SU(5)	GUT

Antoniadis,	JE,	Hagelin	&	Nanopoulos,	1987

Lightest	neutralino	
&	lighter	smuon	

can	have	small	masses



JE,	Evans,	Nagata,	Nanopoulos	&	Olive,	arXiv:2107.03025

	in	Flipped	SU(5)gμ − 2

Lightest	supersymmetric	par@cle	charged	

LEP	lower	limit	
on	slepton	mass

LHC	constraints

x	=	best-fit	point

ãμ ≡ 1
2 (gμ − 2) × 1011



	in	CMSSM	&	Flipped	SU(5)	
vs	Lamce,	Data-Driven	Calcula@on
gμ − 2

Scan	of	 	as	func@on	of	Higgs	mass,	Higgs	mixingãμ

JE,	Evans,	Nagata,	Nanopoulos	&	Olive,	arXiv:2107.03025



Update	on	Lamce	Calcula@ons



	in	Flipped	SU(5)gμ − 2
Parameters	&	predic@ons	at	best-fit	point

JE,	Evans,	Nagata,	Nanopoulos	&	Olive,	arXiv:2107.03025

Opportuni@es	to	search	for	
light	smuon,	neutralino	at	LHC	
Other	spar@cles	too	heavy?

Get	good	CDM	density	
without	even	trying!



CDF	Measurement	of	mW	
compared	with	previous	measurements

Tension:	7- 	discrepancy	with	Standard	Model?σ



CDF	Measurement	of	
the	Mass	of	the	W	Boson

Biggest	uncertain@es:	lepton	energy,	pT	model,	parton	distribu@ons,	backgrounds
CDF	Collabora@on,	Science	376	(2022)	p170



Accuracy	of	
Muon	

Momentum	
Measurement?

•Momentum	calibra@on	
using	 	

• Larger	uncertainty	at	
smaller	 	?

Z, J/Ψ, Υ

pμ
T

     

     
Tomaso	Dorigo

CDF	Collabora@on,	Science	376	(2022)	p170



Status	of	Perturba@ve	Calcula@ons	
of	W	and	Z	Produc@on

Isaacson,	LPC	Physics	Forum,	Fermilab,	14	April



Sensi@vity	to	Parton	Distribu@ons

Gao,	Liu	&	Xie,	arXiv:2205.03942

Varia@ons	10-4		
at	Tevatron	

Varia@ons	4	x	10-4		
at	LHC	



Theore@cal	
Interpreta@ons	
of	W	Mass	

taking	CDF		
measurement		
at	face	value	

90	papers	and	coun@ng!	

Supersymmetry?



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)	-	and	identify	it?



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

Positive	
contributions	

to	mW



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	Fimng	the	W	Mass

68	and	95%	CL	ranges	of	masses	assuming	unit	couplings	
Masses	 	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									



Models	Fimng	the	W	Mass

• W:	Isotriplet	vector	boson,	mass	~	3	TeV	x	coupling,	electroweak	produc@on,	
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									



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,	Weiglein	&	Zeune,	2013								

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



             

What	lies	beyond	the	Standard	Model?

Supersymmetry
New	motivations	

from	LHC	Runs	1	&	2• 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,	 ,	mW?gμ − 2


