
New Physics Beyond the 
Standard Model

Known knowns (= SM) 
Known unknowns (e.g., DM) 

Unknown unknowns 
Lepton flavour violation in B decays? 
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:		
from	Dirac	and	Schwinger	to	Fermilab	and	Beyond

gμ − 2

A	story	of	94	years,		
8	experiments	

and	many	theorists

John Ellis



It	began	with	Dirac	…
• Two	fundamental	papers:	

• “The	quantum	theory	of	the	electron”	(1928)	

The	Dirac	equaLon:	 	predicts	that	the	electron’s	
magneLc	moment	 	

“That	was	really	an	unexpected	bonus	for	me,	completely	unexpected”	

• “The	Quantum	Theory	of	the	Emission	and	AbsorpLon	of	
RadiaLon”	(1927)	

The	basis	for	QED	(and	all	of	quantum	field	theory)	enables	the	
calculaLons	of	the	anomaly:	

(iγμ∂μ − m)ψ = 0
g = 2

g ≠ 2





…	and	then	
Schwinger

• First	calculaLon	of	leading-
order	contribuLon	to	 	
in	QED:	 						(1947)	

• Inscribed	on	his	tombstone

g − 2
α
2π



:	André	Petermann𝒪( α
π )2

• Co-inventor	(with	Stueckelberg)	of	the	renormalisaLon	group	

• First	to	submit	a	paper	proposing	quarks	(	a	few	days	before	Gell-Mann	
and	Zweig),	not	widely	known	because	wri\en	in	French,	and	publicaLon	
delayed	>	year!	

• Pioneer	of	 	calculaLons:	 				(1957)	

• First	correct	calculaLon	of	 	contribuLons	to	 	

(also	Sommerfeld;	Suura	&	Wichmann,	previous	work	by	Karplus	&	Kroll)

gμ − 2 aμ ≡
(gμ − 2)

2 = 1 + α
2π + 0.75( α

π )2

𝒪(α2) ge − 2, gμ − 2





Lederman	et	al.:	
First	Measurement	of	gμ − 2

• Columbia	Nevis	and	Carnegie	InsLtute	of	Technology	cyclotrons	

• Agreement	between	theory	and	experiment



First	 	Experiment	at	CERNgμ − 2

Francis	Farley

Nino	ZichichiHans	Sens

Georges	Charpak

Theo	Muller

(Suggested	by	Leon	Lederman)

(1958	-	1962)

δa ≡ δ ( gμ − 2

2 ) = ± 0.4 %

(Also	experiment	at	Berkeley	Cyclotron)



Principle	of	Storage	Ring	
Experiments

             
             



First	Storage	Ring	Experiment	at	CERN

Under	construcLonDesign

(1962	-	1968)

δa = ± 270 ppm
Agreement	with	theory	aier	inclusion	of	light-by-light	sca\ering		

(Aldins,	Kinoshita,	Brodsky,	Dufner)



	CalculaLons	𝒪( α
π )3

(Lautrup,	1968)	
(+	De	Rafael)

(Kinoshita,	1967)



	CalculaLons𝒪( α
π )4

(Lautrup,	1972)(Kinoshita)



Second	Storage	Ring	Experiment	at	CERN
(1969	-	1976)

Precession	frequency	 	
 
∝ aμ

δaμ = 8 ppm

(Emilio	Picasso	 	LEP)→

Precession	frequency

Magic	energy	
	E = 3.094 GeV

γ = 29.3

β . B = 0



• One-loop	contribuLon	from	
smuon/neutralino	loop	

• where	

• and

	in	
Supersymmetry

gμ − 2 (1982)



BNL	Experiment
(1984	-	2003)



Possible	Discrepancy	with	Theory?

δa = ± 0.47 ppm
BNL	E821	experiment,	2001	-	2006



	in	
Supersymmetry	v2:	

the	CMSSM

gμ − 2

(2001)SparLcle	masses	a	few	hundred	GeV



	CalculaLons𝒪( α
π )5

(2012)



Electroweak	
ContribuLons
• Leading	one-loop	order	

• Two-loop	contribuLons	

												Combined	result
Aoyama	et	al,	arXiv:2006.04822

= − 41.2(1.0) × 10−11



Hadronic	ContribuLon	to	
Light-by-Light	Sca\ering

Aoyama	et	al,	arXiv:2006.04822



Theory	IniLaLve
• Comprehensive	review	of	

calculaLons	of	the	Standard	
Model	contribuLons	to	 	

• Including	discussion	of	the	
uncertainLes	

• ParLcularly	in	calculaLon	of	
leading-order	vacuum	polarisaLon

gμ − 2

Aoyama	et	al,	arXiv:2006.04822



Hadronic	Vacuum	PolarizaLon
• Most	important	contribuLon	is	from	

low	energies	 	GeV,	dominated	by	 	
and	 	peaks,	taking	account	of	
interference	effects	

• UncertainLes	dominated	by	 	and	 	
region,	and	by	region	between	1	and	2	
GeV	( ,	etc.)	

• High	energies	under	good	control	from	
perturbaLve	QCD	

•

≲ 1 ρ
ω

ρ ω

ϕ

Aoyama	et	al,	arXiv:2006.04822



	Decays?τ
• RelaLon	between	 	decays	and	 	

porLon	of	hadronic	vacuum	
polarizaLon:	

• BUT	what	about	 	porLon?	

• AND	what	about	isospin	breaking?	

• AND	uncertainLes	in	 	decay	data?	

• NOT	INCLUDED	by	Theory	IniLaLve

τ I = 1

I = 0

τ

Aoyama	et	al,	arXiv:2006.04822



Comparison	of	CalculaLons	
of	Hadronic	Vacuum	PolarizaLon

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

et	al,	arXiv:2006.04822



RBC/UKQCD	Hybrid	Method

et	al,	arXiv:2006.04822Blum	et	al,	arXiv:1801.07224 et	al,	arXiv:2006.04822

et				v																	al,	arXiv:2006.04822

Replace	lauce	data	at	very	short	and	long	distances		
by	experimental	e+e-	sca\ering	data



BMW	Lauce	
CalculaLon

BUT BMW	CollaboraLon,	Borsanyi	et	al,	arXiv:2002.12347

High	staLsLcs,	accurate	conLnuum	extrapolaLon	
aEXP

μ − aBMW
μ = 107(70) × 10−11



How	to	Accommodate	BMW?

• AnalyLcity	and	unitarity	constrain	increase	in	 	cross	secLon	<	1	GeV	

• Maximum	allowed	conflicts	with	data,	does	not	change	greatly	predicLon	for	 	

• Increase	in	cross	secLon	at	higher	energies	affects	electroweak	observables

π+π−

aμ

Colangelo,	Hoferichter	&	Stoffer,	arXiv:2010.07943



Fermilab	Experiment

Does	the	magnet	look	familiar?



Fermilab	Data

Abi	et	al,	arXiv:2104.03281



Fermilab	Measurement

Abi	et	al,	arXiv:2104.03281

FNAL	result:	
Combined	result:	
Difference	from	Standard	Model:



InterpretaLon	Papers



Scalar	Leptoquarks

• Consider	two	
types	of	
leptoquarks	with	
couplings	

• Consider	
constraints	from
Bs → μ+μ−, ℛK, ℛK*

Fileviez,	Margui	&	Plascencia,		
arXiv:2103.13397



Scalar	Leptoquarks
• Consider	2	scenarios	for	mixing	between	leptoquarks:	

• Constraints	from	 ,	 ,	gμ − 2 ℛK Bs → μ+μ− Fileviez,	Margui	&	Plascencia,		
arXiv:2103.13397



Leptophilic	Z’	Gauge	Boson
• LHC	sets	strong	bounds	only	if	Z’	boson	couples	to	quarks	

• Weaker	constraints	on	Z’	bosons	coupled	to	leptons	only	

• ,	mixing	with	 	and	anomalous	magneLc	
moments	

• Can	explain	 	with	 	coupled	to	 	

• Search	for	lepton	universality	violaLon	in	

ℓ → ℓ′ νν̄, ℓ → ℓ′ γ, ℓ → 3ℓ′ Z

gμ − 2 Z′ Lμ − Lτ

τ → μνν̄/τ → eνν̄

Buras,	Crivellin,	Kirk,	Mansari	&	Montull,	arXiv:2104.07680



Leptophilic	Z’	Gauge	Boson
• Scenario	with	no	Z	-	Z’	mixing,	lei-	and	right-handed	couplings	to	

	onlyμ, τ

Buras,	Crivellin,	Kirk,	Mansari	&	Montull,	arXiv:2104.07680



• Muon	 	,	4	neutralinos	 	,	2	smuons	 	 	

• One-loop	contribuLons	from	smuon/neutralino	loops:	

• Lei-right	mixing:	

• Unmixed:

ψf ψi ϕk (μ̃L,R)

	in	Supersymmetrygμ − 2



Smuon

Neutralino	DM

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

	in	Phenomenological	
Supersymmetry	

(pMSSM11)

gμ − 2

No	relaLon	between	squark	&	gluino	masses	
and	sleptons	and	neutralino	

No	problem	accommodaLng	BNL/FNAL	result	
Neutralino	DM,	smuon	masses	 	GeV∼ 300/400

Can accommodate

  resultgμ − 2



LHC	vs	Supersymmetry
• LHC	does	not	exclude	(relaLvely)	light	electroweakly-interacLng	

parLcles,	e.g.,	sleptons	

• LHC	favours	squarks	&	gluinos	>	2	TeV	(but	loopholes)



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

ChakraborL,	Heinemeyer	&	Saha,	arXiv:2104.03287



Smuon

Neutralino	DM

MasterCode,	E.	Bagnaschi,	…,	JE	et	al,	arXiv:2109.xxxxx

	in	Supersymmetric	
SU(5)	GUT	

(CMSSM)

gμ − 2

Scenario	relates	squark	&	gluino	masses		
to	sleptons	and	neutralino	

Cannot	accommodate	BNL/FNAL	result	
Smuon	masses	 	TeV≳ 4

Very small contribution 
to gμ − 2 BMW

       



•Extend	GUT	SU(5)	with	addiLonal	U(1)	

• “Flipped”	fermion	assignments	to	representaLons:	

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

• SuperpotenLal:	

• Scan	free	parameters	of	model:

	in	Flipped	SU(5)	GUTgμ − 2



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

	in	Flipped	SU(5)gμ − 2

Lightest	supersymmetric	parLcle	charged	

LEP	lower	limit	
on	slepton	mass

LHC	constraints

x	=	best-fit	point



	in	CMSSM	&	Flipped	SU(5)	
vs	Lauce,	Data-Driven	CalculaLon
gμ − 2

Scan	of	 	as	funcLon	of	Higgs	mass,	Higgs	mixingãμ

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

Reduce	discrepancy	between	
experiment	and	data-driven	

esLmate	to	 	
Remove	residual	discrepancy	
between	experiment	and	BMW

< 2σ



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

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

OpportuniLes	to	search	for	
light	smuon,	neutralino	at	LHC	
Other	sparLcles	too	heavy?



MuonE:	Proposed	CERN	Experiment	
to	Measure	HVP	in	Space-Like	Region

Sca\ering	of	150	GeV	muons	on	electrons	at	CERN	SPS

MuonE	Theory	IniLaLve,	Banerjee	et	al,	arXiv:2004.13663

Future



J-PARC	Experiment

Different	technique:	ultra-cold	muon	beam	from	muonium,	
accelerate	to	300	MeV,	inject	into	storage	ring	with	radius	66cm

M.	Abe	et	al,	Progr.	Theor.	Exp.	Phys.,	2019,	053C02



MagneLc	Dipole	Moment	of	
the	Electron

• Discrepancies	between	
determinaLons	of	 	from	atomic	
measurements	and	 	+	
QED	

• New	determinaLon	of	 	via	rubidium	
recoil	measurement	allows	BSM	
contribuLon	to	 	in	range

,	
comparable	to	 	

• Experiment	underway	to	improve	
precision	on	 	by	order	of	magnitude

α
ae ≡ (ge − 2)/2

α

ae
−3.4 × 10−13 < δae < 9.8 × 10−13

δaμ × (me/mμ)2

ae

Morel	,	Yao	,	Cladé	&	GuellaL-Khélifa,	Nature,	h\ps://doi.org/10.1038/s41586-020-2964-7	



Quo	Vadis	 ?gμ − 2
• Never	forget:	the	(near-)	consistency	between	theory	and	experiment	for	 	

(and	 )	is	among	the	greatest	successes	of	parLcle	physics,	parLcularly	
quantum	field	theory	

• Need	no	reminder:	the	discrepancy	between	theory	and	experiment	for	 	
may	be	a	window	on	physics	beyond	the	Standard	Model	

• SLll	some	debate	about	Standard	Model	calculaLon	(lauce?)	

• Plenty	of	theoreLcal	interpretaLons	proposed:	many	possible	connecLons	to	
other	physics	areas	(B	decays,	dark	ma\er,	…)	

• More	experimental	results	on	the	way:	FNAL,	J-PARC,	 ,	MuonE,	…	

• We	live	in	interesCng	Cmes!

gμ − 2
ge − 2

gμ − 2

ae



Visible matter

?gμ − 2

Standard Model

Summary

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


