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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,	inflation,	dark	matter,	..



             

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

SUSY

SUSY

SUSY



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

• where	

• and

Supersymmetry	&		
	

go	back	a	long	way
gμ − 2

(1982)

Before	idea	of	supersymmetric	dark	ma`er



Even	before	BNL	Experiment
(1984	-	2003)



Did	BNL	Discover	Supersymmetry?

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



	&	DM	in	
Supersymmetry	v2:	

the	CMSSM

gμ − 2

(2001)Spar/cle	masses	a	few	hundred	GeV

Dark	ma`er		
density	constraint



Modelling	LHC	Constraints

MasterCode,	E.	Bagnaschi,	…,	JE	et	al,	arXiv:2111.xxxxx

• Gluino	decays:	

• Reproduce	LHC	
constraints	using	
FastLim	(does	what	
it	says	on	the	/n)

Impact	of	LHC



Modelling	LHC	Constraints

MasterCode,	E.	Bagnaschi,	…,	JE	et	al,	arXiv:2111.xxxxx

• Squark	and	stop	decays:	

• Reproduce	LHC	constraints	using	FastLim	(does	what	it	says	on	the	/n)

Impact	of	LHC



1D	Profiled	Likelihoods	in	CMSSM

MasterCode,	E.	Bagnaschi,	…,	JE	et	al,	arXiv:2111.xxxxx

• Heavy	squarks	

• Very	heavy	gluon	

• Possibility	of	stop	<	1	TeV

Impact	of	LHC



Smuon

Neutralino	DM

MasterCode,	E.	Bagnaschi,	…,	JE	et	al,	arXiv:2111.xxxxx

	in	CMSSMgμ − 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

Impact	of	LHC



Smuon

Neutralino	DM

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

	in	Phenomenological	
Supersymmetry	

(pMSSM11)

gμ − 2

No	rela/on	between	squark	&	gluino	masses	
and	sleptons	and	neutralino	

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

Can accommodate

  resultgμ − 2



Par/cle	Spectrum	with	 	Constraint	gμ − 2

• PossibiliMes	for	the	LHC?

Phenomenological	MSSM	(pMSSM11)

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



Par/cle	Decays	with	 	Constraint	gμ − 2

• PossibiliMes	for	the	LHC?

Phenomenological	MSSM	(pMSSM11)

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



LHC	Constraints	on	Squarks	&	Gluinos
• Squarks	and	gluinos	with	and	without	 	constraint	

• Colour	coded	for	dominant	dark	ma`er	mechanism	

• PossibiliMes	for	the	LHC?

gμ − 2

Phenomenological	MSSM	(pMSSM11)

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



LHC	Constraints	on	Squarks	&	Gluinos
• Squarks	and	gluinos	with	and	without	 	constraint	

• PossibiliMes	for	the	LHC?

gμ − 2

Phenomenological	MSSM	(pMSSM11)

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



LHC	Constraints	on	Stop	&	Neutralino
• Stop	and	neutrino	with	and	without	 	constraint	

• Colour	coded	for	dominant	dark	ma`er	mechanism	

• PossibiliMes	for	the	LHC?

gμ − 2

Phenomenological	MSSM	(pMSSM11)

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



LHC	Constraints	on	Stop	&	Bo`om
• Stop	and	bo`om	with	and	without	 	constraint	

• PossibiliMes	for	the	LHC?

gμ − 2

Phenomenological	MSSM	(pMSSM11)

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



LHC	Constraints	on	Smuon	&	Neutralino
• Smuon	and	neutralino	with	and	without	 	constraint	

• Colour	coded	for	dominant	dark	ma`er	mechanism	

• Slepton	detecMon	at	the	LHC?

gμ − 2

Phenomenological	MSSM	(pMSSM11)

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



Long-Lived	NLSP?

• PossibiliMes	for	the	LHC?

Phenomenological	MSSM	(pMSSM11)

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



Fermilab	Experiment

Does	the	magnet	look	familiar?



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:	

• Le4-right	mixing:	

• Unmixed:

ψf ψi ϕk (μ̃L,R)

	in	Supersymmetrygμ − 2



LHC	vs	Sleptons
• LHC	does	not	exclude	(rela/vely)	light	electroweakly-interac/ng	

par/cles,	e.g.,	sleptons	

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



Light	Supersymmetry	&	gμ − 2
• -friendly	scenario	with	light	neutralino,	chargino	&	slepton	

• Red	star	points	include	all	dark	ma`er	density,	direct	sca`ering	&	LHC	
constraints	

• Prospects	for	the	LHC?

gμ − 2

Chakrabor/,	Heinemeyer	&	Saha,	arXiv:2104.03287



•Extend	GUT	SU(5)	with	addi/onal	U(1)	

• “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:

	in	Flipped	SU(5)	GUTgμ − 2
Antoniadis,	JE,	Hagelin,	Nanopoulos,	1980s



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



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



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

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

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

Reduce	discrepancy	between	
experiment	and	data-driven	

es/mate	to	 	
Remove	residual	discrepancy	
between	experiment	and	BMW

< 2σ



	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!



Flipped	Supersymmetry,	 	&	Dark	Ma`ergμ − 2
• Explora/on	of	 ,	dark	ma`er	and	proton	decay	possibili/esgμ − 2

Significant	contribu/on	
to	gμ − 2 Also

Ωχh2 ∼ 0.1

Proton	decay	
accessible	to	

Hyper-
Kamiokande

‘Quadrifecta’	
region

So4	supersymmetry-breaking		
parameters	specific		
to	flipped	SU(5)

Sensi/vity	to	superpoten/al	
parameters	of	flipped	SU(5):	
effect	on	 	decay	ratep → e+π0

JE,	Evans,	Nagata,	Nanopoulos	&	Olive,	arXiv:2110.06833

Higgs	mass	
also	OK



• Supersymmetry	is	(for	me)	s/ll	the	best-mo/vated	BSM	
scenario	

• The	BNL/FNAL	measurements	of	 	may	have	taken	us	
(finally)	beyond	the	Standard	Model	

• Supersymmetry	could	resolve	the	tension	between	experiment	
and	the	data-driven	SM	theory	es/mate	of	 	

• And	simultaneously	provide	the	cold	dark	ma`er	

• Interes/ng	possible	LHC	signatures	(light	sleptons,	…)

gμ − 2

gμ − 2

Supersymmetry:	Nil	carborundum	
“Don’t	let	the	bastards	grind	you	down”



You	must	be	joking!

We	still	believe	in	supersymmetry	



Visible matter

 
& DM: 
SUSY?

gμ − 2
Standard Model

Summary

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



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



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	larce	data	at	very	short	and	long	distances		
by	experimental	e+e-	sca`ering	data



BMW	Larce	
Calcula/on

BUT 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



How	to	Accommodate	BMW?

• Analy/city	and	unitarity	constrain	increase	in	 	cross	sec/on	<	1	GeV	

• Maximum	allowed	conflicts	with	data,	does	not	change	greatly	predic/on	for	 	

• Increase	in	cross	sec/on	at	higher	energies	affects	electroweak	observables

π+π−

aμ

Colangelo,	Hoferichter	&	Stoffer,	arXiv:2010.07943


