
Beyond	the	Standard	Model

Review	of	Higgs	physics	
Motivations	for	physics	beyond	the	SM:	

Higgs	mysteries	
Status	of	 	

SM	Effective	Field	Theory	to	scan	for	new	physics	
Dark	matter:	heavy	fermions	or	light	bosons?	

New	physics	in	gravitational	waves?	

gμ − 2

John Ellis



Summary	of	the	Standard	Model
• Particles	and	SU(3)	×	SU(2)	×	U(1)	quantum	numbers:	

• Lagrangian:		 	 	 gauge	interactions	
	 	 	 	 	 	 matter	fermions	
	 		 	 	 	 	 Yukawa	interactions		
	 		 	 	 	 	 Higgs	potential

•

•

•

Where	are	we	now?

Tested	<	0.1%	
before	LHC

Testing	now	
in	progress



Higgs	Boson	Couplings



LHC	Measurements	
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Theory

LHC pp
p
s = 13.6 TeV

Data 29.0 � 31.4 fb
�1

LHC pp
p
s = 13 TeV

Data 3.2 � 140 fb
�1

LHC pp
p
s = 8 TeV

Data 20.2 � 20.3 fb
�1

LHC pp
p
s = 7 TeV

Data 4.5 � 4.6 fb
�1

LHC pp
p
s = 5 TeV

Data 0.255 � 0.3 fb
�1

Standard Model Total Production Cross Section Measurements Status: October 2023

ATLAS Preliminary

p
s = 5,7,8,13,13.6 TeV

Higgs	
production

Agree	with	the		
Standard	Model



It	Walks	and	Quacks	like	a	Higgs
• Couplings	scale	~	mass,	with	scale	~	v

JE & Tevong You



Emerging	Decay	Mode:	H → Zγ

Signal	strength	 	[mes	Standard	Model	value	
Negligible	change	in	NLO	QCD	
Higher-order	EW	unimportant	

Sta[s[cs?	BSM	physics?

μ = 2.2 ± 0.7
Buccioni,	Devoto,	Djouadi,	JE,		

Quevillon,	Tancredi,	arXiv:2312.12384

ATLAS	&	CMS,	arXiv:2309.03501

Chen,	Chen,	Qiao	&	Zhu,	
arXiv:2404.11441

Boto,	Das,	Romão,	Saha	&	Silva,	
arXiv:2312.13050



H → Zγ
Buccioni,	Devoto,	Djouadi,	JE,	Quevillon,	Tancredi,	arXiv:2312.12384



BSM	Scenario	for	H → Zγ

Boto,	Das,	Romão,	Saha	&	Silva,	arXiv:2312.13050

Mixing	parameter:



HHH, VVHH

BSM	physics?



Search	for	Triple-H	Coupling 



Search	for		
HHH	Coupling 



ATLAS	Collabora[on,	arXiv:2406.09971



CMS	Collabora[on,	arXiv:2407.13554	























Alessandro	Strumia





Is	“Empty	Space”	Unstable?

Latest	experimental	values:	
αs(mZ) = 0.1183 ± 0.0009

	log10
Λ

GeV = 10.9 ± 0.8

                                   LHC





Survey	of	SUSY	searches	in	pMSSM
ATLAS	Collabora[on,	arXiv:2402.01392	

Lines	=	chargino/neutralino	exclusions	in	searches	with	
simplifying	assump[ons	on	spectrum	and	decay	modes	

		Black	=	<	10%	of	pMSSM	models	excluded	
Cream	=	>	90%	of	pMSSM	models	excluded

Many	low-mass	pMSSM	models	consistent	with	constraints	

“Not	dead	yet”

Chargino-Neutralino	plane Neutralino2-Neutralino1	plane

Monty	Python	and	the	Holy	Grail





Quo	Vadis	 ?gμ − 2

• New	Fermilab	result	confirms	previous	measurements,	uncertainty	
reduced	by	factor	~	2



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



Latce	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	Latce	Calcula[ons



Updated	CMD-3	
Measurement	

of	HVP

HVP	discrepancy	
	

Consistent	with	no	BSM	signal

(gμ − 2) −
Δaμ = (49 ± 55) × 10−11

CMD-3	Collabora[on,	arXiv:2309.12910

	form	factore+e− → π+π−

Comparison	with	previous	results



New	Latce	Calcula[on	of	gμ − 2

Boccalet	et	al,	arXiv:2407.10913	



	in	Benchmark	SUSY	Scenariosgμ − 2

Comparison	of	experimental	and	theore[cal	es[mates	of	 		
with	calcula[ons	in	supersymmetric	models	including	benchmarks

Δaμ

JE,	Olive,	Spanos,	arXiv:2407.08679	

× 10−10



Impacts	on	Other	Observables

• Important	effects	on	 ,	HFS,	lesser	effects	on	 ,	ge − 2 αem sin2 θW

gμ − 2

ge − 2

gτ − 2

	@	Zαem

sin2 θW

HFS

Luzio,	Keshavarzi,	Masiero	&	Paradisi,	arXiv:2407.01123



	in	SUSY	Models	gμ − 2

• LHC	constraints	on	strongly-interac[ng	spar[cles	exclude	
significant	contribu[on	to	 	in	CMSSM	

• Violate	universality	in	gaugino	masses:	 ?	NUGM	

• Violate	universality	in	sfermion	and	Higgs	supersymmetry-
breaking	masses:	 other	squarks,	sleptons	and	
Higgs	masses?	NUHM3	

• Can	accommodate	“any”	value	of	

gμ − 2

M1 ≠ M2 ≠ M3

mt̃, mb̃, mτ̃ ≠

gμ − 2



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



Non-Universal	SUSY	Scenarios
NUGM NUHM3

Colour-coded	according	to	 	values	
(Benchmarks	indicated	by	triangles)	

gμ − 2

JE,	Olive,	Spanos,	arXiv:2407.08679	



Non-Universal	SUSY	Scenarios
NUGM NUHM3

Dark	maxer	density,	 	and	scaxering	cross	sec[onsmH

JE,	Olive,	Spanos,	arXiv:2407.08679	



Comparison	of	Benchmarks	with	ATLAS	Limits

Prospects	for	future	discovery
JE,	Olive,	Spanos,	arXiv:2407.08679	

Shaded	regions	excluded	
by	different	ATLAS	searches	

NUGM	benchmarks	
NUHM3	benchmarks


