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How	to	approach	the	“Unknown”
High-Energy	Frontier		à
New	Physics	(NP)	at	large	energy	scales

Next	generation	Astro-Particle	
experiments (DM,	DE,	neutrinoless ββ-
decay,	observational	cosmology,	
multimessenger and	multiwalengths physics)	
à exploring	large	distances	and	times,	feebly	
or	very	feebly	coupled	NP

To	proceed	along	the	above	two	frontiers	(in	particular	the	HE	one)	à
LARGE-SCALE	experiments	and	Research	Infrastructures		on	earth	or	in	
space	(HE	particle	colliders,	telescopes	,	large	volume	detectors)	
demanding	increasingly	LARGER	TIME-SCALES	(from	the	proposal	to	
the	operational	phase)	and	LARGER	COSTS	



The	HE	particle	collider	road:	past,	present	and	future

C.	Llewellyn	Smith,	Erice 2022	



C.	Llewellyn	Smith,	Erice 2022	



Complementary	(not ALTERNATIVE!)	approach	à
HIGH-PRECISION	EXPS.	in	SMALL/MID-SCALE		RIs

Low-energy	high-precision	exps.	can	exploit	:
• many	recent	advances	in	experimental	techniques	and	technologies +	
(experimental	as	well	as	theoretical)	synergies with	adjacent	areas	of	
particle	physics	(atomic,	molecular,	optical,	nuclear,	particle	physics)

• the	relevant	impact	of	quantum	mechanical	virtual	effects	on	physical	
phenomena	à access	to	the	exploration	of	BSM	new	physics	areas	(large	
energy	scales,	very	feebly	coupled	new	particles,	hidden	sectors,	etc.)	
difficult	to	be	probed	by	traditional	HE	particle	physics

SYNERGY between	small/mid-scale	&	large-scale	experiments	à casting	a	
wider	and	tighter	net	for	possible	effects	of	BSM	physics		

Community	Planning	Exercise:	Snowmass	2021		Blum,	Winter	et	al.			
arXiv:2209.08041v2	



The	(intertwined)	precision	physics	in	this	talk

• Leptonic magnetic	dipole	moments (g-2)l	 l	=	e,	μ,	τ

• Electric	dipole	moments	(EDMs)

• Lepton	Flavour	Universality	(LFU)

• Charged	Lepton	Flavour	Violation (CLFV)



April	7th 2021

The	OLD (g-2)μ puzzle	

3-4σ	discrepancy	between	exp.	
result	and	SM	prediction		

CONSTANTLY with	us	for	
a	couple	of	decades!
(and	last	August	it	even	became	>	5σ	
comparing	the	exp.	result	with	the	
SM	expectation	in	the	White	Paper	
WP20	by	the	Muon	g-2	Th.	Initiative)



0.14	ppm



NEW	PHYSICS	for	the	muon	g-2:	at	which	scale?

On	the	other	hand,		HE	experiments	(LEP,	Tevatron,	LHC)	have	NOT	provided	any	clue	for	the	presence
of	new	(charged)	particles	at	the	ELW.	scale		

P.	Paradisi,	La	Thuile 2021

The	case	of	AXION-LIKE	PARTICLES	(ALPs)



Marciano,	AM,	Paradisi,	
Passera ‘16;				Bauer,	Neubert,	
Thamm ‘17;			Bauer,	Neubert,
Renner,	Schnubel,	Thamm ‘19;		
Cornella,	Paradisi,	Sumensari ‘19



HVP:	the	major	source	of	uncertainty	in	the	muon	g-2	SM	computation	



E.	Barsal-Yucel,	Lepton	Photon	2023



BMWc20:	S.	Borsanyi et	al.	2002.12347,	published	on	Nature,	April	7,	2021
first	published	lattice	result	with	sub-percent	precision!	

0.8%	precision!

2-2.5σ	tension	between	the	
BMWc lattice	result	and	
the	dispersive	evaluations



New	result	on	R(s)	from	CMD3	
(VEPP	– 2000	Novosibirsk)



F.	Ignatov	(CMD-3	Coll.),	6th Plenary	
Workshop	TI,	Bern,	Sept.	4	2023





G.Gagliardi,	Workshop	of	the	Muon	g-2	Theory	Initiative,	Edinburgh,	Sept.	2022	



Colangelo,	El-Khadra,	Hoferichter,	Keshavarzi,	Lehner,	
Stoffer,	Teubner,	arXiv:2205.12963v2	(2022)



G.	Gagliardi,	6th Plenary	Workshop	TI,	Bern,	Sept.	4	2023



à NO,	NP	cannot	spoil	the	
validity	of	such	extraction



New	Physics	to	solve	the	new	muon		g-2	puzzle	?	

L.	Di	Luzio,	A.M.,	P.	Paradisi,	M.	Passera,		PLB	2022			(arXiv 2112.08312)

Not	including	CMD3



Keshavarzi,	Marciano,	Passera,	
Sirlin,	PRD	2020	(updated	2021)



NP	coupled	both	to	hadrons and	electrons

a	POSITIVE	SHIFT	on

SUBTRACTION since	NP	does	NOT contribute	
to	the	HVP	at	the	LO,	but	it	DOES	contribute	to	
the	cross-section	at	the	LO

but	not directly	to	the	muons	
!

Alternatively,	one	could	invoke	NP	intervening	in	Bhabha scattering,	
see	Darmé,		Grilli di	Cortona and	Nardi,		arXiv 2112.09139



The	unique	scenario	to	obtain	such	a		SIZEABLE	NEGATIVE	interference

• SIZEABLE	à TREE-LEVEL contribution	to	modify	σhad at	 𝒔� <	1	GeV		
(hence,	sub-GeV	mediator	coupling	to	the	hadronic	and	electron	
currents	at	tree-level)

• NEGATIVE	INTERF.	à NP	particle	couples	via	a	VECTOR	current	to	
the	u,	d	quarks	(given	the	dominance	of	the	π+π- channel)



However,	severe	constraints	on	the	Z’	couplings	to	electrons	and	to	hadrons

(rescaling	the	lattice	QCD	calculation	of	Frezzotti,	Gagliardi,	
Lubicz,	Martinelli,	Sanfilippo and	Simula 2112.01066)



At	least	TWO independent	bounds	prevent to	get	a	sizeable	contribution	
to	Δaμ modifying	σhad via	Z’	exchange	to	solve the	“new”	μ g-2	puzzle



However,	Coyle	and	Wagner	have	recently	claimed	that	it	is	possible	to	overcome	the	mentioned	
obstruction	(in	particular	the	isospin	breaking	constraint)	by	taking	a	large	gVu – gVdwith	a	Z’	mass	
near	the	ρ resonance	mass	of	770	MeV	– a	lattice-QCD	calculation	is	needed	to	provide	a	more	
precise	evaluation	of	the	isospin	breaking	replacing	the	massless	photon	with	a	massive	Z’	boson

Coyle	and	Wagner	arXiv:2305.02354v2	



Sensitivity	of	other	physical	observables	to	
[δaμHVP]NP	=	[aμHVP]LQCD&DR,CDM3	– [aμHVP]DR,WP202

If	and	to	which	extent	the	discrepancy	between	the	leading	HVP	
to	the	muon	g-2	computed,	on	one	side,		making	use	of	the	lattice	
QCD	result	by	the	BMW	collaboration	as	well	as	the	recent	exp.	
results	by	the	CMD-3	collaboration	and,	on	the	other	side,	using	
the	low-energy	e+e- à hadrons	data	used	by	the	Muon	g-2	Theory	
Initiative	can	be	tested	via:
• the	Electron	g-2	(ae)
• the	HyperFine Splitting	(HFS)	in	the	muonium system
• the	Tau	g-2			(aτ)

~3%	shift



In	2008 Gabrielse et	al.	had	
obtained	δaeEXP =	2.8	× 10-13



Improved,	complete	QED	5-loop	contribution	
expected	soon,	Laporta work	in	progress

Kinoshita	et	al.	PRD	2017	– however S.	Volkov PRD	2019	disagrees	by	an	amount	of		~	7	× 10-14

Using	the	most	precise	determination	
of	α	from	Rb Morel	et	al.	Nature	2020

Morel	et	al.		Nature	2020

Parker	et	al.	
Science2018

Jegerlehner EPJ	Web	Conf.	218	(2019)

Kinoshita	et	al.	PRD	
2027;	Laporta PLB	2017

Keshavarzi,	Nomura	
and	Teubner PRD	2020



based	on	low-energy	e+e-à hadrons	data	WITHOUT	the	CMD-3	result

Impact	of	taking	the	CMD-3						result	for	the	low-energy	e+e-à hadrons	on	

?

To	check	the	aμHVP BMW+CMD3 Muon	g-2	TI	tension	through	the	electron	g-2	we	need:	a	
THEORETICAL	PREDICTION	&	an	EXPERIMENTAL	MEASUREMENT	of	ae at	the	level	of	O(10-14)

preliminary			Di	Luzio,	Keshavarzi,	A.M.,	Paradisi and	Passera,		work	in	progress

Naïve	scaling	valid,	for	
instance,	in	MFV	models



Independent	muon	g-2	determination	from	
MUONIUM	SPECTROSCOPY

P.	Strasser,	Workshop	of	the	Muon	g-2	TI	,	Bern,	Sept.	2023	



P.	Strasser,	Workshop	of	the	Muon	g-2	TI	,	Bern,	Sept.	2023	

Also	Laporta is	computing	the	full	3-loop	
QED	contribution



Keshavarzi,	Nomura,	Teubner PRD	2020;	Eides PLB	2019

Dominated	by	the	π+π- channel		
Ongoing	indicates	the	milestones	set	by	the	Mu-MASS	(MuoniuM lAser SpectroScopy)	exp.	
at	PSI	and	MuSEUM (Muonium Spectroscopy	Experiment	Using	Microwave)	at	J-
PARC

Delaunay,	Ohayon,	Soreq PRL	2021		



To	start	testing	the	NP	in	the	mentioned	aμHVP discrepancy:		[
δaμHVP]NP	=	[aμHVP]LQCD&DR,CDM3	– [aμHVP]DR,WP202 (~3%	shift)	
àprobably	we	need	to	reach	for	Δνμexp and	ΔνμSM to	precisions	of	O(few	– 10)	Hz	

Di	Luzio, Keshavarzi,	A.M.,	Paradisi,	Passera work	in	progress

Delaunay,	Ohayon,	Soreq PRL	2021		



An	extreme	challenge:	testing	the	NP	of	the	muon	g-2	
puzzle	through	an	accurate	TH.	and	EXP.	determination	

of	the	TAU	MAGNETIC	MOMENT	
from	global	analysis	of	LEP	and	SLD	data	in	EFT								
Gonzalez-Sprinberg,	Santamaria,	Vidal		NPB	2000

well	above		the	Schwinger’s	1-loop	QED	contribution!	

What	would	be	needed	to	be	sensitive	to	the	NP	accounting	for	the	
muon	g-2	tension:			rescaling	with	(mτ/mμ)2 à aτNP ≃ 10-6

ArXiv:2111.10378v2

Belle	II	symmetry	measurements	with	an	important	polarization	upgrade	of	the	SuperKEKB



The	impressive		potentialities	to	explore	the	
“UNKNOWN”	BSM	physics	

through	the	study	of	the		EDMs
• New	science	opportunities	in	the	(experimental	and	theoretical)	current	and	near-

future	exploration	of	EDMs	for	various	physical	systems	:	electron,	muon,	neutron,	
proton,	atom,	molecule

• Coordinated	program	(with	different	scientific	communities)	of	complementary	EDM	
searches	in	AMO	(Atomic	Molecular	Optical),	NUCLEAR and	PARTICLE	physics

• An	exceptionally	sensitive	way	to	explore	the	NEW	source(s)		of	CP	VIOLATION	
necessary	to	develop	a	cosmic	asymmetry	between	matter	and	anti-matter	starting	
with	a	symmetric	early	universe

• Feasible	to	achieve	in	a	few	years	relevant	improvements	(from	one	to	even	3-4	
orders	of	magnitude)	on	EDM	sensitivities	– in	particular	AMO	physics	considers	it	
realistic	to	achieve	1,	2-3,	4-6	orders	of	magnitude	improvements	in	the	few,	5-10	
and	15-20	year	time-scales,	respectively	



Fundamental	Physics	in	Small	Experiments

μEDM

storage	ring	EDM		(p,	d,	He)

nEDM (now	sensitivity	~10-26

eEDM

τEDM BelleII:	now	~10-18 e	cm	with	beam	
polarization	upgrade	at	SuperKEKBà reach	~10-20	ecm



great	prospects	for	the	(exp.	&	th.)	progress in	the	electron	EDM	physics	



Fundamental	Physics	in	
Small	Experiments



Paradisi,	muEDMWorkshop	Pisa,	2022

LFV,	(g	– 2)lept and	(EDM)lept correlations	in	Effective	Theories
Giudice,	`Paradisi and	Passera JHEP	2012



Physics	Briefing	Book,	input	for	the	European	Strategy	for	Particle	Physics	update	2020,	arXiv:1910.11775v2





S.	Fajfer,	Workshop	on	Implications	of	LHCb measurements	
and	future	prospects,	CERN,	25-27	Oct.2023



An	exciting (challenging	and	promising)	era
for	the	precision	frontier	physics

• The	experimental	and	theoretical	precision	physics	community	has	entered	
an	era	of	unprecedented	precision	experiments

• From	Snowmass	2021:	“While	relatively	small	in	size	and	cost	compared	
to	their	energy	frontiers	cousins,	they	are	large	in	reach	and	discovery	
potential”

• Very	relevant	(I’d	say,	necessary)	to	efficiently	coordinate	the	many	
experimental	and	theoretical	efforts	in	the	area	through	a	convinced	
synergy among	the	various	communities	operating	in	precision	physics	in		
(very)	different experimental,	technological	and	theoretical	environments


