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Who	ordered	that?
Isidor Isaac	Rabi	on	the	muon	discovery	in	1936	



We	already	have	“OBSERVATIONAL”	facts	telling	us	that	
the	SM	of	particle	physics	needs	to	be	supplemented	by	some	
NEW	Physics		particles	and/or	interactions	going	Beyond	the	SM

NEUTRINO	MASSES

DARK	MATTER

COSMIC	MATTER-
ANTIMATTER	ASYMMETRY

DARK	ENERGY

PRIMORDIAL	INFLATION



T.	Kajita,	ICHEP	2022



F.	Maltoni,	INFN	-70	:	Theory	- Collider	Physics,	2022	



BSM	Direct	Searches	
High-Energy	Frontier	à produce	and	observe	BSM	new	heavy particles

The	gauge	hierarchy	
issue	was	(arguably)	
suggesting	the	presence	
of	an	SM	ultraviolet	
completion	at	the

TeV scale	

à hence,	exploring	the	
TeV high-energy	
frontier we	(arguably)	
expected	to	find	new	
particles,	but	this	was

not the	case



However,	there	are	still	experimentally		allowed	corners	of	the	TeV BSM	
physics	where	some	new	particles	could	have	mass	<	or	even	<<	O(TeV)	

SUSY	
example:
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BSM	INDIRECT SEARCHES		

PRECISION Physics
from	HIGH to	LOW Energies	



ELW.	PRECISION	PHYSICS



The	present	difficult	life	of	an	EW	global	fitter	







Nature	607	(2022)	52 Nature	607	(2022)	60



P.	Paradisi,	muEDMWorkshop	Pisa,	2022



P.	Paradisi,	muEDMWorkshop	Pisa,	2022

SENSITIVITIES	TO	RELEVANT	LOW-ENERGY	OBSERVABLES



P.	Paradisi,	muEDMWorkshop	Pisa,	2022

LFV,	(g	– 2)lept and	(EDM)lept correlations	in	Effective	Theories



Non-diagonality of the slepton mass 
matrix in the basis of diagonal lepton 
mass matrix depends on the unitary 
matrix U which diagonalizes (fn+ fn)

~

SUSY SEESAW: Flavor universal SUSY breaking and 
yet large lepton flavor violation

Borzumati, A. M. 1986   (after discussions with 
W. Marciano and A. Sanda)

LFV and leptonic dipole physics can (fairly easily) get sizeable enhancement 
if BSM new physics is present

Example with
BSM physics =
low-energy SUSY



Antusch, Arganda, Herrero, Teixeira



Fundamental Physics in 
Small Experiments



Fundamental Physics in 
Small Experiments



During	the	long	sequel	of	restless	attempts	of	
finding	experimental	evidences	or	at	least	hints	of	
NEW	PHYSICS	beyond	the	SM	along	the	
traditional	High-Energy	(HE)	and	High-Intensity	
(HI)	paths,	several	3	or	even	4	σ signals	at	variance	
w.r.t.	the	SM	expectations	have	shown	up,	but		
they	have	also	(rather	sooner	than	later)	
invariably	faded	away.				

A	remarkable	exception	is	represented	by
the	anomalous	magnetic	moment	of	the	muon

which	has	been	for	several		years	now		and	still represents	a	major	observational
evidence	along	the	HI	frontier	of		the	possible	presence	of	NEW	PHYSICS

The	other	more	recent	hint	of	NEW	PHYSICS	along	these	two	roads	is	again	in	the	HI	frontier,	namely	the	possible	
violation	of	lepton	flavour	universality	in	some	B-meson	semileptonic decays.

On	the	“old”	muon	g-2	puzzle



April	7th 2021

The	OLD (g-2)μ puzzle	





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

Crivellin,	Hoferichter,	Manzari,	Montuli;
de	Rafael;							Malaescu,	Schott;	
Colangelo,	Hoferichter,	Stoffer



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

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



Pseudoscalar 1σ	solution	bands	
to	the	g-2	muon	anomaly	taking	
Λ =	1	TeV

Marciano,	A.M.,	
Paradisi,	Passera ‘16



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



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,	Edinburgh	
2022,	on	behalf	of	the	
ETM	Collaboration



C.	Lehner,	Workshop	of	the	
Muon	g-2	Theory	Initiative,	
Edinburgh,	Sept.	2022	



The	NEW	g-2	puzzle

If	the	new	lattice	results	*	– i.e.,		BMWc &		(only	for	the	(SD)	+	W	windows,	but	
not	for	the	relevant	LD	window)	Mainz	2022+ETMC	2022	+	RBC/UKQCD	2022	
are	correct	(and	will	be	confirmed	also	for	the	LD	window!),	then:

i)	The	“old”	g-2	discrepancy	would	be	basically	gone,	but

ii)	A	new	significant	discrepancy	between	the	e+	e- data- driven	and	lattice	
QCD	evaluations	of		aμHVP becomes	quite	significant		(>	4σ)	

*	The	lattice	FNAL/QCDMILC	collaboration	is	going	to	unblind its	data	soon



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

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



NP	coupled	both	to	hadrons and	electrons

a	POSITIVE	SHIFT	on

3.

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



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)



Examples	of	benchmark	values	for	mZ’ and		Z’	
couplings	to	electrons	and	up- and	down-
quarks	suitable	to	solve	the	g-2	discrepancy

Di	Luzio,	A.M.,	Paradisi,	Passera 2112.	08312



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



à NO,	NP	cannot	spoil	the	
validity	of	such	extraction



Carloni Calame,	Passera,	Trentadue,	
Venanzoni,	PLB	2015





NEW



PRECISION	PHYSICS		- (g-2)μ

Courtesy	of	G.	Martinelli

New	Physics



Great	moment	to	vigorously	develop	a	synergistic		project	involving	different	
experimental	and	theoretical	physics	communities	looking	for	

NP	signals	in	PRECISION	PHYSICS

searches	going	from	the	high	energies	of	large-scale	collider	experiments
to	smaller (up	to	few	GeVs)		and	much	smaller	(atomic,	molecular	physics)	

energies of	mid- and	small-scale	experiments	on	LFV	and	leptonic
dipole	physics

Happy	birthday	to	the	new	
research	programme	on	
Precision	Physics	in	Liverpool		!



BACK-UP	SLIDES









e+e-à π+π- dominance	of	the	low-energy	hadronic	cross-section	





HADRONIC	VACUUM	POLARIZATION	CONTRIBUTION

Ab-initio lattice	calculations

Dispersive	relations,	
e+e- à hadrons exps.	



LFV IN CHARGED LEPTONS FCNC

Li - Lj  transitions through W - neutrinos mediation 

GIM suppression  ( mn / MW ) 2                      forever invisible
New mechanism: replace SM GIM suppression with a new 
GIM suppression where mn is replaced  by some ∆M >> 
mn.

Ex.: in SUSY Li - Lj  transitions can be mediated by  
photino - SLEPTONS exchanges, 

BUT in CMSSM (MSSM with flavor universality in the 
SUSY breaking sector) ∆M sleptons is O( mleptons), hence 
GIM suppression is still too strong. 

How to further decrease the SUSY GIM suppression
power in LFV through slepton exchange? 



LFV in SUSYGUTs with SEESAW

MPl MGUT MR MW

Scale of appearance of the SUSY soft breaking terms
resulting from the spontaneous breaking of supergravity 
Low-energy SUSY has “memory” of all the multi-step RG
occurring from such superlarge scale down to MW

potentially large LFV

Barbieri, Hall; Barbieri, Hall, Strumia; Hisano, Nomura, 
Yanagida; Hisano, Moroi, Tobe Yamaguchi; Moroi;A.M.,, Vempati, Vives;
Carvalho, Ellis, Gomez, Lola; Calibbi, Faccia, A.M, Vempati
LFV in MSSMseesaw:  µ eg Borzumati, A.M.

t µg Blazek, King;
General analysis: Casas Ibarra; Lavignac, Masina,Savoy; Hisano, Moroi, Tobe, 

Yamaguchi; Ellis, Hisano, Raidal, Shimizu; Fukuyama, Kikuchi, Okada; 
Petcov, Rodejohann, Shindou, Takanishi; Arganda, Herrero; Deppish, Pas, 
Redelbach, Rueckl; Petcov, Shindou



P.	Paradisi,	muEDMWorkshop	Pisa,	2022



B.	Chislett,	Workshop	of	the	Muon g-2	Theory Initiative,	Edinburgh,	Sept.	2022

• Run-1	result	confirmed	the	BNL	result	with	only	
6%	of	our	total	statistics	so	far

• Run-2/3	result	expected	to	be	published	early	
next	year

• ~	2x	improvement	on	the	statistical	
error

• Reduction	in	the	systematic	errors,	
closing	in	on	the	TDR	goal

• Would	be	helpful	to	have	a	
recommendation	for	what	theory	
prediction(s)	to	compare	to	in	the	
paper

• There’s	still	more	data	to	analyse with	runs	4	
and	5	and	we’ll	add	more	with	run	6

The	EXP.	prospects











The	EXP.	situation

20	years	ago!

last	year!



The	4	classes	of	SM	contributions:	uncertainty	largely	dominated	by	the	
hadronic	contributions	in	Vacuum	Polarization	(HVP)		and	Light-by-Light (HLbL)	

C.	Lehner,	April	8,	2021	- CERN	EP	Seminar











some	conclusive	thoughts:

• attempt	to	solve	the	”new”	muon	g-2	puzzle	introducing	NP	which	modifies		σ
(e+e- à hadrons),	but	without	affecting	aμHVP :																																																																									
a)	NP	à light	(<1	GeV)	vector	Z’	coupling	only	to	electrons	and	hadrons;																																																																																						
b)	the	experimental	constraints	on	the	size	of	such	couplings	prevent the	Z’	
exchange	to	provide	the	needed	enhancement	of	the	hadronic	σ to	suitably	
address	the	new	g-2	puzzle

• Two directions	to	be	vigorously	pursued:																																																																										
i)	perform	new	independent	lattice	QCD	computations	of	the	HVP	contribution	to	
aμ to	assess	the	validity	of	the	BMWc result	;																																																																		
ii)	identifies	new experimental	ways	to	probe	aμHVP (the	MUonE exp.	can	(hopefully	
reasonably)	soon	provide	an	independent	determination	of	the	leading	hadronic	
contributions	to	aμ alternative	to	both	the	dispersive	and	lattice	methods)





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)



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)


