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In	this	last	decade	à the	triumph	of	the

SM	PREDICTS	THAT	NEUTRINOS	ARE	
MASSLESS



Democritus,	Abdera,	
c.460-c.370	BC)

The	25	centuries	old	homework	assigned	to	us	by	

Democritus:

• Divisibility	of	matter	coming	to	an	end:	the	
existence	of	ATOMS – What	are	the	“atoms”	
of	the	21st century?	

• Atoms	succeed	to	move	because	there	exists	the	
VOID between	an	atom	and	another	atom	-
What	is	the	modern	QUANTUM	VACUUM?

• Atoms	move	AT	RANDOM	in	the	empty	
space		and	through	their	collisions	they	give	rise	
to	all	the	objects	in	the	universe	-->	Randomness	
vs	Necessity	of	the	values	of	the	fundamental	
parameters	in	the	quantum	field	theories	of	
elementary	particles.	

Colui che ‘l	mondo A	CASO	
pone	(	He	who	the	world	
places	AT	RANDOM)		
Dante,	Divina	Commedia,	
Inferno	IV	136



THE HIGH-ENERGY ROAD



THE FERMION MASS PUZZLE



UNIFICATION of
FUNDAMENTAL INTERACTIONS

Courtesy of H. Murayama



NUCLEUS b-DECAY 

(Nuclear) WEAK Interactions



SM	OF	ELEMENTARY	PARTICLES	 AND	FUNDAMENTAL	INTERACTIONS

MATTER

RADIATION



Only	one	fundamental	interaction?

Adding	new	SUperSYmmetric (SUSY)	particles	(partners	of	the		SM	
particles)	with	masses	of	O	(100GeV	– few	TeV)



2012
EXP.

From	massless to	massive	(matter	
and	radiation)	particles			à addition	
of	a	scalar	field,	the	HIGGS	BOSON		
à construction	of	an	energy	
potential	of	H	such	that	it	is	
minimized	by	a	non-vanishing	value	
of	H		,	i.e.	the	“Higgs	VACUUM	
expectation”		is			DIFFERENT	
from	ZERO.	

The	“deus ex	machina”:	
the	HIGGS	Boson



THE HIGH-INTENSITY ROAD

Discovering the presence of the 
heavy up-type quarks through their 
virtual effects on physical processes

Looking for NEW 
PARTICLES through 
their virtual effects à
discrepancies w.r.t. 
the SM predictions



ELW.	PRECISION	PHYSICS



M.	Pepe-Altarelli,	Erice School,	June	2023













J.	de	Kleuver

THE	ASTRO-PARTICLE	PHYSICS	ROAD



Beyond	the	SM	physics



How	to	cope	with	the	GAUGE	HIERARCHY	“PROBLEM”



MICRO MACRO
PARTICLE	PHYSICS COSMOLOGY

GWS	STANDARD	MODEL HOT	BIG	BANG	
STANDARD	MODEL

HAPPY	MARRIAGE	
Ex:	NUCLEOSYNTHESIS

BUT	ALSO POINTS	OF	
FRICTION

- COSMIC	MATTER-ANTIMATTER	ASYMMETRY
- INFLATION
- DARK	MATTER	+	DARK	ENERGY

“OBSERVATIONAL” EVIDENCE	FOR	NEW	PHYSICS	BEYOND	THE	
(PARTICLE	PHYSICS) STANDARD	MODEL

NUCLEAR	
ASTROPHYSICS

NEW	SOURCE	OF	CP	VIOLATION

NEW	SCALAR	POTENTIAL

NEW	PARTICLES	AND	INTERACTIONS

UNIVERSE	EXPANSION	
(SM	COSMOLOGY)					

+
ELECTROWEAK	INTERACTIONS

(SM	PARTICLE	PHYSICS)

nB/n𝛾 from	BBN	
few	minutes	after	BB		
confirmed	by	CMB
350	kyrs after	BB	





G.	Bertone,	Erice School,	June	2023



The Ten Commadments to respect to be a
“good” DM candidate

NONE OF THE SM PARTICLES CAN 
BE A GOOD DM CANDIDATE !











The	speed	at	which	the	universe	expands	“has	to	decrease” since	only	
the	attractive	gravitational	force	is	in	action,	and	yet,	on	the	contrary….



€ 

Gµν =
8πG
c 4
Tµν

General	Relativity	(1915)

Space-time	GEOMETRY Mass-energy	content

Einstein’s	GR	equation	predicts	that	the	universe	
expands	à to	avoid	such	expansion	Einstein	introduces	
a			COSMOLOGICAL	CONSTANT			+	Λ gμν

After	Hubble	experimentally	discovers	that	the	universe	is	actually	
expanding	--à Einstein	comments	”	adding	a	cosmological	constant	
to	my	eq.	was	the	GREATEST	BLUNDER	of	my	career!

Today	we	reintroduce	such	a	cosmological	constant	with	a	specific	value	to	ensure	the	accelerated	expansion	

of	the	universe	à is	such	a	cosmological	constant	related	to	the	Quantum	Vacuum	
Energy	the	source	of	the	DARK	ENERGY causing	the	accelerated	expansion	of	
the	universe?	







+		lack	of		UNIFICATION	of	the	
ELW.	and	strong	interactions

+lack	of	a	physical	“explanation”	of		the	
(largely	different)	masses	and	mixings	
of	the	fermions



THE	MISTERY	OF	THE	5	NUMBERS	THAT	
THE	SM	IS	UNABLE	TO	EXPLAIN	

NEUTRINO		MASS

WHAT	IS	DM	MADE	OF?

ENERGY	OF	THE	
QUANTUM	VACUUM?

WHAT	PRODUCED	THE	COSMIC	
MATTER-ANTIMATTER	ASYMMETRY

COSMOLOGICAL	CONSTANT	PROBLEM	
(QUANTUM	VACUUM	ENERGY?)

68	%%

27	%%



There	are	more	things	in	heaven	and	earth,	Horatio,	
Than	are	dreamt	of	in	your	philosophy

Hamlet,	Act	1	Scene	5


