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MICRO-COSMOS MACRO-COSMOS

The	oldest	“selfie”	of	the	Universe



LECTURE	I
• The	Standard	Models of	Micro- and	Macro-Cosmos

• Critical	assessment	of	the	Standard	Model	(SM)of	
Elementary	Particles	and	their	Fundamental	
Interactions

• WHY	and	HOW	to	go	Beyond	the	SM	(BSM	physics):	
the	need	of	BSM	PHYSICS	(new	particles	and	new	
interactions)	and	the	THREE	ROADS	to	go	BSM	(the	
High-Energy,	High-Intensity	and	Astroparticle Physics	
roads)



In	this	last	decade	à the	triumph	of	the



UNIFICATION of
FUNDAMENTAL INTERACTIONS

Courtesy of H. Murayama



HUNTING FOR THE QUARKS



STANDARD	MODEL	OF	ELEMENTARY	PARTICLES	AND	THEIR	INTERACTIONS



The HIGGS BOSON CONDENSATE
• “SOMETHING” fills the Universe: it 

“disturbs” Weak interactions making 
them SHORT-RANGED, while it does 
NOT affect gravity or 
electromagnetism.

• WHAT IS IT? 
• Analogy with 

SUPERCONDUCTIVITY: in a 
superconductor the magnetic field 
gets repelled ( Meissner effect) and 
penetrates only over the “penetration 
length”, i.e. the magnetic field is short-
ranged            source which disturbs 
are the boson condensates, Cooper 
pairs.

• We are “swimming” in Higgs Boson 
Condensates             its value at the 
minimum of its potential determines 
the masses of all particles! 



THE FERMION MASS PUZZLE
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THE HIGH-ENERGY ROAD



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



J.	de	Kleuver

THE	ASTRO-PARTICLE	PHYSICS	ROAD



The COUPLING CONSTANTS of fundamental interactions are 
NOT constant, but

RUNNING COUPLING CONSTANTS



Only	one	fundamental	interaction?



Grand Unified Theories - GUTs

?

BIG DESERT: Nothing new beyond the SM, i.e. 
no new particles and interactions between MW
and MGUTà NO GUT



-- hints	of	violation	of	the	lepton	
flavor	universality	in	semileptonic
B	decays(??)

• Value	of	the	Hubble	constant						
measured	today	or	inferred	from	the	
Planck	results	on	the	CMB

>	4σ



New	source(s)	of	CP	violation

New	particles	and	
interactions

New	scalar	potential









+		lack	of		UNIFICATION	of	the	
ELW.	and	strong	interactions

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





LECTURE	II
• Lepton	and	Baryon	numbers	in	the	SM	and	in	GUTs

• The	NEUTRINO	MASS	problem

• The	GAUGE	HIERARCHY	problem	

• Natural	and	unnatural	solutions	to	the	gauge	hierarchy	problem

• Low-energy	Supersymmetry	(SUSY)

• Theories	with	EXTRA-DIMENSIONS

















Notice	that,	on	the	contrary,	for	fermion	
masses	the	radiative	corrections	are	only	
logarithmically	divergent









or	the	SM	cannot be	considered	an	
EFFECTIVE	THEORY	

• In	physics	properties	at	an	energy	scale	m	<<	M		do	not	strictly	depend	
on	the	detailed	knowledge	(of	the	parameters)	at	M	where	a	“more	
fundamental”	theory	sets	in	(for	instance,	to	study	atomic	physics	you	
don’t	need	a	detailed	knowledge	of	the	nuclear	physics	inside	the	
nucleus	of	the	atom,	or	to	explore	nuclear	physics	you	don’t	need	a	
detailed	knowledge	of	the	QCD	(Quantum	Chromo-Dynamics)	ruling	the	
dynamics	of	the	quarks,	etc.)	à at	each	energy	scale	we	consider	the	
effective	theory	holding	at	that	scale	removing	all	the	degrees	of	freedom	
related	to	the	physics	at	a	much	larger	scale	(or	much	smaller	distance)

• On	the	contrary,	the	dynamics	of	the	SM,	in	particular	the	scale	at	which	
the	electroweak	symmetry	breaking	occurs,	would	strictly	depend	on	the	
relations	of	parameters	of	a	fundamental	theory	setting	in	at	a	scale	16	
orders	of	magnitude	larger	than	the	elw.	energy	 scale	!	



Ideology

HEP before the LHC HEP before the F.C.

W boson

Top

Higgs
SUSY, etc.



Ideology

HEP before the LHC HEP before the F.C.

W boson

Top

Higgs
SUSY, etc.

Ultimate Accelerator.

Drawn by Fermi in the ’50
to reach 3 TeV.

The manifesto of HEP!

A. Wulzer 2019  at 
the Town Meeting  

of EU Particle 
Strategy in Granada, 

13-16 May 2019



High Energy Physics before and after the LHC

Particle physics is not validation anymore, rather it 
is exploration of unknown territories

W boson

Top

Higgs
SUSY, etc.

? ? ?

HEP before the LHC HEP after the LHC

This is good:
next discovery will be revolutionary

This is bad:
F.C. potential cannot be evaluated on few uniquely identifiable  

benchmarks (e.g., Higgs for LHC). Selection made in what follows.

A. Wulzer 2019  
at the Town 

Meeting  of EU 
Particle 

Strategy in 
Granada











THE SUSY PATH





HIERARCHY PROBLEM: THE SUSY WAY
SUSY HAS TO BE BROKEN AT A SCALE CLOSE 
TO 1TeV          LOW ENERGY SUSY
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ON THE WAY TO 
SUPERSYMMETRIZE THE SM



D. KAZAKOV





IN SUSY WE NEED TO INTRODUCE AT LEAST TWO 
HIGGS DOUBLETS IN ORDER TO PROVIDE A MASS 
FOR BOTH THE UP- AND DOWN- QUARKS



SPONTANEOUS BREAKING OF 
SUSY

• FIRST ATTEMPT: SPONTANEOUS 
BREAKING OF SUSY ( letting history teach: 
since spontaneous breaking of the 
electroweak symmetry was so successful, try 
to repeat it in the SUSY case)                
PROBLEM:    NO phenomenologically 
viable model results from spontaneously 
broken SUSY ( ex: one of the two selectrons 
remains lighter than the electron…)



2nd ATTEMPT TO BREAK SUSY:
THE EXPLICIT BREAKING

• WISH: add to the SUSY version of the SM 
Lagrangian some terms which are NOT SUSY 
invariant, i.e. add an explicit breaking of SUSY, but 
try to PRESERVE the nice properties of having 
SUSY in the game ( for instance, still quadratic 
divergences should be absent even when SUSY is 
explicitly broken)                  special class of 

explicitly breaking terms called  SOFT 
BREAKING TERMS OF SUSY



THE BASKET WHERE TO PICK UP 
THE WANTED  ( OR NEEDED) SUSY SOFT BREAKING TERMS



THE FATE OF B AND L IN THE 
SM AND MSSM

• IN THE SM B AND L ARE “AUTOMATIC” SYMMETRIES: NO B or L 
VIOLATING OPERATOR OF DIM.≤4 INVARIANT UNDER THE GAUGE 
SIMMETRY SU(3) X SU(2) X U(1) IS ALLOWED ( B AND L ARE 
CONSERVED AT ANY ORDER IN PERTURBATION THEORY, BUT 
ARE VIOLATED AT THE QUANTUM LEVEL  (ONLY  B – L IS EXACTLY  
PRESERVED )

• IN THE MSSM, THANKS TO THE EXTENDED PARTICLE SPECTRUM 
WITH NEW SUSY PARTNERS CARRYING B AND L, IT IS POSSIBLE 
TO WRITE ( RENORMALIZABLE) OPERATORS WHICH VIOLATE 
EITHER B OR L  

• IF BOTH B AND L VIOLATING OPERATORS ARE 
PRESENT, GIVEN THAT SUSY PARTNER MASSES  ARE OF O(TEV), 
THERE IS NO WAY TO PREVENT A TOO FAST PROTON DECAY
UNLESS THE YUKAWA COUPLINGS ARE INCREDIBLY SMALL!



ADDITIONAL DISCRETE SYMMETRY IN THE 
MSSM TO SLOW DOWN P - DECAY

• SIMPLEST (and nicest) SOLUTION: ADD A SYMMETRY WHICH FORBIDS ALL B 
AND L VIOLATING OPERATORS

R PARITY

• SINCE B AND L 4-DIM. OPERATORS INVOLVE 2 ORDINARY FERMIONS AND A 
SUSY SCALAR PARTICLE, THE SIMPLEST WAY TO ELIMINATE ALL OF THEM:

R = +1 FOR ORDINARY PARTICLES
R = - 1 FOR SUSY PARTNERS

IMPLICATIONS OF IMPOSING R PARITY:
i) The superpartners are created or destroyed in pairs;
ii) THE LIGHTEST SUPERPARTNER IS ABSOLUTELY 

STABLE



BROKEN R PARITY
• PROTON DECAY REQUIRES THE VIOLATION 

OF BOTH B AND L
NOT NECESSARY TO HAVE R 

PARITY TO KILL B AND L VIOLATING 
OPERATORS

ENOUGH TO IMPOSE AN 
ADDITIONAL DISCRETE SYMMETRY TO 
FORBID EITHER B OR L VIOLATING 
OPERATORS;  RESTRICTIONS ON THE  
YUKAWA COUPLINGS OF THE SURVIVING B 
OR L VIOLATING OPERATORS 



FROM THE MSSM TO THE CMSSM ( constrained MSSM)

PROLIFERATION OF PARAMETRS IN THE SOFT BREAKING SECTOR OF THE MSSM: 
OVERALL NUMBER OF PARAM. IN THE MSSM IS

1 2 4

CMSSM



CMSSM + RADIATIVE ELW. BREAKING: 
A 4 – PARAMETER WORLD

• FREE PARAM. IN THE CMSSM :

IMPOSING THE RAD. BREAKING OF THE ELW. 
SYMMETRY  ONE ESTABLISHES A RELATION BETWEEN 
THE ELW. BREAKING SCALE AND THE SOFT SUSY 
PARAMETERS FURTHER REDUCING THE NUMBER OF 
THE FREE PARAM. IN THE CMSSM TO FOUR , FOR 
INSTANCE THE FIRST FOUR PARAM. ABOVE + THE SIGN 
OF µ ( THE ELW. SYMM. BREAKING FIXES ONLY THE 
SQUARE OF µ



LOW-ENERGY SUSY AND 
UNIFICATION 



Lecture III
• The DARK SIDE OF THE UNIVERSE:      

DARK MATTER AND DARK ENERGY

• HOW COME THAT WE EXIST:                
THE MYSTERY OF THE COSMIC 
MATTER – ANTIMATTER ASYMMETRY 

• UNIverse or MULTIverse



70% Dark	Energy
26%	 Dark	Matter
4% Nuclear	Matter



Dark Matter

Dynamics of galaxy clusters
Rotational curves of galaxies
Gravitational lensing
Structure formation from primordial density 

fluctuations
Energy density budget

N. Fornengo, Grav. Waves and Cosmology, Varenna, 2017



Velocity dispersion of galaxies in the cluster is too 
large: the cluster should “evaporate”

Much more mass than the visible one is needed

Galaxy cluster

v ~ (800 ÷ 1000) km/s

Zwicky (1933)

hT i ⇠ hv2i
2hT i = �hVTOTi

N. Fornengo, Grav. Waves and Cosmology, Varenna, 2017





Gravitational lensing

A large amount of mass between the background galaxies and us 
can be inferred by the lensing effect

N. Fornengo, Grav. Waves and Cosmology, Varenna, 2017



Structures in LCDM

Simulated Universe
Illustris simulation



Non-baryonic (cold) dark matter is needed
No candidate in the Standard Model(*)

New fundamental Physics

Particle Dark Matter

(*) Standard neutrino:
Too light: act as HDM (not CDM)

Dynamics of galaxy clusters
Rotational curves of galaxies
Gravitational lensing
Structure formation from primordial 

density fluctuations
Energy density budget

N. Fornengo, Grav. Waves and Cosmology, Varenna, 2017













What’s dark matter?



ISAPP, Heidelberg, 15 July 2011 





DM: the most impressive evidence at the 
“quantitative” and “qualitative” levels of 

New Physics beyond SM
• QUANTITATIVE:  Taking into account the latest WMAP 

data which in combination with LSS data provide stringent 
bounds on WDM and  WB EVIDENCE 
FOR NON-BARYONIC DM AT MORE THAN 10 
STANDARD DEVIATIONS!! THE SM DOES NOT 
PROVIDE ANY CANDIDATE FOR SUCH NON-
BARYONIC DM

• QUALITATIVE: it is NOT enough to provide a mass to 
neutrinos to obtain a valid DM candidate; LSS formation 
requires DM to be COLD             NEW PARTICLES NOT 
INCLUDED IN THE SPECTRUM OF THE 
FUNDAMENTAL BUILDING BLOCKS OF THE SM !
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“Strong (-ish)”
Self-interacting
Technicolor DM
…

“EM (-ish)”
Millicharged DM
Electric/magnetic dipole
…

Weak
WIMP

Gravitational

SH-DM

GeV TeVkeVμeV

Majoron

WIMP     SuperheavyNon-WIMP

Particle physics scales

Relic from the early Universe
Thermal
Non thermal

Dynamically: non relativistic (cold)
collisionless

mass of the proton

N. Fornengo, Varenna School, 2017

N. Fornengo



WAVELIKE	
DARK	MATTER



L.	Hsu,		ICHEP	2020



The	following	6	
slides	contain	a	
brief	review	of	the	
computation	of	the	
number	density	
today	of	relic	
massive,	stable	
particles	(DM	
candidates)	which	
were	in	THERMAL	
equilibrium	in	the	
primordial	plasma	
of	elementary	
particles	(the	
computation	leads	
to	their	number	
density	at	the	
moment	the	
number	of	such	
relic	particles	could	
not	change	any	
more	- FREEZE-OUT	
TEMPERATURE	)













N.	Fornengo,	Grav.	Waves	and	Cosmology,	Varenna,	2017





SUSY & DM : a successful marriage
• Supersymmetrizing the SM does not lead necessarily to 

a stable SUSY particle to be a DM candidate. 
• However, the mere SUSY version of the SM is known to 

lead to a too fast p-decay. Hence, necessarily, the SUSY 
version of the SM has to be supplemented with some 
additional ( ad hoc?) symmetry to prevent the p-
decay catastrophe. 

• Certainly the simplest and maybe also the most 
attractive solution is to impose the discrete R-parity
symmetry 

• MSSM + R PARITY LIGHTEST SUSY 
PARTICLE  (LSP) IS STABLE . 

• The LSP can constitute an interesting DM candidate in 
several interesting realizations of the MSSM ( i.e., with 
different SUSY breaking mechanisms including gravity, 
gaugino, gauge, anomaly mediations, and in various 
regions of the parameter space).



WHO IS THE LSP?
• SUPERGRAVITY ( transmission of the 

SUSY breaking from the hidden to the 
obsevable sector occurring via 
gravitational interactions): best candidate 
to play the role of LSP:
NEUTRALINO ( i.e., the lightest of 
the four eigenstates of the 4x4 
neutralino mass matrix)

In CMSSM: the LSP neutralino is 
almost entirely a BINO







Models with additional scalars [GeV-TeV, WIMP]
Singlet
Doublet (e.g.: 2 higgs doublet model)
Triplet

Models based on extended symmetries       [GeV-TeV, WIMP]
GUT inspired
Discrete symmetries

Mirror dark matter

Sterile neutrinos [keV, non WIMP, warm]

Axion [μeV, non WIMP, cold]

ALP (axion-like-particles, light scalars)
[> 10-22 eV, non WIMP, cold (BE condensate)]

Further models and candidates

N. Fornengo, Grav. Waves and Cosmology, Varenna, 2017



Axion

� Axions arise as a dynamical way to solve the 
strong-CP problem

� Being particles, they can have a cosmological role

� They can be:
–Thermally produced: hot dark matter
–Non-thermally produced: born as nonrelativistic, 

classical field oscillations - very small mass, yet 
cold dark matter

N. Fornengo, Grav. Waves and Cosmology, Varenna, 2017



ISAPP, Heidelberg, 15 July 2011 

Relic abundance curves

log	(Ω𝑎)
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10 eV10 µeV

CDM HDM

Axions Thermal RelicsNon-Thermal
Relics

10 eV

CDMHDM

10 GeV

Neutrinos
WIMPs

Thermal Relicslog	(Ω𝑎)

Ω𝑀

log(𝑚+)

N. Fornengo, Grav. Waves and Cosmology, Varenna, 2017



AXION-LIKE PARTICLES (ALPs) Exclusion Plot

C. Bartram, ICHEP 2020











Hunting	for	DM

DIRECT	SEARCHES INDIRECT	SEARCHES



PRESENT	

FUTURE

LIGHT	(M	<	few	GeVs)	DM







Galactic center Sun

Earth

220 Km/s

30 Km/s

View from the top

Period: 1 year

Stationary over the lifetime of 
an experiment
Directional boost

Typical signatures of direct detection

Annual modulation

Directionality

dR

dER
=

⇠N
mN

⇢�
m�

Z vesc

vmin(ER)
d3v v fE(~v)

d�N
dER

(v,ER)

DAMA /NaI + 
DAMA/LIBRA at LNGS 
report evidence at > 10σ
of an annual modulation 
of the signal – no other 
explanation present, but 
only DM could cause 
such modulation!



The Particle Dark Matter Crossroad
Particle Candidate: Models of New Physics

(Superymmetry, Extra-dimensions, …)
Accelerator Searches

Cosmology of the 
Dark Matter Particle

Astrophysical Signals of the 
Dark Matter Particle



The	“unbearable”	acceleration	of	the	
expansion	of	the	Universe		

• Until	the	end	of	the	past	century	the	debate	was	if	the	
universe	was	open (matter	energy	density	<	critical	
energy	density)	or	closed,	hence	whether	the	universe	
would	never	end	to	expand	or	if	its	expansion	was	to	
stop	at	some	point	with	the	universe	collapsing	into	a	
Big	Crunch.	But	no	“reasonable”	physicist	was	
doubting	that	in	any	case	the	attractive	force	of	
gravity	had	to	slow	down	the	expansion	of	the	
universe (indeed,	a	de-acceleration	parameter	was	
introduced	to	measure	such	slow	down).

• But,	on	the	contrary	…





DARK	ENERGY

Ramon	Miquel













NO	WAY	TO	GET	AN	INFLATIONARY	SCALAR	POTENTIAL	
IN	THE	SM,	UNLESS	THERE	EXIXTS	A	NON-MINIMAL	
COUPLING	OF	THE	SM		HIGGS	FIELD	TO	GRAVITY



UNI- or	MULTI- VERSE?
• Gauge	hierarchy,	cosmological	constant,	DE	– DM	– Ordinary	Matter	energy	

densities,	values	of	the	running	coupling	constants,		neutron-proton	mass	
difference,	…		FINE-TUNING	of	Fundamental	Parameters,	a	Fundamental	
Theory	accounting	for	such	apparent	fine-tuning	(maybe	the	Theory	of	
Everything	(TOE)),	Anthropic	Principle	or	...?

• String	Theory	Landscape:	many	(infinite?)	DEGENERATE	VACUA	à each	
vacuum	corresponds	to	a	different	universe,	i.e.	a universe	with	different	values	
of	the	fundamental	parameters	à we	live	and	study	the	ONLY	universe	where	
our	life	is	allowed,	i.e.	just	“OUR”	universe	where	the	fundamental	parameters	
take	the	particular	values	allowing	for	our	existence;

• In	the	ETERNAL	INFLATION	theory	some	regions	of	space	stop	stretching	,	form	
distinct	bubbles	– with	different	SSB	and	hence	different	physical	constants

• Weinberg’s	anthropic	explanation	of	the	small	(but	not	exactly	zero)	value	of	
the	cosmological	constant	(his	paper	was	written	in	1987	long	before	the	exp.	
discovery	of	the	accelerated	expansion	of	the	universe).



5	numbers,	5	indications	of	physics	beyond	the	Standard	Models	of	
Particle	Physics	and	Cosmology:	NEUTRINO	MASSES,	DARK	MATTER,	
DARK	ENERGY,	ANTIMATTER and	VACUUM	ENERGY

>	0.1	%

~	68	%

~	27%

0	%

1062 % ??
thanks	to	H.	Murayama



An	exciting	moment	in	fundamental	physics:	we	have	
discovered,	validated	and	(still	partially)	understood	two	
crucial	territories	of	our	knowledge	- the	SMs	of	particle	
physics	and	cosmology	
• the	two	traditional	particle	physics	roads:	

ENERGY	frontier					à produce	and	observe	new	particles
INTENSITY	frontier	à precision	tests	of	the	SM	à discover

new	particles	through	their	virtual	effects

The	“new”	road	to	access	new	physics	beyond	the	SM:
ASTROPARTICLE	frontier	à new	phenomena	at	the	

interface	between	particle	physics,	cosmology	and	
astrophysics	unexplained	within	the	SM	à demand	for	new	
physics	beyond	the	two	SMs

We	are	living	in	an	extraordinarily	exciting	time	for	our	
comprehension	of	the	Universe	from

its	smallest	to	its	largest	space	and	time	scales


