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In this last decade à the triumph of the



UNIFICATION of
           FUNDAMENTAL INTERACTIONS 

Courtesy of H. Murayama



The COUPLING CONSTANTS of fundamental interactions are 
NOT constant, but

           RUNNING COUPLING CONSTANTS



Only one fundamental interaction?



M. Pietroni, ISAPP – Padova,  2024 













THE HIGH-ENERGY ROAD

70’s  O(1GeV)  à   O(10 TeV)  TODAY 
!

Ultimate Accelerator.

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

The manifesto of HEP!



LHC  27 Km   13TeV pp FCC   91 Km  100TeV pp

C.Llewellyn Smith,  Erice School 2023





Testing the HIGGS part of the SM: present and future





M. McCullogh, G. Weiglein,    ICHEP 2024

Large trilinear deviations 
are possible while 
deviations of the Higgs to 
Z coupling remain small



L. Soffi, ICHEP 2024

(Desperately) seeking SUSY particles or many other kinds of new particles beyond the SM particle spectrum 



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



M. Pepe-Altarelli, Erice School, June 2023

Mixings and CP Violation in the SM quark sector (hadronic flavour physics):
the SM brilliantly passes unscathed all the extremely demanding flavour tests!





A remaining flavor puzzle in B physics?

In conclusion, NO firm hints for any discrepancy between 
SM expectations and experimental results in the many and 
accurate tests in FLAVOR PHYSICS (FCNC, lepton flavor 
universality in K,D, B semileptonic decays, etc.)

~3σ  tension



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   
à  2023 P5 (Particle Physics Project Prioritization Panel)  Report



Electric and Magnetic Dipole Moments of a fermion



μ

B

e+

Put a beam of polarized muons into a storage ring

Both the muon spin and momentum precess

Because g is slightly greater than 2 the spin 
precesses faster than the momentum



The 4 classes of SM contributions to the muon g-2
uncertainty largely dominated by the hadronic contributions in Vacuum Polarization (HVP)



Hadronic Vacuum Polarization (HVP) contribution



BMW + DFZ   Coll.;   Z. Fodor, ICHEP 2024



Model independent tests of the HVP contribution to the muon g-2 

L. Di Luzio, A. Keshavarzi,  A.M.,                              
P. Paradisi     arXiv:2408.01123

New Observables providing independent tests of the current tensions observed in the muon g-2:     
i) the electron g-2;      ii) the tau g-2;    iii) the running of the QED coupling constant  ⍺;                  
iv) the low-energy weak mixing angle sin2θW(0);      v) the Muonium hyperfine splitting (HFS)



In 2008 Gabrielse et al. had 
obtained δae

EXP = 2.8 × 10-13



ν peculiarity: in the SM 
ONLY LEFT-HANDED ν  

i) V– A  structure of the charged weak 
currents (i.e. the W boson couples only 
to the LEFT-HANDED fermions) ;
ii) ν doesn’t couple to photons (no neutral 
currents observed at the time the SM 
was proposed);
iii) In any case, even today no hint of 
the presence of a right-handed 
neutrino
iv) Before observing neutrino oscillations, 
this (very light) particle was widely 
thought to be massless à no need for 
the presence of its right-handed 
component 



No SU(2)L and 
U(1)Y invariant



U(1)B :   B(q) = 1/3 ; B(all other SM fields) = 0

U(1)L : L(leptons) = 1;   L (all other SM fields) = 0 



M. Nakahata, Erice School, 2023



MATTER STABILITY

   are protons FOREVER ? 



M. Nakahata, Erice School, 2023











S. Mertens, ICHEP 2024
KATRIN Experiment

Neutrino Masses, Mixings and CP Violation

Constraints from COSMOLOGY

S. Pastor, Erice 
School 2024







Is LEPTON Number a (global) symmetry of Nature?  

The Neutrinoless Double Beta-Decay  to 
verify if the neutrino has a MAJORANA mass 



KamLAND-Zen   Xe-loaded liquid scintillator 
                   mββ < 122meV (90% CL)  

Planned projects (e.g., LEGEND-1000, CUPID, nEXO)  
should fully cover the inverted ordering  range





Take-home message from the 
HIGH-ENERGY and HIGH-INTENSITY frontiers

• No firm evidence (or at least strong hints) of new physics beyond the SM 
(BSM) from the High Energy and High Intensity (Flavour Physics) frontiers.

• Some tensions are present in Low-Energy very high precision physics (muon 
g-2) with interesting prospects for the further investigation of magnetic and 
electric dipole moments

• Firm observable evidence for BSM physics: non-vanishing neutrino 
masses. We don’t know yet :                                                                              
i)whether such mass is linked to a violation of the Lepton number symmetry 
(neutrino Majorana mass);                                                                                              
ii) how neutrino masses are ordered (NO – Normal Ordering or IO – Inverse 
Ordering);  if and how much CP is violated in the neutrino sector. 



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







The most serious “fine –tuning problem”: 

the COSMOLOGICAL CONSTANT 
(or quantum vacuum energy density) 

PROBLEM
The value of the H field in the vacuum state , i.e. the H vacuum expectation value  
<H>, is of O(102  GeV) à V(<H>) ~ 108 GeV4 .   
On the other hand, the value of the vacuum energy (expected to be the value of the 
Einstein cosmological constant should correspond to:
dark energy density ~ critical energy density ~ (2.24 x 10-3 eV)4

Notice that any phase transition we know - for instance also the O(1GeV) QCD quark-gluon 
phase transition, i.e. from free quarks and gluons to their confinement inside composite hadrons 
(protons, neutrons, etc. – corresponds to energy scales >> cosmological constant energy scale 



2nd take home message:
 theoretical reasons of dissatisfaction with the SM 

Gauge hierarchy problem 

 
Strong CP problem 

COSM. CONST. PROBLEM



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).





Our universe is ISOTROPIC and (very likely) HOMOGENEOUS



Well accounted for by the
             SM Cosmology
             +
          SM Particle Physics



NEW PHYSICS BEYOND THE SMs
    is needed!!



NATURAL UNITS



HOMOGENEOUS EXPANDING UNIVERSE



M. Pietroni, ISAPP – Padova,  2024 





M. Pietroni, ISAPP – Padova,  2024 







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





To be or not to be in THERMAL EQUILIBRIUM,

 i.e. what are the conditions for a particle i to be in thermodynamical equilibrium in the 
primordial plasma of particles in the early universe

• Should the universe not be expanding, i.e. having particles in a box with fixed walls 
à after some time each particle would realize the thermal equilibrium with the 
other particles present in the plasma

• However the universe IS EXPANDING (box with sliding walls) at a certain rate H à 
the particle i is in equilibrium only if it has some of its interactions with the other 
particles in the plasma proceeding with a rate larger than H, i.e. some of its 
interactions should be (much) faster than time scale of the expansion 





EQUILIBRIUM THERMODYNAMICS



g* = total number of the EFFECTIVE RELATIVISTIC degrees of freedom

weighted by the temperature of  each contributing d.o.f. 
(if the corresponding particle is in thermal equilibrium, i.e. 
for a COUPLED particle, the temperature is the same as 
the T of thermal bath and, hence, no suppression factor is 
present

gb (Tb / T)4 gf (Tf / T)4

g* is a function of the temperature T of the 
plasma of particles   è  g* (T)



If only the SM particles are present!







NEUTRINO DECOUPLING (or NEUTRINO FREEZE-OUT)
NEUTRINO MASSES << MW

RELIC NEUTRINOS
           TODAY!



TODAY:  Tν ~T𝛾 /1.4 ~ 1.96 K    and     nν  ~ O(100) cm-3 !!



S. Pastor, Erice School 2024



BBN – BIG BANG NUCLEOSYNTHESIS

• An astonishingly successful fruit of the marriage between the TWO 
STANDARD MODELS of particle physics and cosmology

• TWO crucial pieces of information on the universe: 
i) how much ”ordinary” matter (i.e. baryonic matter, e.g. protons, neutrons) 
is present in the universe;                                                                                            
ii) are there new (non SM) light particles other than neutrinos present in the 
early universe? 

 



OUTPUT PARAMETER 



OUTPUT 
PARAMETER

INPUT PARAMETER  - if we 
extract the exp. value of GF 
from the measurement of the 
neutron lifetime 







New source(s) of CP violation

New particles and 
interactions

New scalar potential









Sakharov’s conditions  
necessary conditions for a dynamical baryogenesis  

•  B-violating interactions (the global symmetry B-number is NOT an exact 
symmetry of Nature

• C and CP-violating interactions

• the B-violating interactions giving rise to ΔB must depart from thermal 
equilibrium right after the the ΔB production 



dual field strength tensor  ½ εμνƛρ Fa λρ











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



The Challenge.

• Gravity is weak.
• Gravity gives the gross 

properties of dark 
matter — density and 
large-scale clustering. 

• Learning about 
particle properties will 
require stronger-than-
gravitational 
interactions.

All known properties of dark matter are via the gravitational interaction.

Gravity

DARK MATTER

K. Zurek,  IDM 202



Inadequacy of the “ordinary” BARYONIC MATTER 
• CLUSTER SCALES:                                                                                                                            

i) Already ~90 years ago (1933) F. Zwicky pointed out that to account for the velocity dispersion 
of the galaxies in the COMA cluster some large amount of new non-shining  “DUNKLE MATERIE”  
DARK MATTER (DM), was needed;                                                                                                     ii) 
Nowadays, from the observation of the X-ray emission, we infer that the temperature of the 
cluster gas is TOO high à it requires a factor 5 more matter than the visible baryonic matter 

• GALACTIC SCALES: but the existence of (a large amount of) NON-BARYONIC MATTER got firm 
credibility only ~40 years after Zwicky’s claim à Vera RUBIN (with K. Ford et al) ~70’s pointed 
out that stars in the outer part of galaxies are faster than expected





Galactic scales: DM density profiles
There exist several DM 
density profiles (related to 
data and/or numerical simulations) : 
Isothermal, NFW, Moore, Einasto, 
Kratsov, etc.

The main difference among 
such density profiles 
concerns the behaviour at 
the centre of the galaxy, 
either cusped or cored





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





ISAPP, Heidelberg, 15 July 2011 

STRUCTURE FORMATION 
from PRIMORDIAL 
DENSITY FLUCTUATIONS 
requires the presence of a 
(large) amount of 

NON-BARYONIC 
MATTER  

The need of NON-BARYONIC MATTER!



ISAPP, Heidelberg, 15 July 2011 



ISAPP, Heidelberg, 15 July 2011 

The need for a large amount of NON-BARYONIC MATTER from the study of the
                              Cosmic Microwave Background (CMB)

Planck’s power spectrum of 
temperature fluctuations in the CMB 
at different angular scales on the sky.

 
Red dots are the Planck data. 

The peak at 1 degree is consistent 
with a flat geometry of the universe

 the height of the 2nd peak with
   5% (baryonic matter) 

 the 2nd and 3rd peaks with 

    26% dark matter



ISAPP, Heidelberg, 15 July 2011 



M. Pietroni, ISAPP – Padova,  2024 



ISAPP, Heidelberg, 15 July 2011 

Dynamics of galaxy clusters

Rotational curves of galaxies

Gravitational lensing

Structure formation from primordial 
density fluctuations

CMB spectrum à Energy density 
budget

EVIDENCES FOR A CONSPICUOUS AMOUNT OF NON-BARYONIC DM   
             AT SEVERAL (VERY)  DIFFERENT LENGTH SCALES



But, at least , we know what CANNOT BE in the DM sandwich: 

NO SM PARTICLE CAN BE THE DOMINANT SOURCE OF DM 





ISAPP, Heidelberg, 15 July 2011 

The role of neutrinos in the Early Universe

S. Pastor,Erice 
School 2024



The role of neutrinos in the Early Universe

S. Pastor,Erice 
School 2024





HOWEVER…

S. Pastor Erice 2024









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

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



ISAPP, Heidelberg, 15 July 2011 

















THE SUSY PATH





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

mj
2 µ L2 Scale of susy breaking

F

Flf lf

B

jj lB

Sm2 
j ~( lB - l2

f )   L2

16 p2

[m2 
B - m2

F ]1/2   ~  1/√GF 
B
F In SUSY multiplet 

SPLITTING IN MASS BETWEEN B and F of O ( ELW. SCALE)



D. KAZAKOV





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 



LOW-ENERGY SUSY AND 
UNIFICATION 



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





R-parity is an ADDITIONAL discrete symmetry imposed to prevent SUSY particles 
with masses at the electroweak scale to mediate a too fast proton decay!





L. Covi,
 Erice 2024



J. Mpnroe, IDM 2024



J. Mpnroe, IDM 2024



J. Monroe,  IDM 2024

(Desperately?) seeking WIMPS













How to discriminate whether positrons
    come from a pulsar or from DM



















?

J. Jaeckel, 
ISAPP –  Padova  
2024

J. Jaeckel,  ISAPP –  Padova  2024



J. Jaeckel, 
ISAPP –  Padova  2024



J. Jaeckel, 
ISAPP –  Padova  2024



J. Jaeckel, 
ISAPP –  Padova  
2024

Breaking of the exact U(1) PQ 
symmetry à axion is the resulting 
masslessGoldstone boson 

Wilczek, Weinberg à due to quantum effects, 
the PQ symmetry is ANOMALOUS, hence it is 
NOT an exact symmetry even before the SSB   
the axion is a massive PSEUDO-Goldone boson 



Mass and couplings of the axion as a function of the PQ symmetry breaking scale    fa



L. Covi Erice School 2024

















+  lack of  UNIFICATION of the 
ELW. and strong interactions

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

OBSERVATIONAL 
       REASONS

3rd final take-home message



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 %%


