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Particle physics (also called high energy physics) 
is the branch of physics that studies the nature of 
the particles that constitute matter (particles with 
mass) and radiation (massless particles). Although 
the word "particle" can refer to various types of 
very small objects (e.g. protons, gas particles, or 
even household dust), "particle physics" usually 
investigates the irreducibly smallest detectable 
particles and the irreducibly fundamental force 
fields necessary to explain them. By our current 
understanding, these elementary particles are 
excitations of the quantum fields that also govern 
their interactions. The currently dominant theory 
explaining these fundamental particles and fields, 
along with their dynamics, is called the Standard 
Model. Thus, modern particle physics generally 
investigates the Standard Model and its various 
possible extensions, e.g. to the newest "known" 
particle, the Higgs boson, or even to the oldest 
known force field, gravity.
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ELEMENTARY PARTICLES
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INTERACTIONS AND THEIR MEDIATORS
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THE NEWEST (fundamental) BOSON
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(NON) ELEMENTARY PARTICLES
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PARTICLES AND INTERACTIONS (SUMMARY)
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PARTICLE PROCESSES
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THE STANDARD MODEL
(SM)
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Galileo Lorentz
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IN ORDER TO FULLY UNDERSTAND  THE DEEP STRUCTURE OF THIS 
THEORY* YOU NEED TO KNOW:

- QUANTUM FIELD THEORY (QFT - MEFT)
- GAUGE THEORIES (SM, MEFT)

- QCD (MEFT)

* And to be able to construct your own theories.
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ORIGINAL SPHERE LOCAL ROTATION

The gauge bosons (i.e. interactions) appear as a consequence of 
imposing invariance under local transformations

GLOBAL ROTATION

GAUGE SYMMETRIES – THE NEW PARADIGM
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LOCAL 
(GAUGE) 

SYMMETRY

CONNECTION 
FIELD
(GAUGE 

BOSONS)

NEW 
INTERACTION

Global Transformation:
Local Transformation:

Invariant

Not invariant
EXERCISE

GAUGE SYMMETRIES – THE NEW PARADIGM
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L Y

1) Place the elementary fermions in 
the representations of the group

2) Write all possible terms in the 
Lagrangean which are invariant 
under gauge transformations by 
introducing as many gauge fields as 
needed.

RESULT: THEORY WHICH DESCRIBES (ELECTROWEAK AND STRONG) 
INTERACTIONS OF QUARKS, LEPTONS AND GAUGE BOSONS

BUT… ALL PARTICLES ARE MASSLESS!

THE SYMMETRY GROUP OF THE STANDARD MODEL 
IS:

SU(2)  x U(1)
Glashow Weinberg Salam

STANDARD MODEL – THE RECIPE
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THE SM IN A MUG – PART I
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Anderson, Brout, Englert, Guralnik, Hagen, Higgs, Kibble and ‘t Hooft

The ABEGHHK'tH mechanism

Kibble
Guralnik

Hagen
Englert

Brout Higgs

How does the ABEGHHK'tH mechanism work? 

Φ
THE HIGGS FIELD...
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LET THERE BE MASS!
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THE SM IN A MUG – PART II
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“IN VACUUM”:

Essential for the Higgs
mechanism to work.

The symmetry is broken
spontaneously!!

The weak gauge bosons (W e Z) 
and fermions acquire mass!

AND... THE PHOTON REMAINS 
MASSLESS!!!
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HIGGS MECHANISM

20



Filipe Joaquim                                                        The building blocks of the SM                          05/02/2024 

HIGGS MECHANISM
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INVARIANT 
THEORY

(FEW 
PARAMETERS)

PREDICTIVE
POWER

INTERACTING 
THEORY WITH 

MASSIVE 
PARTICLES

SPONTANEOUS 
SYMMETRY BREAKING

MAKE IT INVARIANT TO BREAK IT AFTER ??!!

COMPARISON
WITH 

EXPERIMENT

THE THEORY HAS 
“MEMORY” FROM 

WHEN IT WAS 
SYMMETRIC

COMPUTE ANY 
PROCESSSES YOU 

WANT

IF EVERYTHING 
AGREES
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MAKE IT INVARIANT TO BREAK IT AFTER ??!!

COMPLETELY 
BROKEN 
THEORY

NO
PREDICTIVE

POWER

COMPARISON
WITH 

EXPERIMENT

USELESS EXERCISE!



"for their decisive contributions to 
the large project, which led to 
the discovery of the field particles 
W and Z, communicators of weak 
interaction"

THE GARGAMELLE DETECTOR

THE W AND Z BOSONS WERE DISCOVERED 
AT CERN IN 1983.

SOME PREDICTIONS:

MAKE IT INVARIANT TO BREAK IT AFTER ??!!
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  LEVEL

PREDICTIVE POWER
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"for their contributions to the theory of the unified weak and electromagnetic 
interaction between elementary particles, including, the prediction of the 
weak neutral current".

The Physics Nobel prize was 
awarded to Glashow, Weinberg & 
Salam in 1979;

Until…

NOBEL PRIZE THEORY
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“The discovery of a particle consistent with the Higgs boson opens the way to 
more detailed studies, … , and is likely to shed light on other mysteries of our 
Universe.”

Rolf Heuer, CERN D.G., Press Release July 4, 2012

“We are reaching into the fabric of the Universe at the level never done 
before… We are in the edge of a new exploration.”

Joe Incandela, CMS spokesperson, Press Conference, July 4, 2012

BORN ON THE 4TH OF JULY
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THE MOST MEDIATIC SCIENTIFIC EVENT
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THE 2013 NOBEL PRIZE
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“
Lord Kelvin, 27 de Abril 1900

Kelvin’s dark clouds

Incapacity of detecting the Ether and 
the “Ultra-violet catastrophe”

Physics would be limited to precision measurements of
already-known quantities

Kelvin couldn’t be more wrong...

Stephen Hawking (1998)
“WITH THE DISCOVERY OF THE HIGGS BOSON THERE’S 
NOTHING NEW TO BE DONE. JUST MEASURE THINGS 
WITH MORE PRECISION”

IS HISTORY REPEATING ITSELF?
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Nineteenth-Century Clouds over the Dynamical Theory of Heat and Light”
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HOW WELL DOES THIS THEORY BEHAVE WHEN YOU 
COMPARE YOUR PREDICTIONS WITH EXPERIMENT?

~52 s
∆𝑚!"

!

THE THEORY OF (ALMOST) EVERYTHING

Filipe Joaquim                                                        The building blocks of the SM                          05/02/2024 

NEUTRINO OSCILLATIONS
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AND NOW WHAT?
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EXPERIMENTAL PROOFS THAT THERE MUST BE BSM PHYSICS

BARYON ASYMMETRY OF THE UNIVERSE

TOO SMALL IN THE SM!!

DARK MATTER PROBLEM

NO DARK MATTER CANDIDATE IN THE SM

NEUTRINO MASSES
NEUTRINOS ARE MASSLESS IN THE SM
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WHAT WOULD KELVIN SAY NOWADAYS?WHY PHYSICS BEYOND THE SM?
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“Twentieth first-Century Clouds over the 
electroweak theory”

“THE BEAUTY AND CLARITY OF THE ELECTROWEAK 

THEORY IS OBSCURED BY THREE CLOUDS”

- NEUTRINO MASSES, DARK MATTER AND 
THE MATTER-ANTIMATTER ASYMMETRY

- WHY 3 FAMILIES?;
- HIERARCHY PROBLEM;
- FERMION MASS PROBLEM;
- WHY ARE NEUTRINOS MUCH LIGHTER THAN THE OTHER FERMIONS?
- ARE ELEMENTARY PARTICLES REALLY ELEMENTARY?
- SUPERSYMMETRY?
- NEW INTERACTIONS?

WHAT WOULD KELVIN SAY NOWADAYS?
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WHAT WOULD KELVIN SAY NOWADAYS?FUTURE CHALENGES
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• LHC and Future Colliders
• Neutrino Oscillations
• Double beta decay
• Neutrinoless double beta decay
• LFV search experiments

• Dark matter experiments
• Cosmic Microwave Background
• Cosmic Ray experiments
• Gravitational waves

• Origin neutrino mass and mixing patterns
• New sources of FV (SUSY and non-SUSY)
• Origin of Leptonic CP violation

• Baryo/Leptogenesis
• Dark Matter models

• Neutrino mass messengers
• New particles and symmetries

(e.g. more Higgs particles)

COSMIC FRONTIERINTENSITY FRONTIERENERGY FRONTIER

THEORETICAL PROGRAMME:
SYNERGIES

EXPERIMENTAL PROGRAMME
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THANKS
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