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1. Symmetries in Particle Physics

2. Standard Model 

3. Higgs boson production 

 Continuous symmetry
 Discrete Symmetry
 Gauge symmetry

 EWSB
 Higgs mechanism
 Higgs Discovery

 LEP
 LHC
 ILC
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This lecture provide a basic introduction to the Standard Model (SM) of
particle physics. While there are several reasons to believe that the Standard
Model is just the low energy limit of a more fundamental theory, the SM has
been successfully tested at an impressive level of accuracy and provides at
present our best fundamental understanding of the phenomenology of
particle physics.

The perspective I will take will not be historical, I will instead take
advantage of our present understanding to find the most direct
logical motivations. As the level of the audience is quite diverse, I will
summarize the main theoretical preliminaries needed to make sense
of what will follow.
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The study of Nature involves probing deeper into the structure of matter, achieving ever-increasing

spatial resolution to examine smaller objects.Throughout the history of natural sciences, several

particles have been considered elementary

 Anaximenes and Democritus introduced the concept of four indivisible atoms

(a-tom = not divisible).

 Dalton and Mendeleev developed the idea of elements/atoms.

 Rutherford identified the atomic nucleus.

 The discovery of elementary particles included the proton, neutron, electron, and neutrino.

 Between 1930 and 1960, hundreds of particles were discovered, necessitating a new 

understanding of elementariness, leading to the development of the quark model.

 The quark model proposed that protons and neutrons are composite particles, while the electron

remains an elementary particle.

This progression culminated in the creation of the Standard Model (SM) in the late 1960s, which

remains the prevailing global theory of matter, supported by extensive theoretical and experimental

evidence. 
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Particle

Mass

charge

Spin

Flavor

Color
charge

energy

Other
Quantum 
numbers

https://pdg.lbl.gov

Please see:

Quantum mechanics

Quantum Field theory

Statistical mechanics

Computationnel physics
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Particle

Mass

charge

energy

Concepts ranging from
classical mechanics to
quantum mechanics
and general relativity:
Gravitational Mass
Inertial Mass
Rest Mass
Relativistic Mass
Effective Mass
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Particle

Mass

charge

energy

Concepts ranging from
classical mechanics to
quantum mechanics
and general relativity:
Gravitational Mass
Inertial Mass
Rest Mass
Relativistic Mass
Effective Mass

But still not easy the 
understand the mechanism

of generating « mass »
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Particle

Mass

charge

energy

Operator
Quantum number
Quantified number
Conserved number
Symmetry
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Particle

Mass

charge

energy

The concept of energy is central to
both classical and quantum
mechanics:
Continue in CM
Eigenvalues in QM
Quantified
Conserved quantity
Observable quantity
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Particle

Mass

charge

Spin

Flavor

Color
charge
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Quantum 
numbers

/Symmetry/
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Particle

Mass

charge

Spin

Flavor

Color
charge

energy

Quantum 
numbers

every continuous
symmetry of a
physical system
corresponds to a
conserved quantity

/Symmetry/

Noether's theorem

Key point
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Symmetry
Invariance

Conservation 
law

Time-Translation Symmetry:
 Symmetry: The laws of physics do not change 

over time; they are the same now as they were 
in the past.

 Invariance: The Lagrangian/Hamiltonien’s
system remains unchanged under shifts in time.

 Conservation: Energy is conserved.
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Conservation 
law

Time-Translation Symmetry:
 Symmetry: The laws of physics do not change 

over time; they are the same now as they were 
in the past.

 Invariance: The Lagrangian/Hamiltonien’s
system remains unchanged under shifts in time.

 Conservation: Energy is conserved.

It is a widely accepted principle in physics
that behind every fundamental law, there is
often an underlying symmetry.
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s Parity (P) Charge Conjugation (C) Time Reversal (T)

Time reversal symmetry 
involves reversing the 
direction of time t→−t.

Parity symmetry
involves flipping the 
spatial coordinates
(x,y,z)→(−x,−y,−z)

Charge conjugation transforms
particles into their antiparticles.

Discrete symmetry
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Parity (P)

The photon, as a particle associated with the electromagnetic field, has a parity of −1.

This shows that the photon has an intrinsic parity of −1.
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Parity (P)

orbital angular momentum
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Example 1;
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Charge conjugation

The charge conjugation is a quantum number that is

conserved in the electromagnetic and strong interactions but
not in the weak interactions.
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Charge conjugation
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Time reversal T :

It corresponds to looking at a system while events are running backwards in time
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Time reversal T :

It corresponds to looking at a system while events are running backwards in time
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Time reversal T :

It corresponds to looking at a system while events are running backwards in time

It is noted that the electromagnetic and strong interactions are invariant with respect to a 
time reversal.



The Standard Model of particle physics
8

th
 A

fr
ic

a
n

 S
c

h
o

o
l 

o
f 

P
h

y
s

ic
s

Both charge conjugation and

parity are found to be

maximally violated in weak

decays.

However, experimental results

suggest the combination CP is

a nearly a conserved

symmetry. CP turns a particle

into its antiparticle with

opposite helicity: it is a

symmetry between matter and

anti-matter CP is a conserved

quantity in absolutely strong

and electromagnetic

interactions

CP Symmetry

CP Violation in the mixing amplitude
CP Violation in the amplitude
CP Violation in the interference

CKM Matrix 
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Both charge conjugation and

parity are found to be

maximally violated in weak

decays.

However, experimental results

suggest the combination CP is

a nearly a conserved

symmetry. CP turns a particle

into its antiparticle with

opposite helicity: it is a

symmetry between matter and

anti-matter CP is a conserved

quantity in absolutely strong

and electromagnetic

interactions

CP Symmetry

CP Violation in the mixing amplitude
CP Violation in the amplitude
CP Violation in the interference

CKM Matrix 
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CPT theorem
The CPT theorem predicts that particles and antiparticles must have the same mass and lifetime, but 

opposite electric charge and magnetic moment. Experimental tests of the CPT theorem have shown 

very precise agreement.

The CPT theorem also means that the transformation properties of gauge theories under the discrete 

symmetries C, P and T are related to each other:

It can be thought of as a statement

about the invariance of Feynman

diagrams under particle/antiparticle

interchange, and interchange of the

initial and final states.

The equals sign 

represents CPT 

conservation
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Any transformation that act on the internal degrees of freedom of a physical system but 
not related to space-time.

Gauge symmetry
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Any transformation that act on the internal degrees of freedom of a physical system but 
not related to space-time.

Gauge symmetry Group symmetry

U(1) symmetry QED
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Group U(1) symmetry
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Group SU(2) symmetry
Let  U be a unit operator such that:

Where omega is a complex(2×2) matrix which depends on 8 parameters (4 real and 4 imaginary)

Then 4degrees of freedom 4−1 = 3independent degrees of freedom
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Group SU(2) symmetry

SU(2) is no abelian group
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SU(3) symmetry of QCD 3x3 -1 = 8
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SU(3) symmetry of QCD

The λ matrices can be identified with the eight gluon states
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SU(3) symmetry of QCD

The λ matrices can be identified with the eight gluon states
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SU(3) symmetry of QCD
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SU(3) symmetry of QCD
Hadron Multiplets
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SU(3) symmetry of QCD
Hadron Multiplets
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SU(3) symmetry of QCD
Hadron Multiplets
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Hadron Multiplets
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SU(3) symmetry of QCD
Hadron Multiplets
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SU(3) symmetry of QCD
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At Hadron Collider

Production of Jets at a Hadron Collider

Jet production at hadron colliders

 Initial and final state radiation (ISR and 

FSR) are high energy gluon emissions 

from the scattering partons.

 Fragmentation is the process of 

producing final state particles from the 

parton produced in the hard scatter.

 A hadronic jet is a collimated cone of 

particles associated with a final state 

parton,

 produced through fragmentation.
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up quarks, down quarks, and 

Electrons

 There are three copies, or

 generations, of quarks and leptons

 Same properties, only heavier

Leptons also include neutrinos, one

for each generation

 All of these are matter particles, or
fermions
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Standard Model
Everything we have learned in the last

several decades about fundamental
particles and their interactions
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Conclusions

Wait, there is more
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The 95 GeV Puzzle
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The 95 GeV Puzzle
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