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Lecture	notes,	written	for	this	course,	are	available:		www.nikhef.nl/~i93/Teaching/
Prerequisite	for	the	course:	High	school	level	mathematics.

Sept	16:
Lecture	1:	The	Principle	of	Relativity	and	the	Speed	of	Light
Lecture	2:	Time	Dilation	and	Lorentz	Contraction

Sept	23:
Lecture	3:	The	Lorentz	Transformation	and	Paradoxes
Lecture	4:	General	Relativity	and	Gravitational	Waves

Sept	30:
Lecture	5:	The	Early	Quantum	Theory
Lecture	6:	Feynman’s	Double	Slit	Experiment

Oct	7:
Lecture	7:	The	Delayed	Choice	and	Schrodinger’s	Cat
Lecture	8:	Quantum	Reality	and	the	EPR	Paradox

Oct	14:
Lecture		9:	The	Standard	Model	and	Antimatter
Lecture	10:	The	Large	Hadron	Collider



Lecture	9

The	Standard	Model	and	Antimatter
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Classical Mechanics Quantum Mechanics

Smaller Sizes 
(ħ)

Higher Speed 
(c)

Relativity Theory

How does nature behave in extreme conditions?

Big Bang

Do we understand the 
physics also here?

Experimentally tested 
domain of the Standard Model
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Classical Mechanics Quantum Mechanics

Smaller Sizes 
(ħ)

Higher Speed 
(c)

Relativity Theory

How does nature behave in extreme conditions?

De Big Bang

Experimentally tested 
domain of the Standard Model

The Large Hadron Collider
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The ‘big open questions’?
1. Which are the elementary building blocks

of matter?

2. Which forces exist in nature and what are 
their essential differences?

3. Is empty space (‘the vacuum’) truly
empty?

4. Can we explain the existance of our
universe from the big bang using the
known laws of nature?

• Wanted: a consistent theory that can
answer these questions
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Elementary Particles
“All things come in three”
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Elementary Particles
“All things come in three”

Pie de Bökkum, 

Ensinck de Kletskop

Flup de Koojstart
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Elementary Particles
“All things come in three”

Fons Olterdissen
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Building blocks of Matter
Molecule Atom

Atom-nucleus
Proton/Neutron

‘Quark’

Electron

Proton Neutron
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Stable Matter on Earth

Zoer-vleis…?



1221 cctober, 2006 Waar is de Anti-materie heen?

CERN: the laboratory
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CERN: the LEP accelerator

1989-2000
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Large Electron Positron collider

LEP 1989-2000
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The L3 Experiment

LEP 1989-2000
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The L3 Experiment
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Anything possible is produced
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Anything possible is produced
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The Elementary Particles
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Is that all there is?
Charge
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Antimatter and Big Bang

Paul Dirac and
Albert Einstein
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Antimatter and Big Bang

Paul Dirac and
Albert Einstein

Rika (antimatter?)
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Paul Adrian Maurice Dirac
• Einstein, Bohr et.al. ~1925: 

§ Relativity theory 
§ Quantum Mechanics

• Paul Dirac (1928): 
§ Relativistic Quantum Mechanics
§

Dirac AntiDirac

Prediction Dirac 1928:
For each matter particle
an antiparticle exists!

(Westminster abbey)
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1928: Dirac predicts anti-particles

• Anderson saw an electron with 
“wrong” charge: e+

• Observed with bubble chamber

1932: Anderson discovers anti-electron
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Elementary Particles
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Energy= 
Matter +
Antimatter

E=mc2

Matter and antimatter particles go hand-in-hand 
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® e-e+

pure energy i.e. light (g)

Creation: g ® e+e-

e+e-

g creates via E=mc2

Particle + antiparticle
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®e-e+

pure energy i.e. light (g)

Annihilation: e+e- ® g

e+e-

Particle + antiparticle
creates g’s via E=mc2
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Anti-matter
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The ATHENA experiment at CERN

Antimatter 
does exist!
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A world of matter and …
Molecule Atom

Atom-nucleus
Proton/Neutron

‘Quark’

Electron
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Anti-Molecule Anti-Atom

Anti-
Atom-nucleusAnti-Proton/anti-Neutron

Anti-Quark

… a world of antimatter

Identical
anti-world!
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Is there antimatter in nature?

• Does it occur 
on earth?

e+ e-
• No, we would 

immediately see it:
§ “Annihilation”
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• Is there antimatter in 
cosmic radiation?
§ The AMS experiment

The answer:

No!
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Are there antimatter galaxies?

(matter + antimatter = 
Intense gamma radiation)

e+ e-

No!
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Back to the Big-Bang

Assume: creates equal amount of matter and antimatter 
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The early hot universe

So: “teeny weeny” more matter particles
than antimatter particles

matter:

antimatter:

light

Imagine:

1000000001

1000000000

Time=0.00000000001 second

(E=mc2)
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The expanding & cooling universe

matter

antimatter
light

What remains: lots of light and a bit of matter
Ratio            : 1000000000 1

After cooling 
and

annihilate

Time ~1 second
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The expanding & cooling universe

matter

antimatter
light

What remains: lots of light and a bit of matter
Ratio  : 1000000000 1

Our current universe….

After cooling 
and

annihilate

Time ~1 second
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Cosmic Microwave Background Radiation

2.7248K 2.7252K

1964: Penzias en Wilson
discover: “background light”
(photons)
Remnant of the Big Bang

A temperature map … 
of the universe

For each matter 
particle there are 
a billion photons

-2700 C



45Materie en Antimaterie

The universe as we see it today

Observed
Background light:

Remaining
Matter particles:

+

“many”
(1000000000)

“little”
( 1 )
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How to get an asymmetry in Big Bang?

49.999999% 
anti-materie
50.000001% 
materie

0.000001% 
materie

(+99.999999%
radiation)

Apparenty anti-matter is not the 
exact mirror image of matter! 

Small surplus DominatesBig Bang
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How to get an asymmetry in Big Bang?

49.999999% 
anti-materie
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(+99.999999%
radiation)

Apparenty anti-matter is not the 
exact mirror image of matter! 

Small surplus DominatesBig Bang
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The Standard
Model

Particles, Forces and
… the Higgs Boson 
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The Standard
Model

Particles, Forces and
… the Higgs Boson 

Piele (Giel) Hameleers: also standard model?

1887 - 1967
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Charge
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Four fundamental forces of Nature
Gravitation

Electromagnetism

Strong Nuclear force

Weak Nuclear force

Acts on particles with mass

Acts on all charged particles

Acts on nuclear particles

Acts on all particles
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Force = quantum exchange!

1)  Electromagnetism: Photon γ 2) Strong nuclear force: gluon
3)  Weak nuclear force: W+, W-, Z0 4) Gravitation: graviton ??

What is exchanged is a “quantum” è Quantum Mechanics

The quantum of gravitation is hypothetical. 
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Force = quantum exchange!

1)  Electromagnetism: Photon γ 2) Strong nuclear force: gluon
3)  Weak nuclear force: W+, W-, Z0 4) Gravitation: graviton ??

What is exchanged is a “quantum” è Quantum Mechanics

The quantum of gravitation is hypothetical. 
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How strong are the forces?

0.0000000000000
000000000000000
0000000000001

0.0001 1 60Strength
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Particles, Forces and Higgs
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Theory: the Standard Model
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The Standard Model
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The Standard Model

“The Formula” “Elementary quanta of Nature”
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The Standard Model

Quantum particles
of the forces

“The Formula” “Elementary quanta of Nature”
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The Standard Model

Building blocks 
of matter

“The Formula” “Elementary quanta of Nature”
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The Standard Model

The ‘Higgs’ field
fills the vacuum

1964:
Standard Model prediction:
empty space is not empty!

Brout Englert Higgs

“The Formula” “Elementary quanta of Nature”
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The Standard Model

1972: 
With 3 copies of particles an asymmetry 
between matter and antimatter is possible!

Mass is generated by the Higgs Field!

Kobayashi Maskawa

“The Formula” “Elementary quanta of Nature”
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How did antimatter disappear in the Big Bang?

49.999999% 
anti-matter
50.000001% 
matter

0.000001% 
matter

(+99.999999%
radiation)

Antimatter no the exact 
mirror image of matter!

Small Surplus DominatesBig Bang

Theoretically this requires three 
copies of all particles! 
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Charge
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Why are there three identical 
copies of all particles? 
èSimplest universe to exist?!
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.
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X-tra slides

24 september 2010 Materie en Antimaterie
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Cosmic Radiation (1909)

1912 Victor Hess



71Waar is de Anti-materie heen?

Copy electron:
Muon (1936)



7221 cctober, 2006 Waar is de Anti-materie heen?

Slept well?
Each night a million muons through your body!

Cosmic muons
Made visible in
The Nikhef hall
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The weak interaction is left-handed

• Parity: Right-handed 
vs Left-handed
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The weak interaction is left-handed

• The Experiment of Mme Wu
§ Radioactive decay: nàp e ν

is purely left-handed

• W. Pauli: “The Lord is 
a weak left hander”

• Parity: Right-handed 
vs Left-handed
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Violation of Parity Symmetry
Before 1956 physicists were convinced that the laws of nature 
should be left-right symmetric. Strange? 
A “gedanken” experiment: two perfectly mirror-symmetric cars:

“L” en “R” are fully symmetric,
Each nut, bolt, molecule, etc. etc. 
The engine mechanism is unknown.

Person “L” gets in, starts, ….. 60 km/h

Person “R” gets in, start, ….. What happens?

What happens if the ignition makes use of a radio-active decay?

“R”

Gas pedal driver
driver

Gas pedal

“L”
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Antimatter: maintaining the symmetry?

Charge-Parity Symmetry = Matter vs Antimatter symmetry
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CERN 1993: There are 3 particle generations!
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CERN 1993: There are 3 particle generations!
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Escher’s impression on the 
matter - antimatter difference
matter

anti-matter
left       right

colour
anti-colour


