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The Standard Model and Antimatter




How does nature behave in extreme conditions?
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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? T

LR
: | + Ty vhe
o Wanted: a consistent theory that can R

answer these questions .-
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"All things come in three”
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Proton

Neutron

Atom-nucleus
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Stable Matter on Earth
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CERN: the laboratory
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Large Electron Positron collider

1989-2000
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The L3 Experiment
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Generation:

The Elementary Particles
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. The Elementary Particles
Generation.

I II III Charge
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Is that all there is?

Generation:

Charge

I II III
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ANTI-MATTER?

1 MeV=18x103kg
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Paul Dirac and
Albert Einstein
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Rika (antimatter?)

Paul Dirac and
Albert Einstein
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Paul Adrian Maurice Dirac
e Einstein, Bohr et.al. ~1925:

= Relativity theory ‘ F 19 0 .ﬁ"
= Quantum Mechanics pA M w5
e Paul Dirac (1928): R/_\C OM

= Relativistic Quantum Mechanics PI— YS

(Westminster abbey)

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

AntiDirac y



1928: Dirac predicts anti-particles  1932: Anderson discovers anti-electron

®

e Anderson saw an electron with
“wrong” charge: e*

e (Observed with bubble chamber
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Genera tion:
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Energy=
Matter +

S\

W Antimatter

,.;; E=mc2

Matter and an tima tter partides go hand-in-hand
“3\‘.
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Creation: y - etfe-

* > O

y creates via E=mc?
’\artlcle + antiparticle
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pure energy i.e. light (y)




Annihilation: efe - vy

@G>
Particle + antiparticle
/ creates y’s via E=mc?

pure energy i.e. light (y)



Anti-matter

electron

hydrogen

anti-proton

positron

anti-hydrogen
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The ATHENA experiment at CERN

Antimatter
does exist!
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A world of matter and ...

Molecule

Atom-nucleus
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Anti-Molecule

Anti-Quark
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anti-world!
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. ,- Are there antimatter galaxies?
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Back to the Blg Bang
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The eérly hot unlverse .
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The expanamg & coolmg umverse
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The expanalng & cooling L umverse
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‘Cosmic Microwave Background Radiation
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The Standard
Model

Particles, Forces and
... the Higgs Boson
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Piele (Giel) Hameleers: also standard model?

The Standard

Model

Particles, Forces and

the Higgs Boson
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Four fundamental forces of Nature
Gravitation Strong Nuclear force

-

Acts on particles with mass Acts on nuclear particles
Electromagnetism Weak Nuclear force

b o (6P
@

Acts on all charged particles Acts on all particles

51



Force = quantum exchange!

What is exchanged is a “quantum” =» Quantum Mechanics

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

The quantum of gravitation is hypothetical.

52



Force = quantum exchange!

What is exchanged is a “quantum” =» Quantum Mechanics

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

The quantum of gravitation is hypothetical.
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Force = quantum exchange!
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What is exchanged is a "quantum” =» Quantum Mechanics

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

The quantum of gravitation is hypothetical.

54



How strong are the forces?

Photon Gluon

~ Quarks and
Charged Leptons SIL A
s w’ v and Gluons
1 60

0000000000001
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Particles, Forces and nggs
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e &, 4 The'Standard Model
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i 5, 1 :I'he?St_aﬁciard,MO'dgl"

VN -.“Thé_Fq_rnl‘ula"‘, .+ . . ‘Elementary quanta of Nature”
’ e bR ; PRPT P . 3 ’




: ..." :': ; '..\ -:..". . .
.. .- .. The'Standard Model
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empty space is ot empty!

b . : of




‘, :.: : '.? ':.l"‘. ' .
.. .+ .. The'Standard Model
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, How..di'd .a'nt'in‘1att'.ér.-d-is‘app,ear in the Big 'Ba-ng?
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J 1 1a Particles
I[I III Charge

Q G 0 +2/3 e
Why are there three identical

copies of all particles?
G -) S/mp/est universe to exist?!
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‘ Matter‘ 3 Generations!
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X-tra slides
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Copy electron:
Muon (1936)
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Cosmic muons
Made visible in
The Nikhef hall

.'MAN, THOSE cosMIC RAYS
_,ARE KILLING ME .

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



The weak interaction is left-handed

‘ e Parity: Right-handed
“ vs Left-handed

-

-
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The weak interaction is left-handed

e Parity: Right-handed
vs Left-handed

-wr -

e The Experiment of Mme Wu

= Radioactive decay: n>pev
is purely left-handed

5 N\

BETA RAYS

left-handed right-handed
neutrino neutrino
SPINNING

COBALT
NUCLEI

L e W. Pauli: "The Lord is
Gt N a weak left hander”

v

v Y  MIRRORWOQRLD
THIS WORLD
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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:

Gas pedal Gas pedal

- -~

“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?
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Antimatter: maintaining the symmetry?

——

left-handed right-handed
neutrino neutrino

5 N8

left-handed left-handed
neutrino antineutrino

-

left-handed right-handed
neutrino antineutrino

Charge-Parity Symmetry = Matter vs Antimatter symmetry
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CERN 1993: There are 3 particle generations!

Generation:
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CERN 1993: There are 3 particle generations!
Generat/on

II III Charge
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@ \Why do all particles exist 2 neutrinos
in three identical copies?
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Collision Energy (GeV)
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