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



http://www.nikhef.nl/~i93/Teaching/

Relativity and Quantum Mechanics

Classical Mechanics Quantum Mechanics

Smaller Sizes (h)

Newton

P

BRIster €Tativity Theory




Relativity and Quantum Mechanics

Classical Mechanics Quantum Mechanics

Smaller Sizes (h)

Newton

P

Einstei

Sativity Theory




. Particle-
| : # Physics
b )

Astronomy

-

Lecture 9/ The Standard Model and Ahtfmatter
{ . o

1: Elementary Particles e 9]

2: Ant/matter and the Big Bang \

| 3:.Forces and the Standard Model g




1: Elementary Particles

“All things come in three”
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1: Elementary Particles

“All things come in three”
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1: Elementary Particles

“All things come in three”
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Building blocks of Matter

Molecule

tom

Atom-nucleus




‘Lego blocks’ of nature
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rticle physics lab
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Largest "photocamera” on earth
45 mx25m
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—

IIINNNNEEEENT

_j.’;’!!é?"l!j!f
]l ﬂl

] | ’J ;'l |
g 4
-‘V—ﬂ_“-,—_’———

80 MegaPler “ca‘mera ' 40 OOO OOO plctures per second



g 3 :
R
E

~ e J

s

- ¢"=s$w£ g" :

e

2 o -
T p— ol

- ‘}., ——
s

ZSUISSE___ -~

Y



Part"cle Colll.s'lons VP S m
—— LHC o7%mt" - —— ‘ | ’ﬁ\("

o7 : @ ¥

4 %3 o~ .




Y



. Elementary Particles
Generation. ry

I II III Charge

© @99 +2/3 €

S (1976) (1995)

000
(1547) (1978)

-
O @5 (19%6) (1773)

Q
Q

ua

-1 e
0e

(1556) (1563) (2000)

‘Matter‘




. Elementary Particles
Generation. ry

Charge

I II III

000~
(1976) (1995) '

000 - L%
(1947) (1978) e

3 “generations” of particles?! Why dot _ :
matter particles exist?!
000 - TLTH"TY
v W v %
(1%6) (1963) (2000)

‘ Matter‘

quarks

leptons




. Elementary Particles
Generation. ry

Charge

I II III
1000 =
E (1976) (1995)

-
000
(1547) (1978)

(1556) (1%63) (2000)
‘Matter‘




2: Antimatter and Big Bang

The genius of Paul Dirac
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2: Antimatter and Big Bang

The genius of Paul Dirac
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Paul Dirac and antimatter

e 1928:
= Dirac’s relativistic quantum theory

» Prediction: for each matter particle there
exists an iagentical antimatter particle!

e 1932:
= Anderson discovers the anti-electron
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- Paul Dirac._____

AntiDirac




Antimatter
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electron positron

Hydrogen atom Antihydrogen atom
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A world of matter and ...
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Atom-nucleus




... a world of antimatter

Anti-Molecule

Anti-Quark Anti-Proton /
anti-Neutron
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Alpha experiment: successor of Athena

CPT-Symmetric Situation Not f | =% )“)é
Apple Anti-Apple Anti-Apple r
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e News on 27 Sept 2023:

= Several thousands of antimatter hydrogen atoms were dropped in the
gravitational field

= Antimatter falls "down” to earth in the same way as matter does



Albert Einstein: Energy = matter + antimatter
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Creation:
Energy = matter + antimatter :

Annihilation:
matter + antimatter - energy :

28



Albert Einstein: Energy = matter + antimatter

Creation:

Energy = matter + antimatter : g —>

"[t is my understanding that the gentleman ordered

Annihilation:
e+ @ both the pasta and the antipasta.”

matter + antimatter - energy :
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“e No, we would
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Are there antimatter galaxies?

Nol

.(matter + anti-matter =
Intense gamma radlatlon)
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Early Universe: where did the antimatter go?
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. The early hot umverse
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F 2 Cosm|c Mlcrowave Background Radiation
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. How did we get a swal'l asymmetry _in'the Big B_aﬁg? ¥,
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3: Forces: "Standard Model”

Fermionen: spin="2 deeltjes
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“Standard Model”

Fermionen: spin="2 deeltjes
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Forces in Quantum Mechanics: exchange of quanta

“Repulsive force”

There is no
“action at a distance”

“Atractive force”




Four fundamental forces of nature
Strong nuclear force:

Quantum
gluon exchange:

Quantum
Graviton exchange?

Acts on particles with mass Acts on quarks

Electromagnetism: Weak nuclear force:
Quantum

uantum
photon exchange: 2

W, Z exchange:

B

Acts on all charged particles Acts on all particles




Four fundamental forces of nature

Graivity:

Quantum
Graviton exchange?

Strong nuclear force:
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Acts on quarks

Quantum
gluon exchange:

Ele

Quantum
photon exchange:

Ric’a{d Feynman |ed particles

Weak nuclear force:

Acts on all particles

Quantum
W, Z exchange:




How strong are the forces?

Weak Electromagnetic

(Electroweak)




Standard Model: Particles and Forces

Fermionen: spin="- deeltjes
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Standard Model: Theory
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‘How di

d antimatter disappear in.the Big bang?

Big Bang  ~ - Sinall Surplus
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Howney, You did your best, but that was really disgusting!







