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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.

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

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

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

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

Lecture   9: The Standard Model and Antimatter
Lecture 10: Why is there something rather than nothing?

Nov. 1: 

Nov. 8: 

Nov. 15: 

Nov 22: 

Nov. 29: 
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1 2 3

“Flavor“ puzzle: why are there three generations of fundamental particles?

Why is there something rather than nothing?
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Lecture 10: Why is there something rather than nothing?
1: Discovery of the Higgs boson
2: Symmetry between Matter and Antimatter?
3: A new force of Nature?



5

1: Discovery of the 
Higgs boson
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1: Discovery of the 
Higgs boson

Minckeleers: also discovery
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CERN: Atlas experiment at the LHC
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Discovery of the Higgs boson

pp®Higgs®µµµµ
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Discovery of the Higgs boson

pp®Higgs®µµµµ
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Higgs: collecting data and testing theory

Discovery of
Higgs boson!
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pp®Higgs®µµµµ

µ µ

µ µ

Atlas event 
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4 July 2012 Announcement Higgs discovery
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Francois Englert Peter Higgs

2013 Nobel prize in Physics 

Robert Brout
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What did we discover?

“The formula” “The building blocks”

The ‘Higgs’ field
fills the vacuum 
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Higgs Field f and Particle H

• Higgs field is uniform, hard to see
• Higgs boson particle is “wave” of the field
• Mass results from interaction of matter 

particles with the Higgs field

• Compare:
§ A photon is a quantum of 

electromagnetic field
§ Water wave

Higgs field Higgs particle
a “field-quantum” 

� ! H
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July 4, 2012: The Vacuum
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e

Electron,e
Spin ½ 
Charge -1
Lifetime ¥
Mass .511 MeV

1897

µ

Muon,µ
Spin ½ 
Charge -1
Lifetime 2.2 µs
Mass 106 MeV

1937

t

Tau, t
Spin ½ 
Charge -1
Lifetime 290 fs
Mass 1777 MeV

1975
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Hence…
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2: Symmetry between
matter and antimatter?
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2: Symmetry between 
matter and antimatter?

Dreij Huivende kinder
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LHCb Experiment: decays of b-particles
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LHCb Detector: B-particles

23 sep 2010                  19:49:24
Run 79646        Event 143858637

Reconstruct millions of B-particle decays and select interesting cases.
Do we observe differences between matter and antimatter?

Zoom in on 
collision point 
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B-decay process: 
matter vs antimatter 

Asymmetrie: matter and antimatter decay processes proceed differently! 
Quantum forces between particles and anti-particles not always identical!

B0→ K+ p-

Matter process

B0→ K-p+

Antimatter process

𝐵! → 𝐾"𝜋# %𝐵! → 𝐾#𝜋"

B particle decay into 
a 𝐾" and a 𝜋# particle

anti-B particle decay into 
a 𝐾#and a 𝜋" particle
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B0→ K+ p-

Matter process

B0→ K-p+

Antimatter process

𝐵! → 𝐾"𝜋# 𝐵! → 𝐾#𝜋"

Ths only happens if there are at least
three generations of particles !!! 

The matter – antimatter 
symmetry is broken

B-decay process: 
matter vs antimatter B particle decay into 

a 𝐾" and a 𝜋# particle
anti-B particle decay into 

a 𝐾#and a 𝜋" particle
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B0→ K+ p-

Matter process

B0→ K-p+

Antimatter process

𝐵! → 𝐾"𝜋# 𝐵! → 𝐾#𝜋"

Ths only happens if there are at least
three generations of particles !!! 

The matter – antimatter 
symmetry is broken

B-decay process: 
matter vs antimatter B particle decay into 

a 𝐾" and a 𝜋# particle
anti-B particle decay into 

a 𝐾#and a 𝜋" deeltje
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Quarks

Leptons

50.000001% 49.999999%

à Asymmetry in physics laws
à Little bit more matter than antimatter
à Rest annihilates
à Matter universe remains

Early Universe: What happened to antimatter? 
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Quarks

Leptons

50.000001% 49.999999%

However: it does not work!
Asymmetry is not large enough.
Explanation requires a new force!

Why are there three identical copies of all particles? 
èIs it the simplest universe that can exist?!

Early Universe: What happened to antimatter? 
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6: A new force of Nature?
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6: A new force of Nature?

Pieke Dassen: art
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Standard Model: Universality of the Forces 

Forces are identical for particles of 1st, 2nd en 3rd generation.
è “Universality”

1 2 3

22 Lecture 1. Particles and Forces

a:
γ

e+

e−

µ+

µ−

b: W
e−

νe

νµ

µ−

c:
g

q

q

q

q

Figure 1.11: Feynman diagrams of fundamental lowest order perturbation theory pro-
cesses in a: electromagnetic, b: weak and c: strong interaction.

There is an important difference between the electromagnetic force on one hand, and
the weak and strong force on the other hand. The photon does not carry charge and,
therefore, does not interact with itself. The gluons, however, carry color and do interact
amongst each other. Also, the weak vector bosons carry weak isospin and undergo a
self coupling.

The strength of an interaction is determined by the coupling constant as well as the
mass of the vector boson. Contrary to its name the couplings are not constant, but
vary as a function of energy. At a momentum transfer of 1015 GeV the couplings of
electromagnetic, weak and strong interaction all have the same value. In the quest of
unification it is often assumed that the three forces unify to a grand unification force at
this energy.

Due to the self coupling of the force carriers the running of the coupling constants
of the weak and strong interaction are opposite to that of electromagnetism. Electro-
magnetism becomes weaker at low momentum (i.e. at large distance), the weak and the
strong force become stronger at low momentum or large distance. The strong interac-
tion coupling even diverges at momenta less than a few 100 MeV (the perturbative QCD
description breaks down). This leads to confinement: the existence of colored objects
(i.e. objects with net strong charge) is forbidden.

Finally, the Standard Model includes a, not yet observed, scalar Higgs boson, which
provides mass to the vector bosons and fermions in the Brout-Englert-Higgs mechanism.

Figure 1.12: Running of the coupling constants and possible unification point. On the
left: Standard Model. On the right: Supersymmetric Standard Model.
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LHCb: Do B-particles decay the same 
way to electrons and muons ? 

23 sep 2010                  19:49:24
Run 79646        Event 143858637

Lepton universality

In the Standard Model leptons feel the same 
interaction strength

5

=e µ
e µ

B
K

B
K
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6Lepton universality

In the Standard Model leptons feel the same 
interaction strength
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R not exactly equal to 1??
è Different force for electrons and muons?!

2021 2021

𝑅!∗ 𝑅!

LHCb: Do B-particles decay the same 
way to electrons and muons ? 
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23 March 2021: Headlines… “cautious excitement” 

- Guardian

Are we discovering a new force for muon particles?!
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Twee weeks later in Fermilab … muon magnetic moment?!

Standard Model
prediction

Experimental
measurement

Standard Model cannot explain measurement
è A new force acting up?!

“𝑔 − 2”
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LHCb: Do B-particles decay the same 
way to electrons and muons ?

23 sep 2010                  19:49:24
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Lepton universality

In the Standard Model leptons feel the same 
interaction strength
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December 2022: 
new measurement

for electrons…
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Figure 2: The fitted invariant mass distributions of the rare (top) B+
and (bottom) B0

candidates

in (left) the low-q2 and (right) central-q2 regions. The plotted components are identified in the

legend. OLD PLOT FOR NOW BUT YOU GET THE IDEA, WILL BE SINGLE-
COLUMN 1:1 ratio SO 170 words

and uncertainties.247

The invariant mass distributions of the rare electron candidates resulting from the248

final fit to the four lepton universality observables are shown in Figure 2. The measured249

values of the observables of interest are250

low-q2
(
RK = 0.994 +0.090

�0.082 (stat)
+0.027
�0.029 (syst),

RK⇤ = 0.927 +0.093
�0.087 (stat)

+0.034
�0.033 (syst)

central-q2
(
RK = 0.949 +0.042

�0.041 (stat)
+0.023
�0.023 (syst),

RK⇤ = 1.027 +0.072
�0.068 (stat)

+0.027
�0.027 (syst).

All four measurements are in agreement with predictions of the SM. []251

Systematic uncertainties associated with e�ciencies are evaluated by varying the252

assumptions made when calibrating the simulated samples. The biggest uncertainty of253

this type is the stability of the rKJ/ and rK
⇤

J/ ratios as a function of di↵erent kinematic and254

geometric variables associated with these decays. The overall systematic uncertainties for255

e�ciencies are below 1% in all cases except RK⇤ low-q2 where they are 2%. Systematic256

uncertainties associated with the modeling of rare decay form factors are evaluated using257

simulation and found to be negligible for B+ decays and around 1% for B0 decays.258

Systematic uncertainties associated with the modeling of the invariant mass distributions259

are dominated by the data-driven modeling of misidentified backgrounds, and are 2–2.5%260

7

Analysis: results

✦ Most precise and accurate LFU 
test in  transition 
 

✦ Compatible with SM with a 
simple  test on 4 measurement 
at 0.2 

b → sℓℓ

χ2

σ
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7

Analysis: results

✦ Most precise and accurate LFU 
test in  transition 
 

✦ Compatible with SM with a 
simple  test on 4 measurement 
at 0.2 

b → sℓℓ

χ2

σ

The R value now seems 
to agree with 1 ?!
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But for muons more and more measurements disagree!

Fermilab g-2 result

LHCb results

S.M. MeasuredObservable

The puzzle 
deepens further! 

28-8-2023
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Four(?) fundamental forces of nature
Graivity:

Electromagnetism:

Strong nuclear force:

Weak nuclear force:

Acts on particles with mass

Acts on all charged particles

Acts on quarks

Acts on all particles

22 Lecture 1. Particles and Forces
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Figure 1.11: Feynman diagrams of fundamental lowest order perturbation theory pro-
cesses in a: electromagnetic, b: weak and c: strong interaction.

There is an important difference between the electromagnetic force on one hand, and
the weak and strong force on the other hand. The photon does not carry charge and,
therefore, does not interact with itself. The gluons, however, carry color and do interact
amongst each other. Also, the weak vector bosons carry weak isospin and undergo a
self coupling.

The strength of an interaction is determined by the coupling constant as well as the
mass of the vector boson. Contrary to its name the couplings are not constant, but
vary as a function of energy. At a momentum transfer of 1015 GeV the couplings of
electromagnetic, weak and strong interaction all have the same value. In the quest of
unification it is often assumed that the three forces unify to a grand unification force at
this energy.

Due to the self coupling of the force carriers the running of the coupling constants
of the weak and strong interaction are opposite to that of electromagnetism. Electro-
magnetism becomes weaker at low momentum (i.e. at large distance), the weak and the
strong force become stronger at low momentum or large distance. The strong interac-
tion coupling even diverges at momenta less than a few 100 MeV (the perturbative QCD
description breaks down). This leads to confinement: the existence of colored objects
(i.e. objects with net strong charge) is forbidden.

Finally, the Standard Model includes a, not yet observed, scalar Higgs boson, which
provides mass to the vector bosons and fermions in the Brout-Englert-Higgs mechanism.

Figure 1.12: Running of the coupling constants and possible unification point. On the
left: Standard Model. On the right: Supersymmetric Standard Model.
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Quarks

Leptons

50.000001% 49.999999%

Through a fifth force during the Big Bang…?
+ ???

How did antimatter disappear in the early universe?
Why is there something rather than nothing?
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Future: “Circles and Triangles”
Particle Colliders: simulate physics of the Big Bang …

Gravitation-detectors: listening to the Big Bang…

FCC

ETLISA

LHC
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Future: “Circles and Triangles”
Particle Colliders: simulating physics of the Big Bang …

Gravitation-detectors: listening to the Big Bang…

FCC

ETLISA

LHC
Lots of exciting research ongoing

Thanks for your attention!
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Applications of Science
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4821 cctober, 2006 Waar is de Anti-materie heen?

Quantum Velden Theorie

Deeltjes en Krachten zijn “velden”  
denk aan quantum golffuncties:  y(x,t)

Standaardmodel van Quantum Velden Theorie (Recept voor experts):
• Schrijf de Lagrangiaan voor alle bestaande deeltjes en krachten
(Elektromagnetisme + Zwakke kracht + Sterke kracht, vergeet Zwaartekracht)

• Eis dat de Lagrangiaan een aantal wiskundige symmetrieën heeft.
• De rest volgt vanzelf: het gedrag van alle deeltjes en hun interacties!

Hamilton
1805 - 1865

L= T - V
T = Kinetische energie
V = Potentiele energie

De fundamentele grootheid is de Lagrangiaan
(Klassieke mechanica: Bewegingsvergelijkingen volgen)

Lagrange
1736 - 1813
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Het Standaard Model van elementaire deeltjes

Werkt bij zeer kleine 
afstanden

(Kwantummechanica)

Werkt bij zeer hoge 
energie (Speciale 
Relativeitstheorie)

Beschrijft alle
natuurkrachten

behalve 
zwaartekracht

Beschrijft alle 
bekende materie
(behalve 
donkere)

Onduidelijk theorie
ook voor Big Bang 
natuurkunde geldig is

17 onvoorspelde parameters
(dus niet heel erg predictive?)

Beschrijft maar verklaart niet tal
van opvallende strukturen in de natuurwetten

(en tegelijkertijd)
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Donkere Materie
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helium (He)waterstof (H)

Zichtbare “baryonische” materie
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Gewone materie verstrooit en blijft achter
Donkere materie beweegt ongestoord verder

5 10® R (kpc)

50

100

®
v 

(k
m

/s
)

verwacht

gemeten

Spiraalarm rotatie en gravitationele lensen
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He H

donkere energie & donkere materie

Donkere Materie
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“The Dark Side rules the Universe”
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