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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?

Sep. 10: 

Sep. 17: 

Sep. 24: 

Oct. 1 : 

Oct. 8: 
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“Flavor“ puzzle: why are there three generations of fundamental particles?

Why is there something rather than nothing?

s

Forces

1 2 3
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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?
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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→
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Discovery of the Higgs boson

pp→Higgs→
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Higgs: collecting data and testing theory

Discovery of
Higgs boson!
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pp→Higgs→




 

Atlas event 
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Sydney

4 July 2012 

Amsterdam

CERN

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  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” 
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July 4, 2012: The Vacuum
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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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2012: B-meson decay process: 

matter vs antimatter 

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

B0 → K+ −

Matter process

B0 → K− +

Antimatter process

𝐵0 → 𝐾+𝜋− ത𝐵0 → 𝐾−𝜋+

B particle decay into 

a 𝑲+ and a 𝝅− particle

anti-B particle decay into 
a 𝑲− and a 𝝅+ particle

ത𝑏𝑑 → ҧ𝑠𝑢 + ത𝑢𝑑 𝑏 ҧ𝑑 → 𝑠 ത𝑢 + 𝑢 ҧ𝑑
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50.000001% 49.999999%

→ Asymmetry in physics laws
→ Little bit more matter than antimatter

→ Rest annihilates
→ Matter universe remains

Early Universe: How did the antimatter disappear? 

http://www.atlas.ch/angels-demons/images/page3.jpg

“Perfect, don’t touch it further!”

http://www.google.nl/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=paDRBZrrbxqAVM&tbnid=t2Kn9cHZwnwSMM:&ved=0CAUQjRw&url=http://www.atlas.ch/angels-demons/3.html&ei=Ep0zUZSWII6U0QWgy4CIAg&bvm=bv.43148975,d.d2k&psig=AFQjCNFp7XjaMzQ6FvkJGO10OfBsgj4knQ&ust=1362423293219238


25

50.000001% 49.999999%

http://www.atlas.ch/angels-demons/images/page3.jpg

However: it does not work!

Asymmetry is not large enough.

Explanation requires a new force!

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

Early Universe: How did the antimatter disappear? 

http://www.google.nl/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=paDRBZrrbxqAVM&tbnid=t2Kn9cHZwnwSMM:&ved=0CAUQjRw&url=http://www.atlas.ch/angels-demons/3.html&ei=Ep0zUZSWII6U0QWgy4CIAg&bvm=bv.43148975,d.d2k&psig=AFQjCNFp7XjaMzQ6FvkJGO10OfBsgj4knQ&ust=1362423293219238
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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.

➔ “Universality”

1 2 3

G

m

mm

m

Gravity

Elektromagnetism Strong Nuclear Force

Weak Nuclear Force
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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 Sta nda rd M odel leptons feel the sa me 

intera ction strength

5

=
e µ

e
µ

B
K

B
K

?
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6

RK not exactly equal to 1??
➔ Different force for electrons and muons?!

2021 2021

𝑅𝐾
∗ 𝑅𝐾

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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December 2022: 

new measurement

for electrons…
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Renato Quagliani LHC Seminar, CERN 49
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Figure 2: Thefit ted invariant mass dist ribut ions of the rare (top) B + and (bot tom) B 0 candidates

in (left ) the low-q2 and (right ) cent ral-q2 regions. The plot ted components are ident ified in the

legend. OLD PLOT FOR N OW B U T Y OU GET T H E I D EA , W I LL B E SI N GLE-

COLU M N 1:1 r at io SO 170 wor ds

and uncertaint ies.247

The invariant mass distribut ions of the rare electron candidates result ing 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 predict ions of the SM. []251

Systemat ic uncertaint ies associated with efficiencies are evaluated by varying the252

assumpt ions made when calibrat ing the simulated samples. The biggest uncertainty of253

this type is the stability of the r K
J/  and r K ⇤

J/  rat ios as a funct ion of di↵erent kinemat ic and254

geometric variables associated with these decays. The overall systemat ic uncertaint ies for255

efficiencies are below 1% in all cases except RK ⇤ low-q2 where they are 2%. Systemat ic256

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

simulat ion and found to be negligible for B + decays and around 1% for B 0 decays.258

Systemat ic uncertaint ies associated with the modeling of the invariant mass dist ribut ions259

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

7

A nalysis: result s

 Most  precise and accurate LFU 

test  in  t ransit ion 

 

 Compat ible with SM with a 

simple  t est  on 4 measurement  

at  0.2 

b s

2

LHCb: Do B-particles decay the same 

way to electrons and muons ? 
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A nalysis: result s

 Most  precise and accurate LFU 

test  in  t ransit ion 

 

 Compat ible with SM with a 

simple  t est  on 4 measurement  

at  0.2 

b s

2

The RK value now seems 
to agree better with 1 ?!

LHCb: Do B-particles decay the same 

way to electrons and muons ? 
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But for muons more and more measurements disagree with SM!

Fermilab g-2 result

LHCb results

S.M. MeasuredObservable

The puzzle 
deepens further! 

28-8-2023
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Observing deviations from the Standard Model predictions

24 april 2013

The effects are not yet statistically convincing but seem to have 
consistent pattern pointing towars a potential new force… ?

1 Sept 2025: new LHCb results for 𝑩 → 𝑲𝝁𝝁
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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

Quantum
Graviton exchange?

G

m

mm

m

Quantum
gluon exchange:

Quantum 
W, Z exchange:

Quantum 
photon exchange:

+ ???
   Fifth force?
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50.000001% 49.999999%

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

http://www.atlas.ch/angels-demons/images/page3.jpg

How did antimatter disappear in the early universe?

Why is there something rather than nothing?

http://www.google.nl/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=paDRBZrrbxqAVM&tbnid=t2Kn9cHZwnwSMM:&ved=0CAUQjRw&url=http://www.atlas.ch/angels-demons/3.html&ei=Ep0zUZSWII6U0QWgy4CIAg&bvm=bv.43148975,d.d2k&psig=AFQjCNFp7XjaMzQ6FvkJGO10OfBsgj4knQ&ust=1362423293219238
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Future: “Circles and Triangles”

Particle Colliders: simulating physics of the Big Bang …

Gravitation-detectors: listening to the Big Bang…

FCC

LISA

LHC

ET
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Future: “Circles and Triangles”

Particle Colliders: simulating physics of the Big Bang …

Gravitation-detectors: listening to the Big Bang…

FCC

LISA

LHC

ET

Lots of exciting research ongoing

Thanks for your attention!



4024 april 2013
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e

Electron, e
  

Spin ½ 
Charge −1
Lifetime 
Mass .511 MeV

1897



Muon, 
 

Spin ½ 
Charge −1
Lifetime 2.2 s
Mass 106 MeV

1937



Tau, 
 

Spin ½ 
Charge −1
Lifetime 290 fs
Mass 1777 MeV

1975
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Matter vs antimatter asymmetry:
A𝐴𝐶𝑃 = 2.45 ± 0.46 ± 0.1 %

➔ 2.5 % 

Reconstruction of one of the decays

Nature: 16 July 2025 → Asymmetry in Baryons!!

Baryons are particle like 

proton and neutron.
Constituetns of our atoms
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Twee weeks later in Fermilab … muon magnetic moment?!

Standard Model
prediction

Experimental
measurement

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

“𝑔 − 2”

“Again trouble in Standard model”
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Applications of Science
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Dark Matter
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Visible “baryonic” matter
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Normal matter scatters and stays behind
Dark matter moves undisturbed

5 10→ R (kpc)

50

100

→
 v

 (
k
m

/s
)

expected

measured

Spiralarm rotation and gravitational lensing
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He H

Dark Matter
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“The Dark Side rules the Universe”
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