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Welcome!

We hope you arrived well in Hamburg !

2

And that you are not disappointed about the summer weather



 The school and who we are
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This is the 5th edition of this school, this time organized by myself and 
Henriette Ullmann

Lecturers: 

Katharina Behr Elisabetta Gallo Gregor Kasieczka Timo Weigand Alexander 
Westphal



Quantum Universe Excellence Cluster

About 300 researchers at the University of Hamburg and DESY, our goal:

“understanding of mass and gravity at the interface between quantum physics and 
cosmology”
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Visit our web page https://www.qu.uni-hamburg.de/

https://www.qu.uni-hamburg.de/


Program at a glance
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Sign each day to get the final
school certificate

Lectures start sharp at the time
in the Timetable (e.g. 9:00 in the
morning), not 15 minutes later

Fridays it will be in SR IV, ML ex. 
in HS61, otherwise always here

Group Picture: Tuesday 22/July,
just before lunch at 12:30

Wifi: eduroam and Science 
Hotspot available

Timetable: https://indico.desy.de/event/48195/timetable/#all 

For the DESY Tour: 
https://indico.desy.de/event/48195/contributions/182888/attachments/97995/135064/Information_about_your_DESY_visit.pdf 

https://indico.desy.de/event/48195/timetable/#all
https://indico.desy.de/event/48195/contributions/182888/attachments/97995/135064/Information_about_your_DESY_visit.pdf


DESY map
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CSSB (surprise
movie)

DESY Tour

Shell Tour

ML ex.

You are 
here



Social program
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Farewell dinner the last day:  a menu 
to choose your main dish will be 
made available before

A particular walking Tour in Hamburg Thursday
this week. We will take the bus number 2 
all together

The weekend is free, but we are happy to give you tips



Hamburg die schönste Stadt der Welt
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Recommended: Boat Tour in the Harbour, Elbphilarmonie Plaza,  Miniaturwunderland (book 
before!), Michael Kirche, Kunsthalle, sailing or paddling on the AussenAlster, dinner at Sternschanze 
or Altona, walk in Planten und Blomen, drink in Ottensen/Strandperle, Dom in St Pauli/
Karolinenviertel, StadtPark, Fischmarkt Sunday morning early  (use hvv.de for public transports)

DESY

Centre

Harbour

http://hvv.de


Around Hamburg, for the weekend
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Recommended: Luebeck, Timmendorfer Strand, Schwerin, Lueneburg, Bremen, Husum, Sankt Peter 
Ording, Sylt. All reachable in a day trip via regional trains (Sylt may be more expensive)
Use https://www.deutschebahn.com/de to buy the ticket

https://www.deutschebahn.com/de


Enjoy the school and Hamburg!
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Have you studied particle 
physics already?
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• A) yes, I followed few courses already

• B) I have just limited knowledge

• C) I have no knowledge

• D) Do not like to say

I will use polls for asking few questions and wake you up
Download the letters https://indico.desy.de/event/48195/
contributions/182888/attachments/97995/135384/Letters.pdf

https://indico.desy.de/event/48195/contributions/182888/attachments/97995/135384/Letters.pdf
https://indico.desy.de/event/48195/contributions/182888/attachments/97995/135384/Letters.pdf


Units
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Note: I will use natural units most of the times and eV as energy unit:

1 eV = 1,60218e-19 Joule



This first lecture
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Question to you for discussion will be in yellow boxes

Feel free to interrupt and ask questions at any point!

• An historical introduction on particle physics and the Standard Model



Elementary particles
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Democritus
(From Wikipedia)

Today we have a quantum field theory describing elementary particles and their interactions,
very well verified, which is the “Standard Model” (SM)
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Quantum Field Theory
Small distances  < fm (10-15   m)
Relativistic kinematics  <~ 1𝛽 =

𝑣
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The SM of elementary particles
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Font: Wikipedia

• Matter is composed of 3 
generations of leptons and 
quarks (and relative anti-
particles) which are fermions 
(spin 1/2)

• Forces are mediated by gauge 
bosons (spin 1)

• The scalar Higgs boson (spin 0) 
is responsible of the mechanism 
that generates mass. It was 
discovered at the LHC in 2012 
and its mass is already known 
with a precision of ~1 per mille. 



The SM of elementary particles
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Font: Wikipedia

 A success history in the last 
century, however still many 
questions:
• Why 3 generations, why so 
different masses?
• Why asymmetry matter-
antimatter?
• Ordinary matter is only 5% of 
the energy content in the 
Universe, origin of dark matter 
and dark energy?
• Hierarchy problem
• Origin of neutrino mass?
• Gravitation is not included in the 
SM



Why 3 generations?
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A)There is no reason of only 3 generations

B) There are 3 colours for quarks

C)There is experimental evidence from the Z 
width measurement

D)I did not understand the question



Scales in the SM
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To see distances of the order of 
10-18 m, values of Q around ~100 
GeV are needed -> particle 
accelerators (or cosmic rays)
Now: LHC, √s= 7-8 TeV, 13 TeV 
from 2015, 13.6 TeV from 2022.

d ~ hc/Q ~ 197 MeV fermi/Q 

~MeV ~GeV



Interactions
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 Electromagnetic interaction,
mediated by the photon

Weak interaction,
mediated by W,Z
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Interactions
Strong interaction,
Mediated by the gluon g

Force strong e.m. weak Grav.

relative
strength

0.1-1 ~1/137 ~10-5 10-39

Gravitation

What is this picture?



Particle Physics in the 30‘s
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Life was simple in the 30‘s:
•  atoms were composed of electrons and nuclei (protons and 
neutrons).
• Yukawa postulated a „strong“ interaction between proton 
and neutron mediated by a „meson“.
• From the short range of the interaction he calculated a mass 
of the meson ~ 300X the mass of the electron.
• In 1937 effectively two groups observed in cosmic rays a 
particle matching that mass.
• In 1947 Powell discovered the pion and clarified that there 
were two particles with similar mass, the muon – weakly 
interacting („Who Ordered that?“ - Rabi)– and the pion

Earlier picture 
from Powell,
π->μυ decay 

Yukawa 
interaction

Isidor Rabi



Antimatter (1932)
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How did Anderson established that it 
was a positive charged particle with the 
electron mass?

Discovery of the positron (i.e. antielectron) by Anderson in 1932.

Supported Dirac‘s equation which admitted positive and negative energy  
solutions.

• Antiparticles have the same mass as 
particles and opposite charge and quantum 
numbers 
• Dominance of matter over antimatter is 
one of the main questions to answer (i.e. 
LHCb or B-factories experiments)



Neutrinos (~1930) 
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Problem observed in β decays of radioactive nuclei,  A -> B + e-

If A is at rest, the two decay particles B and electron are back-to-back and the 
electron should be  monocromatic 
  Example from 

tritium decay 
(from KATRIN 
experiment)

However a continous spectrum 
was observed and Pauli postulated 
the existence of a neutral weakly 
interacting particle (called later 
neutrino by Fermi)



Neutrino‘s discovery
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26 years later in the 
inverse beta decay

Font: CERN
Why did it take so long?

Wolfgang Pauli 
was professor in 
Hamburg
(Photo: Wikipedia)



Particle accelerators
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Cosmic rays Accelerators

ADA (Frascati, 
first e+ e- 
collider)

SLAC, 1967, 
Linac
2 miles long

Bruno 
Touschek
(Wikipedia)



A “zoo“ of particles
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Font: CERN Courier

In the ‘60 there was a “zoo” 
of ~100 particle (and anti-
particles) discovered at 
accelerators or cosmic rays.

Somehow particle physics 
was not attractive and 
elegant anymore.

The intuition and geniality of 
few people (i.e. see Gell-
Mann together with Feynman 
in the photo) helped putting 
“order”.



Strange particles 
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Some of these particle were denominated „strange“.
In 1947, in cosmic rays, a new neutral particle, heavier than the pion, was discovered:

• And in the following years many more particles were discovered in cosmic rays 
or at accelerators: ρ, φ, ω,...., Λ, Σ, ... 

• Some of  these new particles, like the Λ, were produced in a timescale of     
10-23 sec, typical of the strong interaction, but decayed slowly in p+π, with typical 
lifetime of 10-10 sec („weak“ interaction). Gell-Mann and Nishijma assigned a new 
quantum number, the strangeness, conserved in strong but not in weak 
interactions.



The Eightfold Way
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In 1961 Gell-Mann introduced a classification of mesons and baryons, 
to put order in the jungle of particles, according to charge and 
strangeness

Font: Wikipedia, Bettini

The Eightfold way is 
the basis of the quark 
model (Gell-Mann 
and Zweig 1964)

mesons



The Eightfold Way
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Font: Wikipedia, Bettini

Gell-Mann predicted the Ω state (sss) which was effectively found 
later in 1964.

What is special about the Δ++ and  Ω 
particles? 

baryons



The quark model
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Hadrons are composite particles of quarks:
• up of charge 2/3 and d,s of charge -1/3
• mesons are quark-antiquark states
• baryons are 3-quark states
• Quarks have an additional quantum number (the color), mesons 

and hadrons are colorless

Font image: Wikipedia

The proton is the lightest baryon and is stable. Which quantum number 
is conserved in baryon decays?

pion proton antiproton

“Three quarks for Muster Mark!”
(Finnegans Wake by James Joyce)

neutron



The quark model
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See QCD lectures for confirmation of the quark 
parton model

Font: Griffiths



Are there bound states of 4 or 5 
quarks?
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A)No, only 2 or 3 quark bound states exist

B) Recently 4 or even 5 quarks states have been 
observed

C)No, but bound states of leptons have been 
observed

D)I did not understand the question, can you 
explain better



Recently discovered particles

34Font=CERN 2021



The quark model
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Took a lot of time to be confirmed as quarks 
had not been observed “free”.

Few important results in the ”70s”:
- Discovery of bound states with “heavy” 

quarks, like the J?psi
- Deep inelastic scattering experiments, i.e. 

ep scattering and study of the proton 
structure, how is a proton made? Can the 
theory describe this behavior?

- Development of Quantum 
Chromodynamics (QCD), the theory of 
strong interactions.

- Discovery of 3-jet events at PETRA/DESY.



(The DESY campus)
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Cabibbo angle (1963)
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• Measuring the  decay rates of  π(ud)->μυ (without change of strangeness ΔS=0 ) 
and K(us)->μυ (with ΔS=1)  it was found that they were different.

•  Was weak interaction not universal, dependent on the quark flavour? 

Cabibbo  hypothesis: Let‘s suppose a  weak eigenstates of quarks d‘ as a combination of 
the mass eigenstates d,s, with mixing given by an angle θC 

Then the
Transitions d->u ~ gW

2cos2(θC)
Transitions s->u  ~ gW

2 sin 2(θC)

> = cos  |d> + sin    |s> |𝑑′   𝜃𝑐 𝜃𝑐

Experimentally this 
angle was found to be 
13 degrees



GIM mechanism (1974)
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•  The Cabibbo angle was explaining very well 
decays with ΔS=0 or ΔS=1. But there was still a 
problem, the very low BR of  mesons in two 
muons.
• Glashow, Iliopoulos and Maiani introduced a 
4th quark, to explain it, the second diagram 
almost cancels the first one

𝐾0

In summary, the W does not couple directly to 
d,s, but to the rotated weak (isospin) eigenstates 
d‘, s‘

What happens for 3 quarks? Is there an analogy in 
the lepton sector? 



The J/Psi particle

39The discovery of the J/Psi was a big success for the quark model

The success of the Cabibbo+GIM mechanism culminated with the discovery of 
charm, i.e. the J/Psi during the November 1974 revolution

Font= PDG: do you know the PDG?



Discovery of the J/Psi (1974)
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Richter et al. Observation of a resonance 
around 3 GeV in scanning the energy in 
e+e- collisions at SPEAR (SLAC)

Ting et al. at the same time in fixed target at 
BNL, he called it J

Ten days later at SLAC 
they discovered the 
next excited state, the 
Psi’ (November 
revolution)
The J/Psi discovery 
established the quark 
model

Fonts: SLAC,  BNL



Charmonium
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• The J/Psi a bound state of quark-antiquark, JPC=1--   

• A testbed for the strong interaction: charm is heavy, spectrum of 
excited states  similar to positronium bound state - but with binding 
force at the ~MeV scale (positronium at the eV scale)
• First  states are narrow (Γ(J/psi)=86 KeV). Psi(3770) is the first state 
that can decay in D mesons, so large width- weak decay

Font: Griffiths, arXiv:0710.1884

Short range 
potential with 
colour factor

Speculative 
potential 
describing 
confinement

What is confinement? (More in the QCD 
lectures)



Discovery of the 3rd generation
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Discovery of the Tau lepton (1975)

In acoplanar electron-muon 
candidates

Which quantum numbers are involved? 



Discovery of the 3rd generation
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Discovery of the 5th quark with 
the observation of the Upsilon 
( ) resonance (1977)𝑏�̄�

Discovery of the top quarks at the 
Tevatron (1995)

Why is the top special?

Is there a toponium?



Summary of particles

44



Weak interactions
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The first theory of beta decay is from Fermi  (1933), a contact interaction with coupling 
GF

2, which was describing the decay well at low energy. However the theory would fail at 
higher energy, predicting a cross section rising infinitely to high √s -> a theory with an 
intermediate vector boson was proposed

neutron

proton

electron

antineutrino-el

Fermi‘s 4 
contact-
interactions

W-

Weak 
intermediate 
boson

proton

electron

antineutrino-el

neutron

Note: EFT theories today, which similarities are there?



Discovery of neutral currents
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Font: CERN

Gargamelle bubble chamber, 1973
A very large heavy liquid (freon) chamber, 4m long, in 
2T B field

CC NC

• First milestone in weak 
interactions



Discovery of W and Z (1983)
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Font: CERN

UA1+UA2 at 
CERN

Second milestone 
in weak 
interaction



Intermediate bosons

48But no mechanism to generate W, Z mass in the SM theory



Mass
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Higgs potential 



Mass
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We are immersed in a field, the Higgs field, of which the H boson is the excitation, 
and gives mass to all particle, (electron, quarks, ….we would not exist without the 
H boson). Short film at https://www.youtube.com/watch?v=QVMQ3_somZc
 

Font: Hitoshi Murayama

https://www.youtube.com/watch?v=QVMQ3_somZc


How the Higgs affects us
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Font: Nature theory paper for 10th Higgs anniversary

More in the lectures of Katharina Behr



4th July 2012 and 2022 at CERN
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2012, Announcement of the Higgs 
discovery by ATLAS and CMS

ATLAS 10 years paper
CMS 10 years paper
Theory 10 years paper (I advice this!)

10 years later Auditorium still full

https://www.nature.com/articles/s41586-022-04893-w
https://www.nature.com/articles/s41586-022-04892-x
https://www.nature.com/articles/s41586-022-04899-4


A new boson at mH~125 GeV
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p-value, probability to have >= Nevents as 
those effectively observed, under the 
hypothesis of no signal.



a Higgs -> γγ event
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Higgs: only scalar (spin=0)  elementary boson known up to now



2013 Nobel prize
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The SM Lagrangian
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Font: Gavin Salam‘s talk, CMS 
meeting,  CERN T-shirt

Gauge sector (80s-90s)

Interaction of gauge fields 
with fermions (80s-90s)

Higgs field interaction with 
fermions ( observed 
2017-2018 ~ 10% 
precision)

Gauge-Higgs interaction (observed 
2012 ~ 5-8% precision)

Higgs potential (not yet 
measured!)



Particle physics in the Universe
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Font:APS, DOE, NSF, Nasa 

LHC

CP violation

WIMP at the LHC


