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• Some countries have included particle 

physics into the physics curricula on 

high school level.

• Particle physics = Standard model 

• Particle content of the SM

• The model of exchange particles 

• Challenge to teacher trainers, 

teachers and students

Stage setting
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General 

overview

Main focus 

on Feynman 

diagrams

International publications on the teaching of particle physics:
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DELPHI detector at LEP 

(1989-2000)

Particle contend of the Standard Model

Hadronic event at DELPHIFeynman diagram for quark production in 

𝒆+𝒆− annihilation

Particle physics in 90 seconds  
The common narrative of particle physics 



5 von 12

Apparently an ok story, however, unambiguous 

only to the working physicist who has…

• … additional background knowledge 

(e.g. asymptotically free states can be viewed 

as particles approximately), and…

• … to whom this talk is embedded into a 

scientific practice! 

To the layperson misconception could arise:

• What are elementary particles?

• Feynman diagrams and interactions
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What are elementary particles?

“Particles” may be confused with 

small chunks of ordinary matter 

(frequently reported in chemistry 

education)

“Field excitations” are 

problematic, since the “quantum 

field” is operator valued…

“quantum waves” are problematic, 

since e.g. the photon has no wave 

function with probability interpretation 

in position-space… 

Jones 2002

Woithe et al. 2017

Johansson and Watkins 2013

Hobson 2013
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Particle 

properties

Classical Mechanics

e.g. kinetic theory of gases

QM

e.g. electrons

QFT 

e.g. photons

Number   ( )

Position  ( )

Trajectory 

distinguishable 

How the story should be told: 

The “particle” concept gets impoverished…  

Thesis 1
If particle physics transcends the limits of our (ordinary) 
imagination, the use of every day and intuitive notions does a 
disservice to the students.

Thesis 1b
To explain how the particle concept has 
changed can help to develop the ability to 
differentiate and the capacity for abstraction.
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Feynman diagrams as the “royal road” to 

particle physics?

“literal reading” of 

Feynman diagrams

Pascolini and Pietroni (2002)

Pascolini and Pietroni (2002)
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• Introduced by Feynman on the Pocono meeting 
in 1948

• Formalized and derived from field theory by 
Freeman Dyson in 1949

Dyson 1963

F. Dyson in “Advanced Quantum Mechanics”
Cornell lecture 1951 

Feynman diagrams represent formulae – not physical processes.

Feynman diagrams and their interpretation 
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The single Feynman diagram is only part of an perturbative expansion of the 
scattering matrix S. Only |𝑆|2 relates to an observable quantity:

• The probability is given by the square of sums – and not by the sum of squares. 
The additional “interference term” can not be assigned to a single Feynman 
diagram

• Recall the double slit in QM: observable pattern =|slit 1 + slit 2|2. A single 
Feynman diagram is like the probability amplitude for the electron passing to 
one slit…

• Allday (1997): “no single diagram is happening – they are all involved”.

Single Feynman diagrams do not happen: 

The argument from superposition
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The argument from superposition in the Higgs 

discovery

Martin (2012) Phys. Rev. D 86 073016.

Higgs only

Higgs + interference

To say “𝐻 → 𝛾𝛾 has been observed” is 

misleading… it singles out one amplitude 

which can not be “observed” in isolation… 

The “Higgs-mass-peak” gets shifted by 

this interference!

…
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• b) and c) are topological equivalent, i.e. they can be continuously deformed into 
each other. They describe the same amplitude! Only one needs to be considered 
to avoid double-counting.

• Their “stories” are completely different: b) emission before absorption c) pair 
production of electron and positron

• If each diagram is just the representative of this equivalence class (each member 
“telling a different story”) it can not tell any story at all….

Feynman diagrams do not tell a story about the physical 
process: The argument from „topological equivalence“ 

time

Compton scattering in leading order:
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Thesis 2
A “realist” interpretation of Feynman diagrams is scientifically untenable 
and their visual appeal is highly misleading. They represent not physical 
processes but formulae.

Thesis 1
If particle physics transcends the limits of our (ordinary) imagination, the 
use of every day and intuitive notions does a disservice to the students.

Thesis 1b

To explain how the particle concept has changed can help to 

develop the ability to differentiate and the capacity for abstraction.
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Virtual exchange-particles as carriers of the fundamental 
interactions: A notion supported by Feynman diagrams

Aus: G. Farmelo (1992) 

Phys. Ed. 27: 96-101 

Some other problems with the  “throwing-ball/boomerang-analogy”:

• How “particle-like” are the gauge bosons? 

• What about their being “virtual”?

• The analogy suggests a space-time picture of the process.

Allday (1997)
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Thesis 2
A “realist” interpretation of Feynman diagrams is scientifically untenable 
and their visual appeal is highly misleading. They represent not physical 
processes but formulae.

Thesis 1
If particle physics transcends the limits of our (ordinary) imagination, the 
use of every day and intuitive notions does a disservice to the students.

Thesis 2b
One could reach a very important educational goal (namely autonomy) 
by correcting the common misrepresentations of Feynman diagrams in 
the classroom. The notion of “exchange particles” should be viewed as a 
metaphor only. 

Thesis 1b
To explain how the particle concept has changed can help to develop the 
ability to differentiate and the capacity for abstraction.
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Summary and conclusion:

If in the teaching of particle physics its concepts are adapted 

to established ideas already acquired one may wonder why it 

should be taught anyway! 

• …If a mechanical model would capture the notion of 

force in particle physics that would be really odd, given 

that EM exceeds the scope of mechanics already.

• …If protons were build out of up and down quarks like 

atoms out of the nucleus and electrons that would be 

rather boring.  

• …If quantum mechanics does not permit to tell a 

story about events between preparation and 

measurement, particle physics (i.e. quantum field 

theory) should not permit it either!
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Educational processes result from “irritation” (i.e. the 

encounter with the foreign, unexpected, unusual that 

evades any simple explanation).

While we need to simplify particle physics – we should 

resist the temptation to explain it away and to trivialize it.

Quantum physics is a great way to irritate.

Postscript:

Thank you!
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Photons and probability: From R. Peierls, Surprise 

in Theoretical Physics”, Princeton University press, 

1979, p. 12
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Further problems of the literal reading of Feynman 
diagrams:

• The length of the lines carries no  

• The angle between the lines carries no information

• The exact position of the vertex carries no information  

• Feynman diagrams give no spatio-temporal picture of any 

process (no world-lines, no Minkowski diagram)

From J. Allday (1997)

time
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Topological equivalence and the Higgs discovery

Top loop induced Higgs production in gg 

Fusion with subsequent decay into ZZ 

and 4 charged leptons

HZZ production. The Higgs subsequently 

annihilates with a top pair

A Higgs radiated off a Z which 

was produced from the 

vacuum together with 2 

charged leptons…


