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Motivation: high demand for educational offers targeting high-school students 

Goals: • develop online learning offer for high-school students from around the world 

• provide teachers with educational ideas and materials for their classroom 

• narrow the research-practice gap in particle physics education research



Process: long-term, iterative physics education research project 

Methods: educational reconstruction & design-based research
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The model of educational reconstruction  
(Duit et al., 2012)

The design-based research cycle (Reeves, 2006)



Process: long-term, iterative physics education research project 

Methods: educational reconstruction & design-based research 

Instruments: eye-tracking, questionnaires & think-aloud studies
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Target group: high-school students (14-19 years) 

Aim: introducing students to central models of particle physics 

Structure: key messages and experiments/activities 

Pilot: 16 chapters comprising videos/transcripts and quiz questions
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Part 1 Part 2

1 What is a particle? 5 What are interactions? 9 What is antimatter? 13 What is a particle accelerator?

2 What is a model? 6 What is matter? 10 What is the SMPP? 14 What is a particle detector?

3 What is particle physics? 7 What are conservation laws? 11 What is the Higgs boson? 15 What is a cloud chamber?

4 What are charges? 8 What are particle transformations? 12 What is beyond the SMPP? 16 What is CERN?
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• Highlighting scientific process & modelling in science 

• Representing particle physics & CERN inclusively 

• Showcasing connections to general physics curricula 

• Demystifying particle physics 

• Coherent nomenclature & illustrations throughout the course 

• Structure & key messages support students’ “learning progression” 

• Mix of presentation & activities (quiz questions, DIY experiments)

PPC Aims
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• Particles: elementary particles & interaction particles 

• Operationalised: elementary particles & composite particle systems

Important Examples
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electro magnetic interaction, the weak bosons 
(W −, W + , and Z 0) for the weak interaction, and 
gluons (g) for the strong interaction. Furthermore, 
an elementary particle can be in!uenced by more 
than one fundamental interaction, in which case 
it has several charges (see "gure 1). For example, 
due to its electric and weak charges, a muon is 
in!uenced both by the electromagnetic interac-
tion and the weak interaction.

The development of the Standard Model of 
particle physics started in the early 1970s and has 
so far withstood every experimental test. The latest 
success was the veri"cation of the Brout–Englert–
Higgs "eld by ATLAS and CMS at CERN’s Large 
Hadron Collider in 2012. Both experiments suc-
cessfully detected the quantised excitation of the 
BEH "eld—the so-called Higgs boson. This con-
"rmed the Higgs mechanism, which associates 
elementary particles with their respective mass.

One might think that, given this great success 
story, the particle physics community is happy and 
content. But, as a matter of fact, the exact opposite 
is the case! While the Standard Model of particle 
physics provides a unique and elegant description 
of fundamental interactions between elementary 
particles, it is assumed that this quantum "eld 
theory is only part of a broader theory. Indeed, the 
Standard Model of particle physics describes only 
about 5% of the universe. It does not explain dark 
matter, which accounts for approximately 25% of 
the universe—not to speak of dark energy, which 
supposedly adds the remaining 70% of the uni-
verse. Their description can only be achieved by 
theories which go beyond the Standard Model of 

particle physics. Hence, any signs of irregularities 
between the predictions of the Standard Model of 
particle physics and experimental results would 
spark tremendous excitement. After all, this would 
enable the physics community to update and mod-
ify the current description of nature.

2. The Lagrangian
The mathematical formulation of the Standard 
Model of particle physics is complex. However, 
all information is encoded in a compact descrip-
tion—the so-called ‘Lagrangian’. Nonetheless, 
this ‘compact’ formulation still "lls several pages 
[1]. That is why an ultra-short, four-line version 
of the Lagrangian is also commonly shown. This 
par ticular formula draws a lot of attention and 
everyone who visits CERN will come across it 
at some point. For example, the CERN gift shop 
sells t-shirts and coffee mugs (see "gure 2) featur-
ing this four-line version of the Lagrangian. This 
can be especially challenging for physics teachers, 
who might then be asked by interested students to 
explain the meaning and the physics behind the 
Lagrangian. Therefore, we want to give a quali-
tative description of the individual terms of the 
Lagrangian, explain the fundamental processes 
behind them, and associate them to their respective 
Feynman diagrams.

Feynman diagrams are pictorial representa-
tions of the underlying mathematical expressions 
describing particle interactions. Even though parti-
cle physicists will use a set of ‘Feynman rules’ to 
translate a diagram into a mathematical expression, 

g
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Figure 1. Matter particles can be divided into three groups: quarks (q) and antiquarks (q); electrically charged 
leptons (!) and antileptons (!); neutrinos (ν) and antineutrinos (ν). Gluons (g) couple to colour charge, which 
only quarks, antiquarks, and gluons themselves, have. Photons (γ) couple to electric charge, which is found 
in (anti)quarks and electrically charged (anti)leptons. The weak bosons (W−, W+ , Z0) couple to the weak 
charge, which all matter particles have. Weak bosons can also interact with the photon (but this is a pure weak 
interaction, not an electromagnetic one). And "nally, the Brout–Englert–Higgs "eld interacts with particles that 
have mass (all particles except the gluon and the photon).
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interaction particles:

elementary particles:

Standard Model overview (Woithe et al., 2017)



• Fundamental interactions & charges first, particles later 

• Conservation laws as rulebook of the Universe 

• Linguistic accuracy & coherence (decay and transformation) 

• Typographic illustration of particles (link to Feynman diagrams)

Important Examples
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𝐹ୱ = ℏ ∙ c ∙ 𝛼ୱ ∙  
𝐶1 ∙  𝐶2

𝑟2                                                                  (6) 

Here I2 and I2 are the weak charge numbers of the two particles, 𝐶1and 𝐶2 are the respective color charge 
vectors and 𝛼୵ and 𝛼ୱ are the coupling parameters of the weak and the strong interaction.  

So, essentially it is the concept of charge that is the base for the SM and the predictive power for the 
interaction of particles, and this vital idea can be directly connected to the previous knowledge students 
have about the electric charge. At this point it should be not too surprising, that all three types of charges 
have similar properties. They are additive, meaning that the charge numbers and the color charge vector of 
a composed particle is the sum of the respective quantities of the elementary particles it is built of. 
Secondly, all these particle properties are quantized, so only certain discrete values exist and, which is 
probably most important for the discussion of particle interactions, they are all conserved quantities. The 
deeper reason for that is that main assumptions of the SM are so-called local gauge symmetries regarding 
WKeVe cKaUJeV aQd accRUdLQJ WR NReWKeU¶V WKeRUeP fRU eYeU\ V\PPeWU\ LQ SK\VLcV WKeUe PXVW be a 
connected conservation law. Therefore, the role of charges in particle physics is as important as, for 
example, the role of energy and energy conservation for physics in general. 

Figure 3 sums up the previous argumentation by showing the relationships of the three basic concepts 
within the SM and settles the framework for the whole educational approach. It can be considered the 
most important graphic of all our teaching material 
 

 
Figure 3. The basic concepts of the SM [2, translated]. 

Until now, the fundamental interactions only have been discussed in context of potentials and forces. But 
there is a major difference concerning the term interaction in classical and particle physics. The SM is not 
only a quantum theory, but a quantum field theory, which means that the amount of existing particles is 
not time-invariant but the production and annihilation of particles is allowed. The production of particles 
as well as a particle transformation is, for example, relevant during beta transformations, which, as a 
substantial part of education in nuclear physics, is a recurrent example within our argumentation. The 
annihilation of matter and anti-matter has, for instance, a medical application in the positron-emission 
tomography. 

In particle physics, the term interaction is a hypernym integrating the four different phenomena of 
force, particle transformation, particle production and particle annihilation. From this point of view, one 
has to be very careful not to mix up the terms interaction and force. In literature, the terms force and 
LQWeUacWLRQ aUe XVed V\QRQ\PRXVO\. OfWeQ VWaWePeQWV OLNe WKe fROORZLQJ caQ be fRXQd: ³TKe ZeaN fRUce 
[...] manifestV LWVeOf LQ QXcOeaU ȕ-deca\´ [10] RU ³WKLV [VWURQJ] fRUce LV WKe fXndaPeQWaO VWURQJ LQWeUacWLRQ´ 
[11]. Statements like these are very problematic, because the understanding of the concept of force in a 
Newtonian way is established at school with a lot of effort and this concept is absolutely not compatible 
with the processes of particle transformation, production or annihilation. So to distinguish between the 

Standard Model triangle  
(Kobel et al., 2018)
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the classroom. Here, the so-called ‘particle zoo’, 
which was used to describe the dozens of newly 
discovered ‘elementary particles’ is a prominent 
example. This unfortunate term originates from a 
time when, in the absence of a complete quark 
theory, each newly discovered combination of 
quarks was classi!ed as an elementary particle. 
Nowadays, following the modern description 
of only leptons and quarks as elementary par-
ticles, the notion of a ‘particle zoo’ can be seen 
as anachronistic and thus detrimental to students’ 
understanding.

Hence, we consider linguistic accuracy to 
be a very important aspect of the learning unit. 
Indeed, at the beginning of the development of 
our learning unit, we identi!ed several terms 
and phrasings, which students evaluated to be 
dif!cult to understand. However, we also found 
that, by making minor adjustments to these terms 
and phrasings, or by rephrasing them, students 
showed broad acceptance. For instance, instead 
of using the ‘nucleus’, the learning unit intro-
duces the ‘nucleus-space’. This was prompted 
by a common conception, which we found early 
in our research. Students frequently stated that 
proto ns and neutrons were embedded in the 
nucleus and were confused when asked to explain 
what this nucleus might be made of. Hence, 
through several iterations, the concept of the 
‘nucleus-space’ was added to the learning unit, 
which proved itself to be helpful for students’ 
acceptance of the unit. Indeed, our results show 
that this phrasing highlights the location aspect 
of the nucleus-space in an appropriate way and 
minimises potential misconceptions of a nucleus 
as an entity in its own right. In a similar way, the 
‘orbital-space’ is introduced, which de!nes the 
space ‘where it is likely to !nd electrons’. This 
aims at reenforcing the probability aspect of the 
orbital-space, while unambiguously avoiding any 
misleading notion of electrons orbiting around in 
planet-like circles.

In addition, within the learning unit, we 
make a clear distinction between ‘particles’ 
and ‘particle systems’. This means that only 
elementary particles—leptons and quarks—are 
denoted as particles, while baryons and mesons 
are introduced as particle systems ‘which are 
made of particles’. Our !ndings showed that, 
thanks to this minor modi!cation, any potential 
misconceptions of protons enveloping quarks 

like jelly could be avoided. The important 
aspect of linguistic clarity is also supported by 
the use of typographic illustrations, which we 
present next.

3.3. Typographic illustrations

Since education research shows that visual illus-
trations are essential to communicate scienti!c 
ideas in the classroom [19, 20], we developed 
new graphical representations of particles and 
particle systems to include in our learning unit. 
With the model aspect of particle physics in 
mind, these illustrations aim at visualising sub-
atomic objects, while avoiding triggering any 
misconceptions about their potential appearance. 
Therefore, instead of using spheres or any other 
misleading symbols, we represent particles and 
particle systems by using their respective let-
ters (see !gure 1). To enable a clear distinction, 

Figure 2. Typographic illustration of a proton and 
an antineutron, as used in the second chapter of the 
learning unit.

Figure 1. Typographic illustration of a proton and a 
neutron, as used in the !rst chapter of the learning unit.
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Typographic illustrations of particles 
(Wiener et al., 2017)
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# C1 C2 C3

Title What is a particle? What is a model? What is particle physics?

Key  
messages

1) We do not know what a particle “is”.

2) The term “particle” can have different definitions that 
depend on the context.

3) There are elementary particles that are indivisible, and that 
can be measured, but we have no idea how they look like.

4) Elementary particles can combine to make up composite 
particle systems that have particle-like properties.

1) We use scientific models to describe observations of our 
universe.

2) Different scientific models can describe the same object or 
phenomenon.

3) Every scientific model allows us to make new predictions.

4) Every scientific model has its limitations.

1) Particle physics is the research field of physics that deals 
with particles.

2) The field of particle physics can be divided into low-energy 
particle physics and high-energy particle physics.

3) Quantum physics and high-energy particle physics 
investigate the same types of particles but at different 
energies.

4) In particle physics, “electronvolt” is used as the unit of 
energy.

Activity Cloud Chamber Mystery boxes Laser lab & Electron gun

Particles up quark, down quark, proton, neutron electron photon

Charges

Interactions
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# C4 C5 C6

Title What are charges? What are interactions? What is matter?

Key  
messages

1) Particles have no size or shape. We describe them as 
point-like objects.

2) Particles have properties that characterise them, for 
example, mass and charges.

1) All phenomena in the Universe can be traced back to four 
fundamental interactions between elementary particles.

2) Apart from the gravitational interaction, all fundamental 
interactions are described by the Standard Model of particle 
physics.

3) The electric charge determines if and how a particle can 
interact with other particles via the electromagnetic 
interaction.

4) The electromagnetic interaction is mediated by a 
characteristic interaction particle, the photon.

5) The three fundamental interactions described by the 
Standard Model of particle physics are each associated with 
characteristic charges and characteristic interaction particles.

1) Matter is everything that can be touched, practically or 
theoretically.

2) Matter is made of atoms that can combine to form 
molecules.

3) Atoms are not indivisible, but they are made of elementary 
particles that are indivisible.

4) Because of the strong interaction, which is mediated by 
gluons, quarks are confined in particle systems, such as the 
proton or the neutron.

5) The charge associated with the strong interaction is 
described as colour charge.   

Activity Scattering experiment Scattering experiment Quark puzzle

Particles photon gluon

Charges electric strong

Interactions gravitational, electromagnetic strong
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# C7 C8 C9

Title What are conservation laws? What are particle transformations? What is antimatter?

Key  
messages

1) The total energy of an isolated system, which is the sum of 
all forms of energy, such as the energy associated with the 
rest mass of a particle or its kinetic energy, is conserved.

2) The total momentum of an isolated system is conserved.

3) The total electric charge, the total strong charge, and the 
total weak charge of an isolated system are conserved.

4) The weak interaction allows particles to transform into 
other particles.

5) The weak interaction is associated with the weak charge, 
and it is mediated by the W+ boson, the W- boson, or the Z 
boson.

1) When a particle transforms, it stops existing and new 
particles are created.

2) Particle transformations are random processes but, on 
average, particles transform at the end of their characteristic 
average lifetime.

3) During particle transformations, the total energy, the total 
momentum, and all charges are conserved.

4) Particle physicists use Feynman diagrams to visualise 
particle transformations.

1) The evolution of the Universe is best described with the 
big bang theory.

2) The big bang theory is based on Einstein’s famous 
formula, E=mc2, that describes the equivalence of energy 
and matter.

3) The transformation of energy into matter is restricted by 
charge conservation.

4) For every charged particle there is an identical anti-particle 
with opposite charges.

5) A particle and its anti-particle can cancel each other out 
and transform into interaction particles.

6) Anti-matter is made of anti-particles that combine to form 
anti-atoms.

Activity Cloud chamber Cloud Chamber Quadrupole ion trap

Particles W-, W+, Z muon, muon neutrino, anti-electron neutrino positron

Charges weak

Interactions weak
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# C10 C11 C12

Title What is the SMPP? What is the Higgs boson? What is beyond the SMPP?

Key  
messages

1) The Standard Model of particle physics describes the 
fundamental interactions between elementary particles based 
on their associated charges.

2) Within the Standard Model of particle physics, elementary 
particles can be grouped together according to their charges 
and their mass.

3) The Standard Model of particle physics sorts elementary 
particles and anti-particles into three generations.

4) Due to their high masses, elementary particles categorised 
in the second and third generation of the Standard Model of 
particle physics can only exist in high-energy environments.

1) Composite particle systems made of three quarks are 
called baryons, and composite particle systems made of one 
quark and one anti-quark are called mesons.

2) In quantum field theory, elementary particles and 
interaction particles are considered to be excitations of their 
associated fields.

3) The Brout-Englert-Higgs mechanism describes how 
elementary particles and interaction particles can interact 
with the Brout-Englert-Higgs field, which causes them to 
acquire mass.    

4) The mass of composite particle systems stems from the 
masses of its quarks and the energy of the strong interaction 
between them.

Nobel prize ideas


1) Come up with a quantum theory of gravity!

2) Find an explanation of why there are exactly three 
generations of elementary particles!

3) Find out what dark matter is!

4) Find out what dark energy is!

Activity SMPP counter Particle identities Jar with M&Ms

Particles all elementary particles and anti-particles Higgs, mesons, baryons

Charges

Interactions
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# C13 C14 C15

Title What is a particle accelerator? What is a particle detector? What is a cloud chamber?

Key  
messages

1) Particle accelerators accelerate electrically charged 
particles with the help of electric fields.

2) In a linear accelerator, alternating electric fields are used to 
accelerate particles along a straight path.

3) In a circular accelerator, electric fields increase the energy 
of particles, and magnetic fields are used to steer them along 
a circular path.

4) The maximum energy particles can reach in a circular 
accelerator is limited by the strength of the magnetic fields 
that steer the particles around the circle, and by the 
circumference of the circular accelerator.

5) When high-energetic particles collide, their energies can 
transform, and new particles are created.


1) A particle detector is a device that detects particles and 
measures their properties.

2) A particle detector can only detect types of particles with a 
sufficiently long average lifetime.

3) Particle detectors use magnetic fields to determine the 
electric charge and the momentum of particles.

4) We identify particles based on the unique patterns they 
produce in different layers of detector components.

Activity Electron gun Cloud Chamber Cloud Chamber

Particles hadrons

Charges

Interactions
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# C16 C17

Title What is CERN? PPC Summary

Key  
messages

History 
Organization 
Life at CERN 
Job opportunities

Activity

Particles

Charges

Interactions



Merci bien!
Questions?
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