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What high school teachers should teach

How to explain the “epistemological consequences” of
Heisenberg’s uncertainty relations and entangled photons.
Einstein’s explanation of the photoelectric effect and how this,
Compton scattering and the wave nature of particles represents a
break with classical physics.
Describe the interactions among elementary particles.
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What teachers students have (not) learned

Lagrangians are too difficult.
Only introductory QM, no Dirac notation.
Very little special relativity.
Too little mathematics.
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Particle-wave duality

Confuses students.
Disappears when entering university.

The term should be erased.
It is not even a duality, and serves no explanatory purpose.

The difference between “is” and “looks like”
Sometimes light and electrons may look like waves, sometimes like
particles; this does not mean they are particles and waves. This
subtlety may be obvious to us but not so for students.
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Einstein introduces light quanta

How does matter emit light?

Planck (and Einstein) argued that light is emitted in quanta hf .

How does matter absorb light?

Einstein argued that light is absorbed in quanta hf .
He also said that light is “distributed discontinuously in space”, this we
now know to be misleading.

Conclusion
Matter interacts with light by transferring whole quanta hf , this is the
meaning of particle properties of light.
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Other particles

We need to explain what we mean by particle.
Explain how all particles are associated with fields.

Why are e− and p+ much more “particle-like” than photons?

They have a conserved quantum number that ensures a well
defined and conserved number of quanta.
The higher the mass the smaller the ∆x .
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A case of bad naming

Not particles in any sense!
Disturbances in fields.
See Matt Strasslers blog for a good non-mathematical
introduction.
Similar to quantum tunneling.
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The most common misinterpretation in physics

We can borrow energy from nowhere if we pay it back in time. !!??

Energy is always conserved
Noether tells us that energy is strictly conserved everywhere and at
every level unless your fundamental lagrangian changes in time.

Yukawa’s argument for mesons

Often said that he used mτ = ~/2 to find a mass that gives
cτ = 10−15m; this is a flawed argument. He constructed a full field
theory to account for correct potential.
A simple dimensional argument explains (correctly) the need for a
scale of O(100 MeV).
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First we define what we mean by a symmetry

Introduce symmetries as mathematical modifications of objects.
This concept of symmetry is not trivial and should be introduced
carefully.

Use Aµ → Aµ + ∂µφ(xµ).

The subsymmetry V → V + V0, should be familiar.
Gauge theory was discovered in GR and EM.
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Local timezone symmetry

Physics is independent of what timezone we use to measure time.
Let us insist that we can use different timezones everywhere in
space.
We then need a vector-field to tell us how the timezones change in
various directions.
Perturbations in the vector-field will mediate interactions.
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Just show the symmetry

A

 qr
qg
qb

 , det A = 1.

Any analogies are likely to be more complicated than the real thing.
U means orthonormalization is conserved, S means det A = 1.

Ndf of A gives the number of gluons (8).
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An argument why MZ is forbidden

A gauge field needs to communicate the change in phase over
spacetime.
A massive field cannot do this over light-like distances.
There can be communication over light-like distances.
⇒ there are interactions for which a massive gauge field cannot
provide the phase-difference.
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What does spontaneous breaking mean?

More familiar examples
Magnetization of a ferromagnet.
The seemingly special direction “up”.
Crystallization.

The symmetry is there but hiding
It seems the best way to put it, is that the spontaneously broken
symmetry is still there, we just don’t really see it.
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Summary

To allow students to understand the properties of quantum
objects, we should not talk about the “particle-wave duality” but
rather explain how the “particle-like” properties comes about
through quantization.
We need to remove myths and misinterpretations from textbooks
and popular science!
The possibility to understand particle physics through gauge
theory should not be restricted to QFT students.
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