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If high school students ask “What is a particle?’, they get diverse answers, such as a) a point-like
object with mass and various charges, b) a particle is what we see in the detector, c) a collapsed
wave function, d) an excitation of a quantum field. I will briefly discuss the strengths and
weaknesses of these definitions and argue in favour of options c) and d) as promising paths for
satisfying the curiosity of motivated high school students. Introducing particles as excitations or
waves in quantum fields at this level is certainly challenging, but I believe there is a way.
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1. Introduction

A particle is defined by physicists in many ways, including a) a pointlike object with
various properties such as mass, spin and charges, b) experimental signatures that we see in the
detector, c) a collapsed wave function, d) excitation of a quantum field, e) irreducible
representation of Poincare group, and many others. Clearly, the topic can be approached from
completely different angles and at varying levels of difficulty. I will examine the first four
definitions with a high school audience in mind.

2. A pointlike object with mass, spin and charges

A favourite approach of many speakers is to show the table of the Standard model with the
three families of quarks and leptons plus the gauge bosons and the Higgs boson. They define
particles as pointlike objects (whatever it may mean) or the smallest building blocks of matter
and discuss their masses, spin and various charges. This way of introducing particles has its
advantages. It is simple enough and we can draw parallels with the periodic table of chemical
elements. We can also discuss open questions including the origin of masses, the number of
generations, the energy content of the Universe, antiparticles, etc.

On the other hand, there are potential pitfalls in the form of the slippery notions of spin
and gauge bosons, the confusing number of charges, and others. It is wise to be careful here.
Within this approach one necessarily remains at the surface, and hence the need to complement
it with further definitions.

3. Particle is what we see in the detector

This definition highlights the role of experiment in physics. Rather than on abstract
concepts, it is based on visual perception and students readily identify with it. For example, the
image of individual photons recorded by a CCD camera enhances the perception of photons as
pointlike particles: each photon is represented by a single dot. Or, in International Particle
Physics Masterclasses, students learn to identify various high energy particles by the patterns of
unique signatures they leave in detectors and quickly go on to reconstruct short-lived particles,
all in one day.

The drawback of this definition is clear: we do not see particles directly, but rather the
energy they have lost and the signal they generate in the detector. Moreover, the same particle
looks different in different detectors. Since the particle is not the same thing as the traces it
leaves behind, this definition alone is not quite satisfactory either and a deeper theoretical
picture is needed.

4. A collapsed wavefunction

As for a direct and fascinating dive into the heart of quantum mechanics, few things
compare to a double slit experiment. Because of its simplicity, students can follow the main
ideas without unnecessary distraction.

Visible light, having passed through the two slits, interferes and generates a pattern of
alternating maxima and minima on the back screen. The central maximum is the brightest one
and the intensity of higher order maxima falls with the distance from the center. This
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phenomenon, first described by Thomas Young in early 1800s, is naturally consistent with the
wave properties of light.

A modern version of this experiment uses the source of very low intensity light, with a
single photon in the apparatus at a time, Fig. 1. This time, each photon is registered as a tiny dot
on the screen. If we collect a lot of photons over an extended period of time, a large number of
dots will form a discrete interference pattern, reminiscent of the original continuous Young’s
pattern. The latter is thus reached in the limit of a large number of photons. The lesson to learn
is that there are both wave properties (the interference pattern) and point-like particle properties
(dots) in exactly the same experimental setup — a wave-particle duality.

The standard interpretation of this duality is probabilistic. A photon is assigned a complex
wave function and the square of the wave function is proportional to the probability that the
photon will be detected at a particular position on the screen. The probability distribution copies
intensities and locations of the maxima and minima across the back screen. This is the situation
before the photon is observed. After detection, its wave function collapses to a narrow peak
around a single point — the dot on the screen.

In conclusion, we can describe the photon as a (collapsed) wave function, the picture
consistent with the notion of a point-like particle observed as a dot. The wave properties of the
photon, however, are described by the wave function prior to its collapse.
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Source of low intensity light

Fig. 1. The double slit experiment with a single photon in the apparatus at a time, after many
photons are detected.

5. A minimum excitation of a quantum field

In quantum field theory, particles are defined as excitations of quantum fields. Due to the
complexity of this topic, it cannot be dealt with in the same detail as the previous definitions.
However, the main idea can be grasped visually, Fig. 2. We rely on students’ knowledge of
classical standing electromagnetic waves. Four standing waves (fundamental mode) are shown
for illustration, differing in electric field amplitude: from the smallest one, 2E, to the largest
one, 2Eq. The amplitude increases with the energy stored in the wave. The amplitudes of
classical waves are not limited to the four values shown — they can take any value from zero to
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2Ep. In the quantum world the situation is different: the energy of quantum waves is discrete
(quantized) and this translates into discrete amplitudes. As a result, quantum electromagnetic
waves can only have the four amplitudes shown (unless we have more energy available) and
nothing in between. The wave m = 0 corresponds to the (fluctuating) vacuum and a single
photon is represented by the wave m = 1. The waves m = 2 and m = 3 describe two and three
photons, respectively. Thus, the photon is the quantum wave of the minimum amplitude, the
first excitation of electromagnetic field above vacuum.

Fig. 2. Photon as a standing wave of the minimum non-trivial amplitude (m = 1 wave shown in red).

Formal derivation (not discussed with students) is based on the fact that the classical
standing wave can be formally quantized in the same way as the harmonic oscillator.

Conclusions

The microworld fascinates science-oriented high school students with its unusual
properties. Our task is to reach out to them and satisfy their curiosity with age-appropriate
explanations that are both interesting and accurate. In this contribution I argued that the usual
approach to the question ‘What is a particle’? (Sections 2 and 3), can be meaningfully enriched
by the discussion of a particle as a collapsed wave function (Section 4) and a quantum of a field
(Section 5).
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