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Abstract
This is a short reflection on the notion of a ‘particle’ in particular and on the methodology of physics in
general.
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1. Introduction
According to the (Oxford English Dictionary) a particle is: “A minute fragment or quantity of matter;
the smallest perceptible or discernible part of an aggregation or mass.”. This agrees with the common-
sense definition of particles as ‘small things, out of which the bigger things are made of’.

Clearly, such a concept of particle is deeply rooted in the atomistic vision of the physical world,
which — in turn — is supported by the development of physics in the past two centuries.

In philosophy of physics the ‘particle’ is often treated as a primitive notion (cf. (Eckstein and Heller
2022)), that is a concept which is “immediately understandable” and “employed without explaining
its meaning” (Tarski 1994). The simplest example of such a primitive notion is that of a point in
geometry.

Within an axiomatic approach, the primitive notions are utilised to spell out the axioms. Conse-
quently, they are taken for granted, though they might be connected or restricted by the axioms.
For instance, in geometry the axiom: “For every two points there exists a line that contains them
both.” links the primitive notions of a point and a line.

In this spirit, particles as primitive concepts appear, in parallel to “light rays” in the celebrated
Ehlers–Pirani–Schild (EPS) axiomatisation of relativistic spacetime (Elhers, Pirani, and Schild 1972).
More precisely, the authors take ‘particle’ to mean a “worldline of a freely falling particle”. In either
case, on the notions of particles and light rays a quasi-operational axiomatic system of a Lorentzian
spacetime is established. As the authors admit, the particles are understood in the classical sense
as “bodies whose extension and structure can, under suitable circumstances, be neglected”. In fact,
assuming that the particles are quantum or, more generally, non-classical, may lead to very different
structures and axiomatics (Adlam, Linnemann, and Read 2022; Eckstein and Heller 2022).

2. Particles in classical and quantum physics
2.1 Classical theory
The notion of a particle adopted in the EPS axiomatics, which is in fact the intuitive one, stems
from classical (i.e. ‘before-quantum’) physics. A classical particle is a pointlike object with certain
inherent properties, such as mass, charge, position, momentum etc. Some of these properties are
invariant, e.g. mass or charge, and some can change, e.g. position or energy, through free evolution
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or interactions with the environment. A single classical particle is treated as a passive ‘test’ object, the
properties of which are influenced by the background forces (gravitational, electromagnetic, . . . ),
but the background is not influenced by the particle. In other words, it is typically assumed that the
backreaction of the particle on its environment is negligible, unless we consider a large number of
particles, e.g. constituting a dust cloud.

Such understood classical particle is treated merely as an idealisation of real particles. On the fun-
damental level, the particles are assumed (still within classical physics) to act on whatever environment
they are embedded in. This stems from a deep, though seldom phrased explicitly, methodological
principle that physical interactions are always mutual.

The main point here is that the employment of the notion of a classical particle involves an
ontological committent. While the formal concept is an unphysical idealisation, we do assume that
there exist in Nature ‘real particles’, which are adequately modelled by classical particles. In other
words, we assume that in a physical experiment we study the actual real particles and describe them
formally as classical particles. Such a viewpoint is coherent with the common-sense intuition on
empirical sciences — we observe real phenomena and attempt to model them mathematically with
idealised concepts.

2.2 Nonrelativistic quantum theory
The quantum theory, however, drives us away from the common-sense viewpoint on particles. In
non-relativistic quantum mechanics a ‘particle’ is still a primitive notion. Concretely, a quantum
particle is a quantum system (the ‘system’ is itself a primitive notion) described by a noncommutative
algebra of observables generated by position (x̂), momentum (p̂), and possibly some internal degrees
of freedom (Strocchi 2008). It may have some objective (i.e. classical) properties, such as charge
or mass, but it does not have a definite position nor momentum. The latter properties actualise
(randomly!) only upon an active measurement1.

A quantum particle is also an idealisation of a ‘real’ particle, but in a somewhat more convoluted
sense. In the quantum world, a real particle is never completely isolated from its environment. Its
(quantum) degrees of freedom get entangled with the degrees of freedom of the environment, hence,
at the fundamental level, one must treat the particle and its environment (which is, actually, the
entire physical Universe) as a single global system.

A quantum system is completely characterised by a state, that is a density operator on a Hilbert
space HP. An isolated quantum particle is characterised by a pure state, that is a vector |ψ⟩ ∈ HP.
This state is intrinsic — it pertains only to the particle itself and not to any external systems, such
as ‘environment’, ‘detector’ or ‘observer’. It could thus be seen as a quantum analogue of particle’s
properties. But whenever a particle interacts with its environment it becomes entangled with it,
so that the total (pure) state of the system is a superposition of different states of the particle and
the environment, |Ψ⟩P+E = ⨋i ci |ψi⟩P |ϕi⟩E ∈ HP ⊗HE. Furthermore, this decomposition is not
unique — as the values of the coefficients ci depend on the choice of the bases {|ψi⟩} and {|ϕi⟩}.
Consequently, it is no longer possible to assign a unique vector in HP to the particle itself. We thus
see that, upon interaction with the environment, a quantum particle not only changes its state (i.e.
‘quantum properties’), as it is the case for a classical particle, but actually it looses its identity.

At the operational level, a quantum particle is completely characterised by the algebra of observ-
ables that correspond to all possible measurements, which can be performed on it (Strocchi 2008).
The possible outcomes of these measurements, along with the respective probabilities of occurrence
are encoded in the particle’s reduced density operator ρP = TrE |Ψ⟩P+E ⟨Ψ| = ⨋i |ci|2 |ψi⟩P ⟨ψi|. Note

1. One may attempt to save the common-sense viewpoint, for instance by adopting the Bohmian interpretation of quantum
mechanics. Then, the particles do have intrinsic properties, in particular, trajectories, but the price to pay is the introduction
of a fundamentally unobservable object – the ‘pilot wave’. A serious drawback of Bohmian mechanics, which undermines its
philosophical implications, is that it is not compatible with the theory of relativity (see, however, (Dürr et al. 2014)).
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that while ρP is does not depend on the choice of the Hilbert space basis, its decomposition using
|ψi⟩P does. But the state ρP does not provide a complete description of the quantum particle, because
it does not contain the information about the complex phases of the coefficients ci. In a single
measurement of a given observable A, with a spectral decomposition A = ∑a aPa, we only register a
single outcome a with the probability TrPa ρP. However, given a large collection of particles with
the (effective) state ρP, or using weak measurements (Dressel et al. 2014), one can perform a quantum
state tomography and reconstruct the state ρP to an arbitrary precision (Paris and Rehacek 2004; Wu
2013). One could thus say that the state ρP is a certain idealisation of a real quantum particle, which
we can access empirically.

Finally, let us observe that a classical particle can also be seen as an idealisation of a quantum
particle. Indeed, if the scales of the experimental setup are macroscopic, as it is surely the case for
instance in astronomy, then one can safely assign an average classical trajectory to a particle, x(t) =
TrρP(t)x̂ ≈ ⟨ψ(t)| x̂ |ψ(t)⟩ and we can neglect the particle’s entanglement with its environment. In
other words, if the resolution of the measuring device is much larger than the width of the quantum
wave packet, then the particle at hand is effective classical.

2.3 Quantum field theory
The concept of a particle becomes even more cumbersome within the relativistic quantum. In fact,
in quantum field theory a particle is no longer a primitive notion. It appears as a specific state of a
quantum field — a single particle state —, which is a certain vector in the Fock space. The point is,
however, that in such states exist only in a free, i.e. non-interacting, theory. For general interacting
quantum fields states with a fixed number of particles appear only asymptotically — as “in” and “out”
states for the S-matrix (Haag 1996).

Even at the operational level we cannot unequivocally identify a relativistic quantum particle.
This is because any single-particle detector (and in fact any QFT detector at all) has a non-vanishing
vacuum response (Reeh and Schlieder 1961; Peres and Terno 2004). In other words, a detector click
may be induced by random fluctuation of the QFT vacuum2.

We thus see that the realm of relativistic quantum theory is very different from the common-sense
one: At the fundamental level there are no particles, only quantum fields3. In specific circumstances,
for instance in detection events, one can (statistically) identify ‘single-particle’ phenomena. Fur-
thermore, the properties of QFT particles are even more cumbersome than these of non-relativistic
quantum particles. Firstly, a single-particle state has a non-vanishing probability of detection in
any region of spacetime (Reeh and Schlieder 1961; Peres and Terno 2004). Secondly, the mass of
a particle is a concept which depends on the energy scale4. On the other hand, the charge of an
elementary QFT particle is a classical property, as the superselection rules forbid the existence of
quantum superpositions of states with different charges.

3. An information-theoretic perspective
A rather different concept of a particle emerges from modern information theory, inspired by the
device-independent approach to quantum information (Pironio, Scarani, and Vidick 2016). It focuses
on the information-processing aspects of phenomena, while neglecting the physical details of the
involved objects. In this context a ‘particle’ is a primitive notion and signifies merely a physical
‘information carrier’ (Brunner et al. 2014; Eckstein et al. 2020; Miller et al. 2021). This notion hinges
upon another methodological principle that information is physical. It means that any information

2. This phenomenon has led to some confusion concerning relativistic causality and signal propagation in quantum field
theory (Hegerfeldt 1994; Buchholz and Yngvason 1994; Sabin et al. 2011).

3. It is somewhat ironic that the Standard Model of Particle Physics is a theory, which says that in fact there are no particles
in Nature.

4. The effect of ‘running masses’ is a consequence of renormalization procedure (Weinberg 1995).
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(classical, quantum or else) must be supported in some physical system. But the information itself is
independent on the physical system, in which it is encoded. Indeed, in any actual communication
protocol the information is faithfully transferred with the help of a number of different physical
systems: antennas, cables etc.

Such an information-theoretic particle is a concept, which is independent of the physical theory.
When describing an information processing protocol we are only concerned with the data (bit, qubit,
etc.) and not with the physical carriers. The latter can be classical particles, quantum particles, field
excitations or some other, possibly unknown, physical entities.

Nevertheless, information theory is not purely epistemic and it does involve an ontological
commitment. Indeed, we must assume that the information carriers are available for the agents
planning to execute a given protocol. In other words, when considering admissible information
processing protocols we do assume that suitable resources exist in Nature. Furthermore, these
resources exist independently of whether the agents decide to use them or not. Bringing the
reasoning back to fundamental physics, we can say that quantum fields exist in Nature and free
agents can use them (i.e. interact with them in a designed way) to process information.

The gist of the modern information-theoretic approach is that it is based on operational notions
only. A particle in the information-theoretic sense in indeed operational, because it assumes that
there must exist a physical device and an observer able to access the information carried by it. This
might suggest a methodological guideline for the formulation of physical theories — they ought to
be based solely on operational notions.

This guideline is often adopted in the context of quantum foundations because of the success
of ‘operationalising’ the axioms of (non-relativistic!) quantum mechanics on the one hand (see
(Chiribella and Spekkens 2016) and refs therein) and performing ‘theory-independent’ experiments
on the other. The latter are variants of the famous EPR–Bell experiment, which indeed can be
formulated purely operationally, without invoking the notions from any particular physical theory
(see e.g. (Brunner et al. 2014)):

Take two measuring devices A and B, each with two possible measurement settings
(x, y = 0, 1) and two possible outcomes (a, b = ±), and feed them with two particles coming
from a common source. Arrange the setup so that the detection events at A and B are
spacelike separated, the devices register at least 83% of particles and the measurement
settings are random5. Gather a large detection statistics from many particles and different
measurement settings and compare the correlations for a given pair of settings:

C(x, y) = P(a = b ∣x, y) – P(a = –b ∣x, y), for all x, y ∈ {0, 1}

S = C(x, y) +C(x′, y) +C(x, y′) – C(x′, y′), for all x, x′, y, y ∈ {0, 1}.

If for some settings S > 2, then the experiment cannot be explained by any local hidden
variable theory and if S > 2

√
2, then it cannot be explained by the quantum theory

(relativistic or not).

We see that such an experiment provides a very powerful tool to test our mathematical theories
against the empirical data. Its implementation requires no knowledge of any physical theory6 and no
a priori rules on how to model the ‘particles’ and ‘detectors’.

But all that concerns an EPR–Bell experiment in principle. The actual EPR–Bell experiments are
performed with sophisticated setups, the design of which is heavily based on the established physical
theories, including quantum mechanics. What is more, physicists knew from the very beginning

5. These are the famous “loopholes” in Bell-type experiments. The two former can be, and have been, closed (Aspect
2015), while the third one is in fact a methodological principle, and hence it cannot be closed (Eckstein and Horodecki 2020).

6. Well, almost. . .We do need to know at least what “spacelike separated” means.
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that in order to test quantum mechanics against local hidden variables one needs to engineer a
specific quantum state, which is (as close as technically possible to) a maximally entangled state.
In conclusion, while the EPR–Bell test, as described above, is formulated in a model-independent
manner, its implementation must be done with concrete a physical system, of which we have a
good understanding and control. But this of course requires a reliable and well-established theory
describing the physical system at hand.

4. Conclusions and reflections
It is certainly instructive and valuable to formulate the descriptions of physical experiments in terms
of purely operational notions — as it was done for the Bell test. However, one has to keep in mind
that in actual experiments the physicists are bound to use complex theoretical schemes. The latter are
based on a number of (typically not primitive) notions, which only make sense within these schemes.
Consequently, the published results of experiments are hardly even understandable to non-experts.

Take, for instance, the following excerpt from the Higgs boson discovery paper (Aad et al. 2012),
worth a Nobel prize:

Clear evidence for the production of a neutral boson with a measured mass of 126 ± 0.4(stat) ±
0.4(sys) GeV is presented. This observation, which has a significance of 5.9 standard deviations,
corresponding to a background fluctuation probability of 1.7 ⋅ 10–9, is compatible with the
production and decay of the Standard Model Higgs boson.

The “Higgs particle” is in fact a new quantum field with specific properties (charge, mass, spin)
and coupling to other known quantum fields. The reported evidence for its existence came from the
detection of its decay products of the type and rate “compatible with the Standard Model”.

We thus see that the notion of a particle stemming from modern physics is rather far from the
common-sense intuitive notion of a ‘fundamental portion of matter’. What does it say about the
fundamental level of the physical world?

If we take the Standard Model of Particle Physics at the face value we are pushed into the
conclusion that what really exists are the quantum fields — ephemeral entities, which extend over
the entire Universe. We have no direct access to them, even locally. In suitable experimental
circumstances we can measure and identify the basic excitations of these fields, which we call the
elementary particles. From these particles (that is, really, from quantum fields’ excitations) atoms and
molecules are made. This leads to a rather unsettling conclusion that all matter — trees, notebooks,
stars and planets, this article and, indeed, ourselves — are eventually but quantum fields. On top of
that, we face the notorious measurement problem7: We are soaringly missing an explanation on why
and how we perceive a classical world, furnished with palpable objects, given that they do not exist at
the fundamental level.

Despite the unquestionable success of quantum field theory, it seems unlikely that we have now
reached the fundamental level of physics that would ever be accessible to humanity, although some
of the most prominent physicists expressed such a viewpoint (Hawking 1988; Weinberg 1994). One
can advance different arguments against such claims, for instance:

1. General Relativity is incompatible with quantum field theory (at least in the perturbative regime),
so physics requires a unified ‘quantum gravity’ theory, which will surely change our views on
the fundamental level of physics.

2. Any physical theory is based on mathematics and mathematics itself cannot be both complete
and consistent — cf. (Hawking 2002)).

7. See Chapter 11 in (Landsman 2017) for a nice interdisciplinary take on this problem.
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3. Any physical experiment involves an ‘intervention’ of an observer, which affects the studied
system. Furthermore, the source of this intervention (that is the ‘observer’) is not modelled within
the theory, which the experiment was designed to test. Consequently, physics will never be
complete because of the irremovable tension between the existence of universal laws of physics
and the demand of their testability (Eckstein and Horodecki 2020).

In order to “save the phenomena” philosophers try to build sophisticated ‘interpretations’ of the
quantum theory. It appears to me that these efforts (which seem completely hopeless if one attempts
to ‘interpret’ in this way the full Standard Model of Particle Physics) miss the point. And the point is
that modern physics is irreducibly tangled with abstract mathematics. The debate on the ontic status
of mathematical structures persists in the philosophical discourse since at least 2500 years. Now we
have strong reasons to claim that this philosophical problem expanded into physics — see (Heller
2021). The result is that such seemingly primitive and intuitive notions as a particle are in fact a
highly mathematicised concept. The title question: “What is a particle?” cannot be answered on
purely empirical grounds. The answer must take into account two aspects:

(1) What is a particle in a mathematicised theory T?
(2) Is theory T consistent with empirical data?

Note, however, that even if the answer to the second question is positive, it does not imply that
‘real’ particles are indeed particles in the sense of theory T, for there can be many inequivalent
theories, T1, T2, T3, . . ., all consistent with the available theoretical data. For instance, the quantum
field theory, and string theory, and loop quantum gravity, and many other, are all consistent with
empirical data, while they entail radically different concepts of a particle.

This brings us to the question of how do we determine, which physical theory is actually adequate
to model natural phenomena. A good account of how it works in practice was given by Thomas
Kuhn in his famous book “The Structure of Scientific Revolutions” (Kuhn 2012): The development
of Science is a cycle with two periods — stable and revolutionary. During the first one, there is a
ruling paradigm of an accepted theory T1. A revolution can be triggered if there is a critical amount
of experimental data, which are not explained by T1, but can be explained by a new theory T2. In
consequence of a scientific revolution is a paradigm shift from T1 to T2. From this viewpoint, we are
now in a stable period with the paradigm of quantum field theory. String theory, loop quantum
gravity, and other quantum gravity schemes, aim at starting a revolution, but so far without success.

It should be stressed, however, that the structure of scientific revolutions is not purely sociological,
but reflects a deep property of the natural world (Heller 2009). It often happens that a new theory
T2 is proposed first, although there is no urgent need for it. Its rigorous mathematical structure
married with operational concepts fosters predictions of some new, unforeseen, phenomenon, which
is eventually observed in a dedicated experiment. A good example is Einstein’s General Relativity,
which seemed to be an overkill to explain the tiny anomalous precession of Mercury’s perihelion. But,
as it happened, GR turned out to have a huge predictive power. We had to wait an entire century to
be able to register gravitational waves, predicted by Einstein in 1916. And we could not possibly get
the idea that such a phenomenon might exist if we stayed within the Newtonian paradigm.

It is mathematics, which allows us to go beyond the “known unknowns” towards the “unknown
unknowns”. In other words, a new theory allows us to formulate new operational questions, which
could not have been formulated in the old theory. We often first need a new theory to propose a
new experiment, which would put in question the old theory.

Does it mean that the old theory is falsified after a paradigm shift? Not at all! It simply means
that we have reached the limits of its applicability. The new theory must reduce to the old one in
a suitable formal limit (instance h̄ → 0 or c → ∞). But this does not mean that the new theory is
better at explaining all experiments — the new ones and the old ones. Often, the new theory is
quite useless for the description of phenomena well covered by the old theory. Indeed, it would not
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make much sense to use neither relativity nor quantum mechanics (let alone the Standard Model
. . . ) to explain the chaotic motion of a billiard ball — classical mechanics is much handier. In more
philosophical terms, insisting on the reductionist picture leads us to the rather clumsy — and pretty
useless — conclusion that the billiard ball is a very complicated bundle of quantum fields.

This suggests that scientific revolutions are in fact rather peaceful. The old theory is not guillotined
from the physical world by the new one coming to power. It is simply put to a bastille, which limits
its applicability, but does not prevent it from developing. Indeed, there was (and still is!) substantial
development in classical mechanics, in particular in the domain of deterministic chaos, long after
quantum mechanics and relativity became paradigmatic.

Consequently, the landscape of modern physics appears to be much more complex than the
simplistic reductionistic picture — see Fig. 1. The latter implies an ‘onion-like’ structure of physical
theories. A better analogy seems to be that of a manifold: Physical theories form an ‘atlas’ locally
mapping different aspects of the physical world. For instance, quantum mechanics is the valid
framework, roughly, when the considered length scales range from 10–13m to 10–7m. At much
shorter distances, one crosses the energetic threshold for pair creation and hence quantum field
theory is needed. At the other end, when objects become much larger in size than micrometers,
then the quantum effects are negligible and classical theory provides a better description. The actual
boarders between theories are usually misty and very interesting. In particular, the quantum-to-
classical transition is being intensively studied, both theoretically and experimentally (Bassi et al. 2013;
Carlesso et al. 2022). It is possible that it would bring a new theory, which does not belong neither
to the classical nor to the quantum paradigm.
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Figure 1. a) In the reductionistic vision physical theories form an ‘onion-like’ structure, in which every new theory generalises
the old one, encompassing models of a larger class of natural phenomena. b) A better account of the actual status of physics
is given by a ‘manifold-like’ structure, in which different physical theories agree (formally) at a certain overlap, but otherwise
cover a different class of natural phenomena. The dashed lines signify domains, in which an empirically satisfactory theory
is still missing.

Note that in the manifold picture the mythical ‘quantum gravity’ is reduced to a specialised
theory encompassing a specific class of phenomena at the Planck scale. It might induce a revolution
in cosmology (and, possibly, in particle physics), but it is not an all-embracing unified framework.
Indeed, there will not be any use of quantum gravity, for instance, in deterministic chaos or atomic
optics. On the other hand, these fields can and will develop independently of the status of quantum
gravity. In the ‘manifold’ vision, there is no all-embracing ‘theory of everything’ (at least not in the
usual sense of (Hawking 1988; Weinberg 1995)), but there are numerous uncharted regions marking
the directions of possible future physical theories.

In this short note we have argued that the intuitive notion of a ‘particle’ is valid at macroscopic
scales, but becomes more and more ephemeral when we ponder it at shorter scales and/or higher
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energies. We posit that this is actually the fate of all physical notions. There are no definite physical
objects or phenomena, which can be named and described. They only exist within, and in the
sense, of a specific theoretical framework, which has inevitable limits of applicability. The physical
world must be contemplated from a holistic perspective, which takes into account a multi-layered
irreducible structure of physical reality. And the latter is inevitably connected with mathematical
structures modelling the different layers.
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