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Letter from the Editors

Dear reader,

This sixth issue of Euresis Journal is our first not directly related to a San
Marino Symposium. Although the experience of the Symposia were the driv-
ing force behind the Euresis Journal initiative, since the very beginning we
planned to present independent topical issues, in an attempt to expand the
experience of interdisciplinary dialogue started in San Marino. Having ex-
perienced the potential and fruitfulness of focusing the discussions each time
around specific themes of particularly broad scope and cultural relevance, as
has been the case with the subjects treated in San Marino, we decided to fol-
low the same structure for these new topical issues, which should from now
on make up for one of our two releases every year.

The topic of this inaugural volume is “Quantum Mechanics and the Nature
of Physical Reality”. Quantum Mechanics is one of the cornerstones of mod-
ern physics and the radically new worldview it has introduced, with a highly
counterintuitive and surprising description of the subatomic world, has shaped
not only physics, but has also pushed new breakthroughs in mathematics and
greatly influenced philosophical thought within and beyond the natural sci-
ences. Late 20th Century technology and economy are completely dominated
by Quantum Mechanics, which has been the key to the development of com-
puters and the key to the digital era. Pushing the boundaries of our un-
derstanding of Quantum Mechanics has also lead to the development of the
largest experiments ever build by mankind, such as the Large Hadron Collider
at CERN in Geneva, which also represents one of the biggest multicultural
collaborative enterprises in human history, a research infrastructure that in
its microcosm is a fully realized image of the cooperative, global world.

Aware of these extraordinary realties that sprang up from the discovery of
the nature of the sub-atomic world, we decided nevertheless to focus this vol-
ume on a scientific outlook of the very foundations of Quantum Mechanics as
currently understood, where novelties still lie to be discovered and where new
ideas are still being explored and debated by researchers. When faced with the
systems and entities of the quantum world, one becomes readily aware that the
nature of reality is a “fleeing” image, continuously escaping from our grasp
at every time a new result comes through, and the models and ideas one pre-
viously had must give place to a new plethora of questions. The nature of
physical reality is a “mysterious other”, and as such, it matters little how
big a jump in knowledge one just gave, our sense of understanding remains
fleeting.

The six articles which compose this issue give a sense of where are the current
frontiers of knowledge in Quantum Mechanics, and a glimpse of the impact
they can have on a future worldview still to be shaped. Quantum Mechanics
brings about a fundamental philosophical question, which is still unresolved
and upon which an ultimate viewpoint on the theory necessarily depends. “Is
nature ultimately deterministic or is there an inherent random component in
the way things work?” The place of randomness in Quantum Mechanics is an
active line of research, both theoretical and experimentally, but in what terms
should we understand it: Is quantum randomness any different from the clas-
sical concept we have of it, of “throwing dice”? Antonio Aćın explores this
question in his contribution and speculatively concludes that, although still
not well understood, randomness in Quantum Mechanics could very well be
not a feature resulting from lack of knowledge of the systems or any hidden
variable theory, but directly linked with the free will of the observers them-
selves.

This inherent random character of Quantum Mechanics represents a Pando-
ras box in the philosophical debate. What are the implications of quantum
phenomena to our brain and neuronal processes? That is, what are the im-
plications of the randomness in quantum systems for the human mind and
in the long run to human free will? According to José Ignacio Latorre, the
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idea of quantum will should be treated with great care, since randomness does
not necessarily imply that will is at place, and warns for the necessity of a
robust experimental elucidation of the matter. Randomness is also the sub-
ject of Gennaro Aulettas paper, in particular the connection between ontology
and information and its implications for our understanding of causality: Are
these strange properties of Quantum Mechanics a sign that it is not a com-
plete theory still, but some form of “effective” theory? The until now apparent
incompatibility of Quantum Mechanics with the geometrical theory of Grav-
ity proposed by Einstein remain one of the challenges to settle this debate, as
physicists look for a deeper, unifying theory.

In face of the recent impact of high-energy physics and the discoveries by
CERN, in particular last years confirmation of the Higgs mechanisms by the
LHC, a second part of the volume is dedicated to Quantum Mechanics at high-
energies. Lucio Rossi, a leading experimental physicist from CERN, discusses
the history and development of large particle accelerators that have become
the physicists toolbox to explore fundamental physics. In another contribu-
tion, Stefano Forte presents the interesting point that many of the delicate
interpretative issues related to Quantum Mechanics never seem to arise when
one deals with high-energy phenomena, such as in particle accelerators. He
in fact shows that the scale separation provided by fundamental interactions
ensure that decoherence effects can be unambiguously separated from the ran-
dom quantum events, and the theory becomes much clearer to describe, and
basically interpretation-free. What does this teach us when we look back into
the less clear low-energy limit of the theory and its complex phenomenology?

The English mathematician and philosopher Alfred Whitehead remarked that
not a single major concept has been left unchanged or unchallenged by Quan-
tum Mechanics. Such a deep revolution in the natural sciences as witnessed
by the early 20th Century physicists can only be compared to the fall of the
heliocentric system at the doorstep of the Modern Era; but even then, its
surprising character and the radical novelty of its unexpected properties are
unlike anything seem before in the physical world, so much so that the only
certainty we have of its truthfulness is not so much how much we understand
the theory, but rather that it works in practice. In fact, as John Polkinghorne
proposes in his concluding article, this unexpected form of rationality that
Quantum Mechanics introduces in the natural word is the greatest lesson the
theory can teach us, suggesting it is not for us to lay down beforehand the
shape of an acceptable account of the nature of physical reality.

The Editors.
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Abstract

Quantum theory shows that natural laws cannot be understood as ruling single events since the latter
occur randomly. Nevertheless, the physical world shows everywhere order whose source cannot be
represented by the latter. It is shown that this order is due to the presence of quantum correlations.
Since their effect is to reduce the space of the possible events, they can be considered as causal factors.
However, being correlations, they do not display the dynamic character that would be required in
order to produce a determinate effect. This is why they need additional local factors in order to
concur to the production of a certain event. If not so, this would even imply a violation of Einstein’s
locality since correlations could be used by themselves to transmit superluminal signals. Due to such a
character of correlation, they can be understood as kind of potential reality needing actual (and local)
context to be effective. This allows also a distinction that is classically unknown between locality and
globality. Such a distinction solves the important problem of measurement showing that ultimately
we have irreversible local processes while globally everything is still reversible. In particular, it is a
shift of information that can explain this local phenomenon. In fact, quantum systems are essentially
information and also the measurement process is ultimately a dealing with information: information
processing (preparing a system), information sharing (coupling a system with an apparatus) and
information selection (detecting). State, observable and property appear as equivalence classes of
these three procedures, respectively. Finally, the distinction between interpreted and uninterpreted
ontology is considered in a Kantian perspective, but it is also shown that the approach supported
here is rather a critical realism.

1. Random events

The most revolutionary aspect of quantum theory is the acknowledgment that in the physical

world there is an irreducible randomness [4]. In other words, there is no law allowing us to

predict certain events with certainty. We may compare this astonishing result with the

idea that the majority of physicists had at the end of the 19th century about the power of

classical laws. It is indeed well known that Lord Kelvin, in his 1900 address to the British

Association for the Advancement of Sciences, seemed to assume that physics was essentially

accomplished as a scientific discipline, since he affirmed that “there is nothing new to be

discovered in physics now. All that remains is more and more precise measurements”. What

Lord Kelvin meant was that classical laws covered potentially every phenomenon and that
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everything could be in principle perfectly measured, so that our ability to determine with

exactitude any physical phenomenon was only an issue of technical power.

Two examples will clarify the difference between the classical and quantum-mechanical ap-

proach [4]. Consider an apparatus known as a Mach-Zehnder interferometer. The incoming

beam of light (that is pumped by a laser) is split (by a first beam splitter) into two com-

ponents along two main paths and then (by a second beam splitter) these components are

recombined and sent to the final detectors (two, in the basic arrangement). Until the second

beam splitter the description could be to a certain extent in accordance with classical laws,

since the light behaves wave-like and produces typical interference phenomena in accordance

with classical predictions. However, when impinging the detectors, the beam seems com-

posed of small particles (photons) since we have discrete clicks. Moreover, we can arrange

the apparatus in such a way that a single photon can be sent at a time through the first

beam splitter. In this case, we have a phenomenon that is fully unknown classically: the

photon makes interference with itself, which means that we have no longer a superposition of

distinct waves but a new, classically unknown state of superposition of the two possible final

detection events. Precisely this circumstance determines the randomness of those events.

Consider now a different experimental context: a beam of light prepared in a polarization

state, say with light oscillating along the 45∘ direction. Suppose that we set a polarization

filter along the vertical direction. Classically, we would expect that the beam will behave

uniformly across time, since any classical system or object prepared in the same state (po-

larization at 45 degrees) and subjected to the same experimental conditions (vertical filter)

behave in the same way (produces the same outcome). This is also what seems to happen

since we see that the beam will uniformly pass the filter with a reduced intensity (by one

half). However, when we perform a finer analysis thanks to quantum mechanics, we shall

discover that the beam can be understood as “composed” of photons each of which in a

superposition state of vertical and horizontal polarization. In such a state, each of them has

a probability of one half to pass the filter or be blocked by it, what implies that in the mean

one half will pass the test and the other half will be blocked. This is quite extraordinary,

since it means that systems prepared in the same state will behave differently. Moreover,

since they have been prepared in the same state and there is therefore nothing that allows us

to discriminate among them, we cannot predict which singular photon will pass the test and

which not. This is why we have irreducible events when dealing with quantum-mechanical

systems.

This situation determines a new understanding of the relations between events and laws as

well as of the issue of causal relations. I shall deal with the latter issue below and focus here

on the relation between laws and events [6]. According to the classical view as expressed

by the words of Lord Kelvin quoted above, natural laws are thought to rule single events

and properties. At the opposite side, if we take the above quantum-mechanical description
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seriously, we are obliged to admit that any law will at most allow us to predict, at a gen-

eral level, the behavior of quantum systems but not what a quantum system will do at a

particular or individual level. Indeed, we can say that half of the photons will pass the test

represented by a vertical polarization filter but we cannot predict which one will do it. In

other words, laws have only a general significance. Here we need to immediately overcome

a possible misunderstanding. We could interpret this situation as meaning that quantum

laws have a statistical character as it happens for statistical mechanics. There is a long and

honored tradition that considered this to be the case [4]. However, subsequent experimental

tests have clearly shown that quantum laws are as deterministic as classical ones are but that

they rule the general features of any single system and not the particular behavior that it

will assume. Indeed, the so-called Schrödinger equation [4] rules the probability amplitudes

(whose square moduli allow us to compute the relative probabilities) to get certain exper-

imental outcomes when the object system undergoes determinate experimental procedures

(preparation and premeasurement). In the case of the interferometry experiment above, the

Schrödinger equation will tell us the probability of a single photon to be detected by a certain

detector but will not ensure us that it will in fact impinge the latter. In other words, quantum

systems are intrinsically probabilistic, which means that probability does not represent (as

it is the case for classical mechanics) a subjective ignorance of the actual state of a system

but expresses an objective uncertainty affecting the system.

2. Correlations and information

A world ruled only by chance events could never produce any kind of order or regularity.

More specifically, reality would consist of unrelated pieces of matter and any connection or

relation would simply be an illusion or addiction of the mind. Should the world be a random

collection of particles in Brownian motion, whose sizes, masses, speed, and so on are totally

arbitrary, my guess is that no single configuration of things would emerge at all. Indeed,

as soon as one ordered configuration could form by chance, it would be rapidly destroyed

by the random motion of the other particles and following interactions [6]. It is well known

that L. Boltzmann accounted for the macroscopic phenomenon of gas pressure in terms of

the random motion of the gas molecules. This could be interpreted in the sense that a pure

random motion could give rise to some sort of ordered effects (and macroscopic property).

However, without confining those particles into a closed space, e.g. in a piston, such an effect

would never be produced. This shows that, without a confining constraint, the disordered

motion alone would again be insufficient for producing any ordered effect.

As a matter of fact, we observe order everywhere in our universe. Moreover, quantum-

mechanical laws allow probabilistic predictions, which imply a certain regularity. Since prob-

ability amplitudes evolve deterministically, we are also able to compute probabilities at later

stages of the dynamic evolution of a system if the initial state is known. So, the question is:

how is this order generated if the world consists in quantum random events? The problem
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here is also the solution. When the state of a quantum system changes and therefore the

probabilities of obtaining certain events also change, a prediction about the latter would

be strictly impossible if the probability amplitudes computable at any moment were inde-

pendent of each other. This is not the case because, as a manifestation of superposition,

in the state of any quantum system, constraining correlations relating all probability am-

plitudes are somehow nested, thus allowing us to formulate deterministic predictions about

all outcome probabilities. In a recent paper [5], I have called such interdependences quan-

tum “features” because they are those characters of the system that, not being properties in

themselves, nevertheless determine the probabilities to get certain outcomes and therefore to

assign properties to a system. Indeed, true properties are local by definition, while features,

being interconnections among components of the system, are non-local by their very nature.

Let us consider the following example: suppose that the state of two particles is a singlet

state. In such a case, they show a spin-correlation such that when one of the two particles

is found to be in a spin-up state along an experimentally chosen direction, the other one

will be necessarily in a spin-down state along the same direction and vice versa. In other

words, we expect to obtain either up-down or down-up but never up-up or down-down. If the

world consisted of random events only, we would expect to obtain any of these four possible

outcomes with equiprobability. The fact that we can obtain only two (either up-down or

down-up) out of four cases represents a reduction of the space of possible events. In other

words, quantum mechanical correlations act as constraints limiting the space of what we can

obtain. For the example of the singlet state such correlations are called entanglement. En-

tanglement is a correlation among several subsystems. However, also correlations in a single

system can show this behavior. For instance, in a Mach-Zehnder interferometry experiment,

if we choose the relative phase between the two components to be either 0 or 180 one of the

two detectors never clicks, which is due to the self-interference of the photon. However, if we

block one of the two paths both detectors can click.

3. Information

There is a natural question that now arises: what is the kind of reality that the correlations

in our universe consist of? We indeed live in a world that is physical, but correlations are by

definition formal [7]. The problem is that correlations and ordinary physical quantities are

tightly connected: it suffices to say that correlations are instantiated in physical systems and

enter into interactions involving exchanges of physical magnitudes. Now, how is it possible to

put together something formal with something else that is not? We need a sort of quantity

that is both formal and nevertheless linked to the material dimension. Let us come back

to the example of entanglement that we have proposed above. We have shown that, in an

entangled state, the outcome statistics are more ordered (two out of four possible cases) than

when there is no entanglement (four out of four cases). There is a language for dealing in

the most general way with such kinds of problems: the language of information. Indeed,
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information (and its connected quantity, the so-called Shannon entropy):

• Is concerned with the issue of singling out a subset of elements (the message or the

information we like to acquire) from a larger set (the set of all possible messages or at

least the set of elementary units out of which any message can be composed, like the

alphabet);

• Measures the unlikeliness of performing such an extrapolation, which is expressed by

the probability that the latter does not occur or is not chosen. Obviously, if there is no

(syntactical) order among the units and the sequence of the latter is random, to acquire

or to guess the right message will be much more difficult than in the case in which there

is some rule (for instance, in some cases, we can understand that an encrypted message

represents an English sentence because of the higher or lower frequency of some letters).

Therefore, we may say that information and entropy are concerned with the amount of order

and disorder of a system. The more correlations there are in a system, the more the system is

to be considered ordered and the easier the guess is about its state. Indeed, the way in which

entanglement can be mathematically described is with the so-called mutual information, that

is, the information shared by several systems or components of a system that makes them

interdependent.

4. Potentiality and information

An important concept is the following: entanglement is an information resource (consisting

in mutual information) called ebit that rather displays potential characters. Indeed, when

two particles are entangled we can exchange information in ways that are not allowed in

any classical protocol although we need an additional classical resource for doing this. This

exchange is called teleportation: if two partners conventionally called Alice and Bob have

each a particle of an entangled pair, and if Alice desires to communicate to Bob a bit of

information represented by a third particle, she lets her entangled particle interact with

the latter and classically communicates the result to Bob, who is now able to recover the

information contained in the third particle in the state of his own entangled particle [4]. This

shows that an ebit is a potential information resource that can be made effective or active

at a later time when some experimental conditions and a classical information transmission

are also present.

Potentiality is a concept that has been much devaluated in modern times. Among the reasons

of this devaluation there is the assumption that potential realities are a sort of ontological

genus different from actual realities. In fact, potentiality only consists in the relation that

a certain actual thing entertains with certain contexts or possible actions. It makes perfect

sense, even in classical physics, to say that a certain disposition of trees in a forest canalizes

the action of the wind in a forest. What is active here is the wind as a physical agent.
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Nevertheless, such an effect (wind canalization along a certain direction) would have never

happened without such a disposition of trees. Therefore, although such a disposition is

perfectly actual in itself, its capacity to concur to a certain action (canalization of the wind)

can be said to be only potential to the extent to which it cannot happen (be made actually

active) without the wind being itself active. Obviously, the concept of potentiality is not

very interesting when dealing with classical-mechanical idealized systems but is far more

interesting when dealing with quantum-mechanical systems, as it was clear to Heisenberg,

but also with complex realities like living beings [6].

The interesting point now is that quantum mechanics sets very precise bonds on informa-

tion exchange and therefore on causal interconnections (since we can speak of causal relation

only when at least a signal is exchanged). Although quantum-mechanical systems violate

the so-called Bell inequalities, which set classical-mechanical limits on information exchange,

they do not violate Einstein locality (they do not allow for superluminal or even instan-

taneous information exchange). Actually, the classical-mechanical limits forbid the kind of

interdependencies that are characteristic of quantum entanglement (they assume that phys-

ical systems need to be considered either as causally connected, in the sense of efficient or

mechanical causation, or as separated). However, quantum mechanics sets a bound that is

stricter than Einsteins locality. This is called Tsirelson bound. The reason why it is so was

unknown until recent times: it was shown that this bound must be satisfied in order to do

not violate the principle of information causality that tells us that we cannot acquire more

information than it was actually sent. What is the deep meaning of this principle that to

many can sound obvious? The meaning is that quantum correlations (entanglement) are

among possible events and therefore outcomes of a measurement procedure. At the opposite

side, if the Tsireslon bond were violated, we would have an interdependency, not among

events, but among experimental settings or premeasurement procedures [7]. In such a case,

we would be able to guess the whole code used by the sender even if it was not sent to us,

violating in this way the principle of information causality. This point allows us to define

information in all its generality as a relation among possible events,1 which also explains its

potential character when not actually acquired.

5. Causality

Therefore, quantum mechanics does not violate at all the requirements of classical causality.

However, it suggests the necessity to deeply reconsider the issue of causality since there are

situations in which there is a causal contribution of factors (like entanglement) that are

not local by definition, whilst efficient causality need to be always local (implying actually

exchange of dynamical physical magnitudes like energy or momentum).

My first suggestion would be to consider quantum systems as instantiating essentially infor-

1First suggested by A. Zeilinger, personal communication.
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mation [4]. I am fully aware that we cannot reduce a system like an atom or an electron

to information only, since here also other quantities like mass, energy, spin and so on are

relevant. I am also aware that many of these quantities do not present the typical characters

of information codification and that information is a non-dimensional quantity. However, my

modest suggestion would be the following: to consider all the relevant physical quantities as

crucial when quantum systems interact (showing dynamical and efficient-causality features)

and much less when quantum systems are considered in their isolation or as simply correlated

but not as actually interacting. My guess is that, in such a case, information is a more basic

quantity (and the definition of information in terms of relation among possible events per-

fectly describes this situation). This would help us to explain the issue of causality. Indeed,

if we admit that quantum systems represent informational resources that are not necessarily

active or accessible (I recall that the whole potential information contained in a quantum

system is never accessible as such), then they represent possible sources from which we can

extract information at a later time when certain experimental or spontaneous contexts are

activated. They can then be conceived as the sources of the whole information that is present

in our universe but not necessarily as efficient causes of any information acquisition.

One of the biggest misunderstandings brought by some interpretations of the theory of in-

formation communication is that information propagates causally as it would be a kind of

medium or substance. Actually, information never propagates in this sense and we can never

say that a certain source causes certain information to be received elsewhere. This can only

be a metaphoric way of speaking but does not describe how things go on. Actually, an infor-

mation source only need to be a source of variety and not an already preselected message that

need to be transmitted as a kind of momentum or energy. Actually, what currently happens

when information is exchanged is that any initial potential information is never acquired in

its totality, since additional factors at the reception are relevant to this acquisition.

Therefore, I think that we should consider quantum information (and correlations) as a kind

of formal cause that, when certain actual experimental conditions are made active, can concur

to give rise to certain effects. With the term formal cause I mean a kind of constraint able

to canalize certain dynamical processes (and therefore they are only potential, according to

what has been said before). Also formal causes were dismissed in modern ages. However,

today, when we deal with network theory – and every time we deal with sufficiently complex

contexts – we need to take advantage of the notion of constraints [3]. This examination also

shows that it is likely that there are two main ways to deal with information at a very basic

level: either when we share it, or when we select it (during actual information acquiring)

apart from information processing. The crucial point is that such a selection only happens

when the receiver receives in fact information and not when this information is at the source

or is only shared. To understand this, let us consider “the measurement process.”
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6. Dynamics and measurement

Quantum systems, when considered in their isolation, show potential features, but when they

interact they give rise to actual events. We may take measurement as a model of dynamics

from which extracting some general notions. When we measure a quantum system, we do it

along three major steps [7]:

• First, we prepare the system in a certain state. This is necessary, since quantum systems

are very elusive and we are not able even to start a measurement procedure if we are

not able to ensure that the system is ready to undergo certain further operations.

• Then we pre-measure the system: we couple (entangle) it with a certain apparatus

(setting). In this way, we select a specific experimental context and therefore single

out a certain observable that we wish to measure. Until this step, measurement is fully

reversible and we only have determined certain information sharing between the object

system and the apparatus.

• The third step is the measurement properly or strictly understood, i.e. detection, an act

of information selection since we single out (in a way that is not controllable, as previ-

ously explained) a single outcome among many possible ones. It is here that we assign

an actual property (like to be localized in one of the two paths of an interferometer) to

the system.

What is important here is that the whole dynamics establishes a sort of trade-off between

potential and actual aspects (if any) of quantum systems. Therefore, dynamics has a sort of

ontological primacy in quantum mechanics.

Another important issue is the following: although very elementary, quantum systems show

a certain shift along their dynamical evolution. In other words, when cycling along a certain

circuit they never go back precisely to the same state. This phenomenon is called geometric

phase.

7. Global and local

The reader may be astonished by the fact that during the measurement we start with a

quantum system showing a certain potentiality and end with certain actual events. How is

it possible? This appears even more puzzling because, if we assume that a quantum system

has been prepared (as it is often the case) in a certain superposition of possible measurement

outcomes, to get a single outcome out of that superposition would violate the laws of quantum

dynamics (the Schrödinger equation), which are linear and therefore forbid such a result. The

solution of this problem is to consider that quantum systems are open to the environment.

Therefore, when we measure them, most of the information (which consists, as previously

stressed, in a relation among possible outcomes) goes lost into the environment while we get
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only a single outcome. This is even necessary, since such correlations can never be acquired

or measured as such. This phenomenon is called decoherence and essentially tells us that the

apparent violation of quantum dynamics only happens from our local perspective [4].

However, when we consider the global evolution of the whole universe, this still happens in

perfect accordance with quantum-mechanical laws. Therefore, the apparent local violation

is only due to a local shift in the amount of order and disorder. Indeed, entanglement

(and mutual information) is a source of order and in fact most entangled systems show

a zero-entropy state (maximal order). However, to locally get a single outcome means a

sort of ”break” of this order (the result is a far less ordered state). Therefore, in the local

context of measurement, entropy (and disorder) grows. However, if the amount of order

of quantum systems is conserved (due to the necessity to preserve linearity), this means

that local measurements (or measurement-like interactions) “free” the source of order that

could be used elsewhere in our universe, contributing to explain the puzzling circumstance by

which, although the world is ruled by the second law of thermodynamics, it shows creation

and re-creation of order everywhere and at every scale [6].

The distinction (but also the entrenchment) between local and global is typical of quantum

mechanics and could be very fruitful for further scientific enquiry.

8. State-observable-property

As I have pointed out, a state can be prepared in the first step of measurement. Since different

procedures can lead to the preparation of the same state, it is suitable to operationally

consider the state as an equivalence class of preparations [5]. Since different premeasurements

can lead to a later measurement of the same observable, we can define an observable as an

equivalence class of premeasurements. Finally, since different detections can lead to the

attribution of the same property, a property can be considered as an equivalence class of

detection events. Let us consider the latter point a little: any event is in itself a pure

happening. It tells nothing about any system whatsoever. It is only thanks to the coupling

with the objective system (and therefore thanks to the previous two steps of the measurement

process) that we are able to make such an assignment.

This shows that a property (and also a state or an observable), although grounded in some

ontological reality, is not itself an ontological reality (being an equivalence class). It is

something that we are allowed to attribute given certain conditions. To misunderstand

properties (as well as states and observables) as ontological realities is one of the major flaws

of classical mechanics.

Let us call state, observable and property as pieces of an interpreted ontology (that is,

interpreted thanks to a theory: quantum mechanics). Then, the question naturally arises:
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which is the ontological substrate of these classes? We have implicitly already mentioned it:

correlations, events, and their dynamic interplay [1]. Let us call these “objects” pieces of an

uninterpreted ontology.

The distinction between interpreted and uninterpreted ontology is somehow reminiscent of

the Kantian distinction between phenomenal knowledge, on the one hand, and world (or

thing) in itself, on the other, or at least I tried to take into account this lesson. However,

there is also a fundamental distinction. According to Kant, any form is due the productive

faculty of the subject and is therefore imposed on a reality that is perceived from the start

into the framework of such forms. For this reason, we can say nothing about it as such.

At the opposite, I assume that we interact with an independent reality that has the power

to correct our hypotheses and therefore allows us also to formulate moderate guesses about

its character in itself. In such a sense, the forms are not only due to the activity of the

subject, but are the result of such an interaction. This is why we can make distinctions (like

between events and correlations as pieces of uninterpreted ontology) that would be certainly

impossible on pure Kantian basis. Unfortunately, the transformation of Kant’s important

insight about the subject as source of productive activity into the sole source of activity has

given rise, as well known, to the idealistic approach. At the opposite, from an ontological

point of view, I support here a weak form of realism (acknowledging potential reality and

formal causes) as well as, from an epistemological point of view, a critical or fallibilist realism

(our knowledge is not a mirror of reality but reality corrects our hypotheses). On the latter

point, I am rather a follower of Peirce’s philosophy [7]
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Abstract

We present a brief non-technical introduction to the standing discussion on the relation between
Quantum Mechanics and Determinism. Quantum Mechanics inherent randomness in the measure-
ment process is sometimes presented as a door to explain free will. We argue against this inter-
pretation. The possibility that Quantum Mechanics provides just an effective description of Nature
which is only valid at our low-energy scales is also discussed.

1. The many faces of determinism

Was it written at the time of the Big Bang that you would now be reading these words? Is

it already completely fixed the way we shall work, love and die? These questions exemplify

the emotional content unavoidably attached to any profound reflection on determinism.

We may envisage a grand picture of the universe where physical laws act in a completely

determined way, hence leaving no space for neither randomness, nor free will. We would

then not be responsible for our wrong actions, neither for our successes, as both were set to

occur before our own existence. It would make no sense to doubt about a subtle decision,

given that our final choice was already fixed beforehand by the laws of Physics. At stake

are the rightness of justice, the root of morality and the essence of religions. It is also under

scrutiny our detailed understanding of Science and the laws that govern the universe. No

question that determinism is a subtle and controversial subject, constantly revisited, that

should be approached with care, respect and lack of any prejudice. What makes the debate

on determinism even more appealing nowadays is the constant and unstoppable progress

of Science. Biology, Chemistry and Physics are bringing new elements into the discussion,

hereby forcing a new, clean start on the analysis of determinism and free will.

The discussion on determinism in the form of causality is present in the history of humanity
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from its very early stages. It is arguable that all ancient cultures looked for a sequence of

causal implications that end up with our reality. This chain of causes and effects needed an

origin or a cyclic universe, depending on the culture. Both solutions to the initial problem

of causes were often presented in poetic and allegoric terms, accepting in a veiled way their

unintelligibility. Yet, causality was accepted at intermediate steps. A chain of causes and

effects, with the possible inclusion of gods, described why we are hit by a storm, why a

drought damages the harvest or why sins will be inexorably punished. Consequences always

followed causes, and fate was inexorable and leaved no space for randomness and will.

Popular causality departs from scientific determinism in the sense that some amount of

unknown elements are accepted into the game. This subtle play between the ideas of an

unavoidable future and some sparse disruptive non-deterministic elements shows at the pop-

ular level the very same discussion which is at the heart of scientific progress. Determinism

seems real on every experiment we perform on small controled systems, but humans remain

reluctant to accept it at a large scale.

For determinism is deeply related to lack of free will. It follows from the strict acceptance of

physical determinism that there is no human freedom to alter the course of events. The idea

that we make a decision is just an illusion experienced by our brain. The universe proceeds

as an extremely complex machine, that has no chance of choosing between options.

It is necessary to realize that the word “determinism” has different meanings depending on

authors and context. Often, determinism is qualified as “causal determinism”, “theological

determinism”, “biological determinism”, etc. or may turned into lines of thought such as

“compatibilism”. Furthermore, determinism is often confused with predictability and the

lack of determinism is associated to free will. It is fair to say that determinism offers a rich

landscape for theories, beliefs, arguments and refutations for each of them.

It is thus safe to limit the present discussion to debate the implications of Quantum Me-

chanics on determinism, from a scientific point of view. Many readers may prefer a more

philosophical, ethical or even evolutionary approach to the subject of determinism and should

resort to the vast existing literature on the subject [1, 2]. On the other hand, some readers

may be interested in some of the conceptual developments which are taking place in the real

of Quantum Mechanics, in particular when a consistent and critical attitude is taken.

2. Complexity remains deterministic

Complexity conditions our relation to physical phenomena. We experience on a daily basis

the apparent impossibility of predicting the outcome of our actions. For instance, we may

stir the cream topping a cup of coffee and marvel at the changing black and white figures we

have created. It looks out of question that we could predict such a detailed phenomena. Let
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alone the problem of weather forecast or the crashing of a tall wave on a beach. The number

of particles involved in these phenomena is enormous, so is the number of coupled equations

to describe them. Complex phenomena look unpredictable to the human mind.

On the other hand, it should be clear that complexity is not related to lack of determinism.

The absence of sufficient computational power to describe complex phenomena limits our

capacity to predict in full detail very many macroscopic phenomena. Yet, this is a practical,

not an essential obstruction to predictability. It is also an anthropomorphic way of reasoning,

since we confuse determinism with human predictability. The Earth will follow a very precise

path around the Sun, whether humans compute its trajectory or not. Furthermore, there

is no doubt that our predictions are improving as computers get faster since the Newton

laws that describe the motion of particles are well understood. It is actually a wonderful

fact that the detailed understanding of Newtons deterministic laws opens the possibility for

engineering, that is, for the instrumental use of such laws by humans. It is thus possible for

us to tame solids and make bridges, cars or clocks. We can build skyscrapers, we can correct

our vision with glasses, we can travel to the Moon. We understand the laws and exploit

them.

A separate but related problem to computing the evolution of a complex system is that the

precise knowledge of the correct differential equations that control a system is not enough to

fully describe its evolution. Indeed, to predict how a system evolves it is also necessary to have

a perfect knowledge of initial conditions. Any mistake in introducing the initial conditions

of all the particles of a system may completely spoil our prediction. As a matter of fact, it

is well-known that non-linear differential equations exhibit chaotic behavior. That is, small

departures of a given initial condition grow into exponential differences as time evolves. No

matter how precise we try to get the initial conditions, we shall always have a finite accuracy

and the evolution of the system will be unpredictable at large time scales. Therefore, the

evolution of chaotic systems can only be predicted in practice on a short time basis. Weather

forecast is a chaotic problem. This is why it is not possible to accurately predict whether it

will rain in London in a month time. We may say that chaos means that some systems need

much more computational power and observational effort to be predicted than others. But,

the profound issue of determinism remains unaltered. Equations are valid, initial conditions

are there (whether we know them or not) and the future is completely fixed, even though

humans need enormous computational efforts to read it.

The previous discussion about the essence of determinism, as oppose to the apparent stochas-

ticity of our environment was at the heart of the original discussion by Laplace [3]. A thought-

ful approach to determinism can be traced back to ancient Greece, as well as other ancient

cultures. But it is Laplace the first who noted down the inexorable dictate of differential

equations on the flow of events. His poetic words described past and future as present for

a powerful mind that would have infinite computational power. He also argued that our
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understanding of the motion of stars provides a glimpse for such an idea.

What Laplace understood is often hard to get for many people. The essence of determinism is

not about complexity, lack of knowledge of initial conditions, or even the poor understanding

of laws of Nature. Determinism means that there are laws that will exactly control the

evolution of the universe, to every minute detail. It is irrelevant whether we can compute

them or not, whether we can measure the initial conditions, even whether we know the laws

at all. Humans play no role.

3. Biology and free will: the meaning of justice

The above discussion has a profound consequence on free will. Taken at face value, strict

determinism of the laws of Nature leaves no space to free will. This is indeed shocking. As

Einstein, we are ready to think that the moon, quite a macroscopic object, is not deciding

whether to rotate around the earth or not. But it is hard to accept that neither humans have

any options.

Recent progress in Molecular Biology is producing a large impact on our understanding of

decision making. Some experiments show that decisions can be anticipated several seconds

ahead by monitoring the chemical activity of the brain. It is then possible to envisage

apparent free will as complex workings of our brains. Growing evidence shows that decisions

are reduced to flows of ions, whose origin are yet to be fully understood, but might lie on the

realm of Chemistry! [4, 5, 6, 7].

This discussion and its consequences have been put forward by Cashmore [8]. The under-

standing of biological events is currently based on three conditioning elements: Genetics,

Environment and Stochasticity (often referred as GES). Note that neither Genetics nor En-

vironment do have any bearing on the core issue of determinism. Both Genetics and En-

vironment may bring complexity, but they follow strict causal laws. On the other hand,

Stochasticity, if understood as an inherent element of randomness in Nature, would com-

pletely spoil determinism. Before analyzing Stochasticity, let us reflect on the moral debate

that follows the possible reduction of free will to pure Chemistry.

Let us accept that decisions are just brain processes which can be monitored using fMRI and,

furthermore, can be anticipated given our understand of chemical reactions. This implies that

humans have no choices. Each decision is the result of deterministic laws, and the outcome

can be anticipated provided we monitor the chemical reactions in our brain. Some subjects

will behave in some way, some in others, but the differences can be predicted in advance. We

may think of decision making as a magnifying process, whereby small chemical differences

get enlarged to macroscopic distinct events. Our behavior, whatever complex it seems, does

not involve any genuine randomness at molecular level.
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This is indeed an unsettling possibility. Whether a person misbehaves or acts according

to accepted moral rules would be pre-fixed. Then, we may ask what is the meaning of

punishment? Why do we have prisons? Should justice consider preemptive actions against

individuals who are predicted to misbehave? These moral issues have devastating effects on

the organization of our society and need profound reflection. We may argue in a pragmatical

way that our laws are there to make safer the life of some, given the preconditioned behavior

of others. Yet, even this process of creating laws and imposing them would be part of the

deterministic global evolution of the universe. Whatever scape we may try, determinism will

be there to reassess that the laws of Nature are complex enough to make us feel a false sense

of freedom, where there is none.

Free will may well be an illusion, but it may be a very useful one from an evolutionary point

of view! This departure of the main line of discussion of free will in Neuroscience and Physics

is intriguing and would need a separate discussion for itself [9].

4. Randomness does not imply will

Determinism seems to be eliminated altogether if some randomness is present in the laws of

Nature. Indeed, if at any intermediate stage of a physical process there is a random event,

there will be no way to determine a priori the outcome of such a process.

Randomness is then often quoted as an ingredient for free will. It should be noted that this

is a very weak reasoning. Randomness lacks, by definition, any sense of will. There is no

foreseeing of the future, neither intention associated to the drawing of a dice. In contrast,

free will implies evaluation of options and forseing of the possible outcomes associated to

each avaliable choice. Free will is about conciousness, moral stands, and drive. Quite on

the contrary, randomness has no will. We shall come back to this point within the realm of

Quantum Mechanics later on.

At this level of the discussion it is essential to analyze very critically randomness. There are

models in statistical physics that incorporate elements of randomness. But, we should be

aware that these models are effective theories that were constructed to describe averages. A

trivial example of this point is gambling at a roulette. We are told that a roulette has equal

chances to have all possible outcomes. But it is clear that the final output is a consequence

of the speed of the ball, trajectory and details of the machinery. It is so clear to the owners

of the casino that they perform very strict tests on each roulette before it is used for betting.

It is implicitly understood that a very detailed analysis of constituents would supersede any

random description of the roulette, though the computational cost of such a step would be

gigantic. As a consequence, we should be aware that not all randomness is such. We use the

word random to mean that the computation of an outcome is out of our present capabilities.
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Quantum Mechanics will introduce an enormous twist in this discussion.

5. Determinism goes elementary

The inevitability imposed by determinism depends on the crucial issue of having no random-

ness associated to the laws of Nature. This is the stochasticity part of the GES discussion.

If the basic laws of Nature do present some intrinsic randomness, then, determinism is no

longer ruling the world. This question is outside the realm of Biology and of Chemistry which

do not deal with the laws of Nature at the most fundamental level. We need to go deeper

into the key axioms of Physics.

At present we have discovered four apparently different types of interactions that control the

behavior of the most elementary particles which are observed in our most powerful machines,

the elementary particle colliders. These four interactions conform the so-called Standard

Model and correspond to Strong interactions (described by Quantum Chromodynamics),

Weak and Electromagnetic interactions (described by the Quantum Electroweak theory) and

Gravitational interactions (where the best we can do nowadays is to use Einsteins General

Relativity). No present experiment seems to suggest the existence of new laws, neither the

failure of the Standard Model. There are, though, indications hinting at possible unification

schemes of the known interactions at higher energy regimes. For instance, the Standard Model

does not predict the masses of each elementary particle, neither why quarks have charges with

exact fractions of the electron one. It is likely that we have a partial understanding of the

laws of Nature, adequate to the scales we are able to probe. At higher energies, the laws of

Physics may merge or be substituted with a more basic scheme.

It is a remarkable fact that all interactions but gravity have been understood as manifesta-

tions of the basic scheme provided by Quantum Mechanics. The basic axioms of Quantum

Mechanics, namely ideas such as quantum superpositions (that follow from the Hilbert space

structure for quantum states) or projection of the wave function (as a projection of the in-

formation we have on a system when a measurement is done) are routinely checked when

predicting the collisions of elementary particles at large accelerators. The same quantum

laws are checked daily on every experiment in many branches of Physics: nuclear physics,

condensed matter physics, astrophysics, quantum optics, etc. So far, every single experiment

is consistent with Quantum Mechanics. Experiments make constant progress on the under-

standing of the details of the forces, but do exhibit perfect agreement with the underlying

structure provided by Quantum Mechanics.

It is important to emphasize that we understand the basic laws of Nature with great de-

tail and accuracy. For instance, Quantum Electrodynamics – a piece of the Electroweak

theory – sustains at large our amazing technological progress. We can master electrons to

travel through circuits, jumping over transistors, to create computers, phones, or any of the
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many devices that serve to ease our life. We also master photons to travel through optical

fibers, coding information. Amazingly, we also master the interaction of single electrons with

photons at the level of producing quantum logical gates. All of these technological marvels

are originated from our understanding of the interaction between matter and light. Recent

progress includes monitoring of entanglement to obtained clock with a precision of one second

in the age of the universe. There seems to be no limit in the ways we shall exploit Quantum

Mechanics.

6. Effective theories

Along the history of Science, many theories have superseded previous ones. Theories that

were considered final were shown to only describe a part of the phenomena they were sup-

posed to govern. A better theory would then emerge, a theory to describe a larger range

of phenomena with better accuracy and, often, in a simpler way. As an example, we may

recall the Ptolemaic theory describing the motion of planets. It is said that Alfonso X the

Wise, King of Castile, responsible of the Alfonsine tables and founder of the Toledo School

of Translators, was taught Ptolemaic theory. At his time, the motion of a few bodies was

described using over 70 cycles and epicycles. The kings probably apocryphal reaction was to

say that, if he were God, the theory would be simpler. As a matter of fact, Copernicus made

it simpler by understanding that the natural center to view the orbits of all the planets was

the Sun rather than the Earth. Later, Newton created a theory of gravity that would describe

with a single equation the falling of bodies and the motion of planets. The theory was more

precise, described apparently unrelated phenomena with a same law, and was aesthetically

beautiful. The latter twist on gravity corresponds to Einstein’s theory of General Relativity.

There, a higher symmetry principle describes gravitational phenomena in a range of energies

larger than Newtonian laws. We know that Einstein’s General Relativity is not the ultimate

formulation of gravity, since it does not accommodate quantum phenomena. String Theory

is the only serious but incomplete attempt for Quantum Mechanics to encompass gravity.

The lesson to be learned from the improvement of our description of gravitational phenomena

is that our knowledge should always be considered as partial and open to improvement.

Our theories are just effective theories. That is, we use effective laws that describe all

known phenomena within the range of experiments which are available. In the case that

new phenomena prove these laws to be of limited validity, scientists would then look for an

extension or recreation of a new theory, that should in turn be considered as an effective one.

The summary of the above discussion is simple: as far as we can tell Quantum Mechanics

rules Nature, though we should keep our mind open to some better theory. So, there are,

at least, three reasonable questions to be asked on the relation of Quantum Mechanics to

determinism. First, is Quantum Mechanics deterministic? Second, can Quantum Mechanics

explain free will? And third, is it possible that Quantum Mechanics may emerge from a
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more fundamental and deterministic theory? We shall discuss these questions along the next

sections.

7. Probabilist results of measurements in Quantum Mechanics

Quantum Mechanics establishes that the outcome of a measurement is genuinely probabilistic.

Therefore, Quantum Mechanics seems to rule out determinism. To be precise, the postulates

of Quantum Mechanics state that observables are related to operators in the theory, that the

result of the measurement must be one of the eigenvalues of the operator, and that the actual

result which is observed in an experiment will occur with a probability which is computable

from the wave function that describes the system. We refer to the quantum postulate of

how random outputs are computed from the state of the system as Born rules. This may

sound too technical for non-experts, but the key element is that results of measurements are

inherently random. To be absolutely clear, the only element which is not fully predetermined

takes place at the act of performing a measurement.

It is fair to mention that the present axioms of Quantum Mechanics are not uniquely for-

mulated. Actually, there are alternative ways to set the foundations of Quantum Mechanics

which are perfectly consistent ([10]). On the other hand, it is unlikely that any of the re-

formulations of Quantum Mechanics that we may envisage will ever get rid of its inherent

randomness. We may argue that randomness is conserved: either it is there or not. Therefore,

the relation of determinism to Quantum Mechanics is at a deeper scale than the discussion

made in a particular set of axioms, for the relevant fact is that Quantum Mechanics brings

the ingredient of inherent ramdomness.

Let us emphasize again that Quantum Mechanics only brings an element on randomness when

measurements are performed. Between measurements, the evolution of a quantum system

is described by the Schrödinger equation, which is a deterministic differential equation for

the wave function that contains the information on the system. Furthermore, measurements

need an observer, that is, some part of the system is taken apart and acts as observer of the

other part. This is certainly an uncomfortable setting, which has been extensively discussed.

On one hand, Quantum Mechanics produces fantastic predictions but, on the other hand,

our understanding of the role of the observer is distressing.

It is not easy for a scientist to accept randomness in the measurement process. Einstein’s

dislike for this quantum postulate is well-known. He would argue that God does not play dice

in the atomic world (see for instance the wonderful exchange of letters between Einstein and

Born [11]). Einstein would not accept the need to resort to a random number generator to

describe Nature. Instead, he defended a local element of objective realism which prefixes the

results of experiments. The discussion initiated by Einstein is a wonderful history of scientific

honesty. It was much later when Bell sorted out the right way to proceed [12]. Bell realized
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that local realism can be experimentally verified or disproved. The idea is that local realism

can not accommodate correlations among observations at separate sites that are present in

the real world. He proposed the so-called Bell inequalities that would tell apart whether our

world follows the rules of local realism or those of Quantum Mechanics. Following Popper,

Bell showed that classical physics can be falsified in favor of Quantum Mechanics. The first

experiments by Aspect [13] showed that our world is quantum, whether we like it or not. At

present, Bell inequalities are checked by freshmen students in Physics schools.

There is a recent relevant contribution to randomness in Quantum Mechanics vs. randomness

in Classical Physics. The basic idea goes as follows. The question is whether it is possible to

distinguish a truly random series from a deterministic series that imitates the former one?

For instance, we may open a Casino and buy a random number generator to run a slot

machine. Can we be certain that this machine produces a truly random series of numbers?

As a matter of fact we cannot. It may happen that the machine we bought has some inner

deterministic generators of numbers that simulate a random series. We could check the

machine for a few millions outputs and verify that the distributions obey the expected rules

of a random generator. But, then, on the opening of the Casino, the next output in the

slot will be perfectly determined by the person who wrote the deterministic algorithm. The

new development in this discussion is that the lack of disnguishability between true and fake

randomness no longer holds in Quantum Mechanics. We can use entangled states and Bell

inequalities to generate truly random numbers. This subject is subtle and is fully explained

in [14]. There is yet an unsettling premise. Full quantum randomness comes at the price that

experimenters must be free to choose instantly the measurement they perform. This initial

randomness in the choice of measurements might be very small but not zero for quantum

randomness to emerge in full glory. Let us discuss this fact in some more detail.

8. Random choice of experimental settings

Bell inequalities are at the heart of the randomness discussion as we have been arguing

previously. Let us briefly recall how a Bell inequality experiment is organized. The typical

experiment requires a source of pairs of particles, and each one of them flights to a different

observer, usually named Alice and Bob. To analyze the properties of the state, Alice and Bob

separately proceed to measure some property of the particle they have separately received.

To be more concrete, let us consider the case where two photons are created with correlated

polarizations and sent one to Alice, an the other to Bob. Then Alice and Bob may choose

to measure the polarization of the light using polarimeters pointing in different directions.

The statistics obtained when accumulating the results over very many random directions for

the polarimeters turn out to be consistent with Quantum Mechanics but not with classical

physics. Indeed, entangled quantum states are much more correlated that any classical state,

as proven in the laboratories. These experiments allow us to rule out theories where a local

element of realism describes deterministically the output of each experiment. Einstein was
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wrong, but his contribution was essential to consider correlations as the figure of merit that

discriminates a quantum from a classical world.

Everything seems good and fine for Quantum Mechanics. Yet, there is a small but deep

caveat. All along the Bell experiment, both Alice and Bob must take the decision to point

their polarimeter in some direction at the very moment they perform their measurement. So

we must accept some free will on the side of Alice and Bob! If we could predetermine the

polarimeters direction that Alice and bob will use, then it is possible to create a local hidden

variable model, consistent with classical physics [15, 16, 17, 18].

The problem of freedom of choice for experimenters is once again showing our poor under-

standing of the role of the observer in Quantum Mechanics. The observer is responsible for

the directions of the polarimeters, for the collapse of the wave function and for the probabilis-

tic outcome of the experiment. In its absence everything would be described as deterministic

evolution of the wave function.

9. No Quantum Will

Let us accept for the time being that Quantum Mechanics does bring unquestionable ran-

domness. Then, we can argue that Quantum Mechanics seems to kill determinism (with the

caveat that we must attribute some freedom of choice to observers). This is good news for

the many people that hate the negation of free will. Nevertheless, it is unclear in which sense

the measurement quantum axiom favors free will [19]. We may argue on the contrary in

two different ways. First, we may consider that all the physical interactions along a decision

process that takes place in our brain are described by a unitary and deterministic evolution,

as dictated by the Schrödinger equation. In a decision process, no measurement would ever

be made. Thus, Quantum Mechanical evolution of the whole system remains deterministic!

A second counterargument of profound consequences says that true randomness is not free

will. Outcomes may well follow random rules, so they are not determined, yet there is no

choice to be made by any part of the quantum system. Quantum randomness follows no will.

The issue becomes now really subtle, so let us slow down and reconsider the quantum me-

chanical implications on determinism and free will. So far, we have enumerated a number

of key ideas related to the possible absence of determinism, namely complexity and random-

ness, and we look for some understanding on free will. We argued previously that complexity

has no bearing on determinism. Free will does correspond to the moral human appreciation

of the whole problem and, as such, is the ultimate big question. Yet, Quantum Mechanics

postulates do humbly discuss the role of randomness in the measurement process. Moreover,

quantum randomness can only be separate from classical randomness in Bell-type settings.

But then, an extra element of randomness must be conceded to observers. Altogether, Quan-

tum Mechanics is about randomness, not free will. We argued above that randomness is
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postulated for the result of quantum experiments. This leads to a peculiar conclusion. If free

will is eventually emerging from Quantum Mechanics, we are forced to grant such a free will

to a distribution of particles and measurements.

This latter idea is the basis for the so-called Free Will Theorem [20], and its evolved ver-

sion Strong Free Will Theorem. This theorem provocatively uses the word free will for the

indeterminism inherent to local quantum degrees of freedom. Based on some basic axioms

(FIN, TWINS and MIN), it is proven that the outcome to local observables is not dictated

by previous properties of the system. The discussion above shows clearly the delicate use of

the word “free will” in the context of Quantum Mechanics. Any honest discussion about the

absence of determinism in Quantum Mechanics should also include the point that random-

ness does not explain free will. A strong form for this comment would be to disregard as

erroneous the concept of Quantum Will.

10. Quantum Mechanics as an effective theory

Many people will argue that Quantum Mechanics has opened a window for free will, given

the non-deterministic postulate of measurement. Many, on the contrary, will consider that

Quantum Mechanics is reinforcing the absence of free will, since evolution is deterministic and

measurement is genuinely random. In the extreme case, it is possible to argue that Quantum

Mechanics should be applied on the universe as a whole and, then, no observation would

ever be made. What we view as an observation in our labs is nothing but a deterministic

evolution within the total system. At the grand scale we are finding a familiar situation, the

system may be too complex for humans to predict using Schrödinger equation, but we are

certain that a unitary an deterministic evolution is taking place.

A more profound and far-reaching discussion is to consider Quantum Mechanics as an effective

theory [21]. The idea was already discussed in the context of the Standard Model but now

takes a new twist. We may find that the four basic interactions are just an effective way

of describing Nature, and that a larger symmetry will encompass these four theories. But

we may go much further away. We may find that the quantum structure underlying the

Standard Model is effective! That would mean that the quantum axioms that we use are

just a good approximation to a deeper organization of concepts. This is the approach to

Quantum Mechanics as an effective theory suggested by G. ’t Hooft [22].

The theory proposed by ’t Hooft is somewhat reminiscent of the old discussion about initial

conditions. A deterministic system will be fully predictable given some perfectly known initial

conditions. On a twist of the above argument, ’t Hooft has argued that the distribution of

classical initial conditions of a cellular automata which are consistent with a given output

is at the origin of using probabilities in a quantum mechanical way to describe such an

automata. That is, Quantum Mechanics probabilities may only reflect the sets of classical
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initial conditions which are compatible with our experiments.

The argumentation by ’t Hooft links the odd understanding we have of Quantum Mechanics

to the also odd understanding we have of Gravity. At present, we do not know how Gravity

is realized at very high energies, that is at the Planck scale (1019 GeV). At those energies,

Gravity must merge with Quantum Mechanics and the output is simply not known. It may

happen that space and time are no longer differential manifolds, it may be the case that space

and time are emerging structures from more basic ingredients. We really do not have the

faintest clue. The proposal by ’t Hooft argues that at the Planck scale, Nature is controlled

by a deterministic theory such as cellular automata, whose elements have the Planck size.

Apparent randomness is just an spurious effective description, only useful at our present low

energies.

11. Conclusion

Some of the discussions we have presented can be summarized in short statements. Let us

start with clearing the path from complexity:

• Complexity is irrelevant for determinism.

• Predictability or human knowledge of the laws of Nature is irrelevant for determinism.

Determinism is related to the existence of exactly obeyed laws. Whether we know them or

we can compute them is not the point.

Then, a human question arises: if Nature follows deterministic evolution, is there room for

free will? The answer should be “no”. It is the hands of Chemistry and Biology to clarify this

fundamental issue and go ahead with systematic studies of decision making and conciousness

at molecular level. It may well be the case that free will reduces to an illusion. Decision

making would be a magnification process that could be predicted on a purely chemical basis,

whatever complex this process may be.

Yet, are we sure that Nature follows deterministic laws? We know a fact:

• The only possible source for indeterminism in our present understanding of the laws of

Nature is the measurement process in Quantum Mechanics.

This measurement process is, sadly enough, the less understood piece of Quantum Mechanics.

Whether quantum randomness (Born rules) and the collapse of the wave function will stay

as part of the ultimate understanding of Nature is far from obvious. In any case

• Quantum randomness follows no will.
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Will implies human concepts as consciousness which are not part of the Born rule. Inherent

quantum randomness rules out perfect predictability, but it gives no space for will.

The discussion of randomness in Quantum Mechanics is heavily affected by Bell inequalities

and non-locality of correlations. Those are very subtle issues that may be better understood

in the future. Furthermore, we should always be aware that

• Quantum Mechanics may well be an effective theory.

It is possible that Quantum Mechanics is no longer the right way to describe Nature at very

high scales. If so, some quantum features as randomness could be an emerging effective

description, a substitute for a deeper non-random description of Physics. It may be argued

that

• Quantum Mechanics will get severily modified when merging with Gravity.

The structure of the would-be unifying theory of Quantum Gravity is simply unknown.

We may argue that the ultimate theory will be purely deterministic – a theory of cellular

automata – but we may also argue in the opposite direction. It is fair to accept that the

hope that the main problems in Physics, namely the emergence of quantum randomness and

the quantization of gravity, will be solved simultaneously is probably naive.

We may also wonder what are the coming developments in relation to determinism (it does

sound funny to determine the next steps to understand determinism!). It is likely that the

relevant near future investigation in the everlasting discussion on free will and determinism

will be centered in the understanding of decision making at the chemical level. The system-

atic study of brain processes will eventually clarify to what extend will is predictable and

whether consciousness is also reducible to complex chemical reactions. There is no doubt

that progress in the field of Neuroscience will produce a profound reassessing of some con-

troversial intellectual positions about determinism. In a way, we may think of the impact of

fMRI experiments on free will as the equivalent of Bell inequalities on local realism. We may

have strong opinions, but experiments will decide.

As a separate line of research, it is clear that we need proposing and analyzing theories

that would produce Quantum Mechanics as an effective description of our world. This may

be considered as too far fetched, since such theories are not likely to be falsifiable. Yet,

mathematical consistency has proven an extremely powerful tool to discover the rules of

Nature. More realistic progress should come from analyzing in depth the emergence of

probabilistic rules in Quantum Mechanics, a subject that relates to decoherence and quantum

darwinism [23].
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On a personal final note, let me add that I join the group of scientists that argue that

the ultimate description of Nature must arise from Arithmetics. But this is an even more

profound subject that touches aesthetics and – if possible – absolute truth, for which we have

no clues.
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Abstract

This article discusses recent advances in the characterization and quantification of randomness in
Quantum Physics.

1. Introduction

Randomness is an intriguing concept which has attracted and keeps attracting the interest of

many different scientific communities. From a fundamental point of view, a crucial question

in Physics (and even Philosophy) is whether nature is deterministic or intrinsically random.

Strictly speaking, there is no such a thing as true randomness in our “classical” world. At

our macroscopic scale, nature is correctly described by Newtonian Physics, where randomness

is simply a consequence of lack of knowledge or control. Indeed, in any physical situation

involving different particles, if an observer has a complete description of the initial positions

and velocities of the particles and the interactions among them, he can predict with certainty

the status of these particles at any given time. Although this may be an extremely difficult

task, as it may require unlimited computational capabilities, perfect predictability is in prin-

ciple possible. This (classical) determinism can be found, for instance, in the introduction to

the book A Philosophical Essay on Probabilities by Pierre-Simon Laplace [1]:

We may regard the present state of the universe as the effect of its past and the cause of
its future. An intellect which at a certain moment would know all forces that set nature
in motion, and all positions of all items of which nature is composed, if this intellect were
also vast enough to submit these data to analysis, it would embrace in a single formula the
movements of the greatest bodies of the universe and those of the tiniest atom; for such
an intellect nothing would be uncertain and the future just like the past would be present
before its eyes.
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Classical Physics, thus, is inherently deterministic. Of course, there are classical processes

that are hard to predict and display some apparent form of randomness. Chaotic systems

probably constitute the most relevant example of these processes, as an extremely good

knowledge of their initial conditions is required to predict their future behavior. Still, any

form of classical randomness is not intrinsic to the theory, as it can always be reduced, ideally

to zero, by improving the knowledge on the initial conditions.

Things become much subtler when moving to the microscopic world. At that scale, New-

tonian laws cease to offer a correct description of nature and one has to adopt Quantum

Physics. It is common folklore to argue that Quantum Physics is intrinsically random. Still,

why is quantum randomness intrinsically different from any form of classical randomness?

Or, in other words, why is it impossible to reduce quantum randomness to ignorance, lack

of knowledge or control, as in the classical world? This is the first point we discuss in what

follows. Once the presence of a new form of randomness in the quantum world has been ar-

gued, we will move to more applied issues and see how quantum randomness can be detected,

quantified and used for practical applications. In fact, random numbers represent a valuable

resource which find application nowadays in many tasks, from cryptographic applications, to

gambling or the simulation of physical and biological systems.

2. Intrinsic Quantum Randomness

It is well known that Quantum Physics can only predict the probabilities of events. The sim-

plest example illustrating this fact consists of a spin-one-half particle, whose spin is pointing

in the 𝑧 direction. If the spin of the particle is measured along the 𝑥 basis, the theory predicts

that the two possible results, labeled by +1 and −1, will occur with equal probability. In

the considered scenario, there is a device that prepares the spin of the particle along the 𝑧

basis, and another device that performs the measurement on the particle. The experiment

is repeated many times and the frequency of ±1 results tend to (1/2, 1/2) as predicted by

quantum theory.

This type of situations are often presented as paradigms of the randomness of Quantum

Theory. Still, there is nothing really quantum on it. From the point of view of randomness,

it is completely equivalent to flipping a perfect coin: the two results will appear with equal

probabilities. As mentioned in the previous section, if we had a perfect knowledge about the

coin, its initial position and velocity, we could predict the result by solving the equations

of motion (even if on average the two results happen with the same probability). One

cannot exclude the existence of a similar explanation for the quantum particle. Clearly, the

corresponding variables and equations of motion cannot be those of Quantum Physics. Still,

there may be a better theory containing the right variables and formalism to predict the result

of each single measurement. These models are usually known as hidden-variable models for

Quantum Physics. Although historically introduced in a different context, hidden-variable
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models have a clear interpretation in terms of randomness: their existence would imply that

quantum randomness is simply a consequence of the ignorance of these hidden variables that

completely specify the result of each measurement. Once a new theory based on these, at

the moment, unknown or hidden variables is found, quantum randomness will disappear

and become an artifact not intrinsic to the theory, as in the classical case. Actually, it is

always possible to construct hidden-variable, and deterministic, models for any experiment

involving measurements on a single quantum particle. The existence of these models implies

that, from the point of view of randomness, there is no fundamental difference between

measuring a quantum particle or flipping a coin.

The situation becomes much subtler when moving to scenarios involving different measure-

ments on two, or more, correlated quantum particles. Let’s stop here for a while and make

a small historical détour through the Foundations of Quantum Physics. Here, the discussion

connects with the famous work by Einstein, Podolsky and Rosen (EPR) [2] on the existence

of hidden-variable models for correlated quantum particles, also known as entangled particles,

and its refutation by Bell [3]. In their seminal paper of 1935 [2], EPR introduced two main

properties that, according to them, any reasonable physical theory should satisfy: locality

and realism. The precise definitions of these two concepts has led to many controversies and

we will not discuss them here for reasons that will become clear below. Then, EPR studied

the correlations obtained by measuring a two-particle entangled state and argued that the

wave function (or, more generally, quantum physics) “does not provide a complete descrip-

tion of the physical reality” and it has to be understood as an effective theory. They also left

“open the question of whether or not such a description exists” and conjectured that “such

a theory is possible.” Again, this alternative description would make use of some variables

that are hidden (unknown) at the moment. In 1964 Bell showed that all theories satisfying

the principles of locality and realism are unable to predict the same observable quantities

as Quantum Physics. More precisely, he considered a simple experiment in which a source

prepares two correlated quantum particles that are sent to two distant measuring devices

(see Figure 1). At these devices, two different measurements of two possible results are per-

formed. It is assumed that the two devices do not communicate when the measurements are

performed. This can be enforced by arranging the setup so that the measurements define

space-like separated events. In this configuration, one can see that local-realistic models à

la EPR predict some bounds on the correlations between the results observed in the two

measuring devices that are violated by measurements on some correlated (entangled) quan-

tum particles. These bounds are known as Bell inequalities and their experimental violation

in 1982 [4] confirmed that local-realistic models are unable to predict those correlations ob-

served in nature. The violation of Bell inequalities is often also known as non-locality, and

the correlations leading to this violation as non-local.

What does all this discussion mean from the point of view of randomness? Our goal for the

remaining of this section is to see how all the EPR-Bell discussion can be reinterpreted in
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Figure 1: Bell scenario. The standard Bell scenario consists of two distant users, Alice and Bob, who
have access to two different systems. Alice and Bob can perform one out of 𝑚 possible measurements
on their respective systems, labeled by 𝑥 and 𝑦. The results of the measurements can take 𝑟 possible
values and are labeled by 𝑎 and 𝑏. The whole setup is described by the observed statistics 𝑝(𝑎, 𝑏|𝑥, 𝑦),
that is, the joint of probability of observing results 𝑎 and 𝑏 when performing measurements 𝑥 and 𝑦.

terms of randomness and implies the existence of a new form of randomness in the quantum

domain with no classical analog. First of all, while the terms locality and realism are always

used when referring to EPR models, it is much more convenient to replace them by more

operational terms such as no-signalling and determinism. We believe these two concepts

encapsulate in a clearer way the motivations behind the EPR program.

The no-signalling principle states that faster-than-light communication is impossible. It is

probably the most accepted physical principle as it is one of the pillars of Einstein’s relativity.

Actually, even if Einstein’s Relativity was proven to be wrong, in the sense that there are

particles traveling faster than light, the no-signalling principle only requires that this velocity

is finite. In a way, it is just a consequence of the fact that energy cannot be unbounded,

or, more in general, of the belief that there is a finite limitation for any physical effect. In

the previous experimental configuration, the principle implies that the statistics seen by one

of the observers when measuring his particle cannot depend on the choice of measurement

performed by the other particle. Indeed, if this was the case, one of the observers could, by

changing his choice of measurement, produce a noticeable effect on the other. This effect

could be immediately used to exchange communication faster than the speed of light, as the

two measurements could be arranged so that they defined space-like separated events.

Determinism states that the statistics seen in an experiment can be decomposed as mixtures

of deterministic correlations in which each measurement result has a deterministic output. In

deterministic models, while it is accepted that an experimental result produces a “random”
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result, like when flipping a coin, this is only a consequence of the ignorance of the actual

state of the system. Each repetition of the experiment does have an a priori defined result,

but we only have access to the average description (because of lack of control or knowledge

of the setup).

It is not difficult to see that the correlations predicted by deterministic and no-signalling mod-

els are exactly the same as predicted by EPR models [5]. Once the equivalence is proven, the

experimental violation of Bell inequalities automatically implies that either determinism or

no-signalling has to be abandoned (or both!). Most physicists prefer to abandon determin-

ism to save no-signalling. Thus, under the assumption that nature satisfies the no-signalling

principle, the experimental violation of any Bell inequality implies that the outcomes could

not be predetermined in advance. A new form of randomness, intrinsic to the theory and that

cannot be reduced to ignorance, then appears. The only possible deterministic explanation is

by models which use deterministic, but signalling states. In these models, randomness would

disappear and the observers could deterministically predict the measurement output of each

repetition of the experiment if they had access to the actual state of the system. But having

access to this state would also allow them to exchange communication instantaneously. If no-

signalling is assumed to be a physical principle of nature, the random character of outcomes

leading to a Bell inequality violation follows.

While all the previous statements have a rigorous mathematical proof, the connection between

Bell violation, no-signalling and randomness can also be understood from an intuitive point of

view. Quantum Mechanics predicts a strong form of correlations that violate Bell inequalities.

The correlations are so strong that they could be used for supra-luminal communication, or

signalling, if we could completely monitor them. The only possibility for these correlations

to be compatible with the no-signalling principle is that the observed outcomes cannot be

controlled or predicted and, therefore, are random.

Before concluding this section, we come back to the assumptions that imply the existence

of intrinsic randomness in any Bell experiment. As mentioned, no-signalling is one of them.

Another crucial assumption is the fact that the measurements applied by each of the two

measuring devices can be freely chosen. Or, in other words, it is required that the choice

of these settings is random, in the sense that it cannot be predicted in advance. If this as-

sumption is completely relaxed and the measurements that are going to be performed can be

completely predicted in advance, in particular before the particles leave the source, then it is

easy to construct deterministic no-signalling models leading to Bell violations. The assump-

tion of free-choice may seem very natural, as, for instance, in the ultimate Bell experiment,

where human beings could choose the measurements in two distant labs (this assumption is

often referred as the free-will assumption). This is why we decided to present this assumption

separately from the previous discussion. Still, the implications of Bell inequality violations

are fundamentally so relevant that it is important to keep in mind that there is another
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possible explanation: the choice of settings was known, in the sense that could be predicted,

in advance.

In the next sections, we will work under the assumption that nature is no-signalling and,

thus, intrinsically random. Actually, we will assume more and impose that those correlations

that are possible in nature are those of Quantum Physics. In other words, we will impose that

there do not exist in nature no-signalling correlations that cannot be obtained by measuring

quantum states (in principle, there could be stronger-than-quantum correlations without

violating the no-signalling principle [6]. Under these assumptions, we provide tools to detect

and quantify the intrinsic quantum randomness produced in a Bell experiment. Then, we

discuss the application of these techniques to the construction of new types of random-number

generators with no classical analog.

3. Random-Number Generation

Before moving to the results linking randomness and Bell inequality violation, it is worth

commenting on the use and generation of random numbers for practical applications. Beyond

all the previous fundamental points, randomness is also an extremely valuable resource in our

society with applications in many different areas [7]. Random numbers are constantly used

for cryptographic applications, gambling or numerical methods for the simulation of physical

and biological systems. Due to their relevance, there is an intensive ongoing effort to (i)

develop good sources of random numbers and (ii) design reliable tests to certify the random

nature of the generated numbers. These two issues are strongly connected as the quality of

a source is estimated using the tools developed for certification. Randomness certification is

indeed a crucial question and, as discussed below, it is notoriously difficult to ascertain with

the existing techniques the random properties of a device.

Nowadays, there basically exist three types of random number generators (RNG): “true”

RNG, pseudo-random number generators and quantum RNG. In the first case, some initial

numbers are generated by means of a physical process that is hard to predict, such as the noise

in electrical circuits or the timing of user processes. Pseudo random number generators consist

of the output of a deterministic function applied to a shorter seed, assumed to be random

and possibly produced by a true RNG. Finally, quantum RNG uses quantum features for

the generation of the random numbers. However all these solutions suffer from the following

three drawbacks, which are relevant both from a conceptual and applied point of view.

The first problem concerns the issue of randomness verification. Although all these different

approaches to randomness generation are based on different principles, they all use the same

framework to certify the randomness of the produced numbers: it is always measured by a

series of statistical tests [8, 9] designed to check the absence of patterns in the generated

sequences. It is however unclear what passing all these tests means from the point of view
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of randomness. No finite set of tests can be considered complete [9], since the existence of

patterns that are not covered by the existing battery of tests can never be excluded. In

particular, the tests should be periodically revaluated and, if needed, corrected1. Thus, it

is highly non-trivial, if not impossible, to ascertain with the existing techniques the random

character of an experiment.

Second, many applications, especially for cryptographic purposes, require private random-

ness. In these applications, the randomness, or unpredictability, of the generated events is

exploited to achieve a given task, such as secure information transmission. This requires

that the numbers generated by the device should not only appear random, in the sense

of hard to predict to the honest user, but also to any other, potentially adversarial, user.

Unfortunately, the reliability of the statistical tests is even less clear in these applications.

For instance, systematic errors in the generators can introduce patterns that may be unde-

tected by the statistical tests applied by the honest user, but predicted by a computationally

more powerful adversary. These patterns can then be exploited to break the cryptographic

protocol.

Third, the situation becomes more critical in the non-trusted provider scenario, where the

devices used for the generation cannot be trusted and should be seen as a black box generating

the numbers. In this scenario, there cannot be any classical technique proving the presence of

private randomness. Indeed, one can never exclude, for instance, that the numbers have been

prepared in advance by an adversary using a very “good” RNG. These numbers have been

copied into a memory inside the device and then, despite looking random, can be completely

predicted by this adversary. In order to avoid this problem, the proposal for randomness

generation should be device-independent : the random properties of the generated numbers

should not rely on any modeling of the internal working of the devices used in the generation.

The device-independent property provides a second advantage for randomness generation: as

the scheme does not depend on the internal working of the devices, it is more robust to

prepare imperfections or drifts during the generation process.

Finally, there is a fourth issue which only concerns the existing quantum solutions. It seems

quite unsatisfactory, and even contradictory, to verify their quality by means of the same

techniques used for classical devices, which are always of deterministic nature. It is hard to

claim that an intrinsic quantum property has been used for randomness generation if this is

certified by tests which are also satisfied by classical devices. It would then be desirable to

derive new forms of randomness certification based on quantum principles with no classical

analogue. This is intimately related to the fact that, although Quantum Physics contains an

intrinsic form of randomness, in any real situation this randomness is necessarily mixed-up

with an “apparent” randomness that results from noise in the system or lack of control of

1One of the most famous examples of bad RNG was RANDU, a RNG used in the 60-70’s which was later
discovered to have a well-defined pattern, see for instance RANDU in wikipedia.
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the experiment. In order to disentangle these two forms of randomness, one should derive

tools to detect and quantify the intrinsic quantum randomness generated in an experimental

setup.

4. Random numbers certified by Bell’s Theorem

The scope of this section is to present the approach to randomness generation introduced

in [10], that exploits the link between Bell inequality violation and randomness mentioned

above. This link allows for the first time to quantify the intrinsic quantum randomness in an

experimental setup, which can now be disentangled from any apparent randomness associated

to imperfections or lack of knowledge. These techniques can be used to design a new type

of RNG leading to numbers which are (a) certifiably random, (b) cryptographically secure

and (c) device-independent. Finally, the techniques were applied in a real setup involving

two distant ions to demonstrate the experimental generation of fresh quantum randomness.

Without entering into the detailed explanation of this work, the main results obtained are:

Quantum non-locality and randomness. The first result consists of a link between

randomness and the violation of Bell inequalities. As mentioned previously, Bell inequalities

are conditions satisfied by all models à la EPR. From a more operational point of view they

also define limits on the way two separated devices can be correlated by means of classical

instructions. These inequalities can be violated by the results of measurements performed on

systems of two quantum particles. It is shown in [10] how to derive bounds on the amount

of randomness produced in a quantum setup from the observed Bell violation. These bounds

can be then used to certify and quantify the presence of intrinsic quantum randomness in

the setup.

The scenario is the same as in Figure 1. Two separated observers perform different measure-

ments, labeled by 𝑥 and 𝑦, on two quantum particles and get measurement results 𝑎 and 𝑏.

By repeating this process, they can estimate the joint probability distribution, 𝑃 (𝑎, 𝑏|𝑥, 𝑦),

of getting result 𝑎 and 𝑏 when they applied measurements 𝑥 and 𝑦. From this distribution,

the observers can compute the violation of a Bell inequality. If a violation is observed, then

they can guarantee that the observed outcomes have some randomness. Actually, one can

establish a quantitative link between the observed Bell violation and the amount of random-

ness. These findings show that the more the particles are quantically correlated (in the sense

of violating a Bell inequality), the more random the measurement outcomes are. That is,

they constitute a fundamental link between non-local quantum correlations and randomness,

two of the main intrinsic and counter-intuitive properties of Quantum Theory.

Device-Independent Quantum Random Number Generator. The previous bounds

can be used to realize a new type of quantum random number generator (QRNG). As men-

tioned, and contrary to all previous solutions, the scheme produces randomness which is (a)
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certifiable, (b) private and (c) device-independent. It is based on a previous proposal by

Colbeck [11].

In what follows, it is useful to work in the non-trusted provider scenario and, thus, assume that

the user gets two devices from a non-trusted provider. Using these devices, the user should

be able to perform a Bell test, as explained before and shown in Figure 1. The final string of

perfectly random bits will be made out of 𝑁 pairs of results, (𝑎1, 𝑏1, ..., 𝑎𝑁 , 𝑏𝑁), obtained by

𝑁 uses of the devices. The random character of the generated numbers is guaranteed by the

violation of a Bell inequality. Importantly, this holds true in a scenario where the internal

workings of the device are not known, and even if the devices were prepared by an external

agent who should not be able to bias or predict the random bits. This follows from the

previous analysis: whatever the adversary prepared in the device for generating the output

given the input, if it violates a Bell inequality, then there is a bound on the randomness of

the outputs. A memory attack, for instance, in which the provider has generated in advance

and copied the numbers into memories located in the devices is impossible, as this would

represent an EPR model for the measurement outcomes which is impossible because of the

observed Bell violation.

There is however an important point: the user of the devices does not know a priori whether

the devices violate the Bell inequality and must estimate this using a statistical test. But the

estimate cannot be carried out in a predetermined way. Indeed, if the measurement settings

that are going to be used are known in advance, then the external agent may have prepared

a device which is completely deterministic, but which is such that on the specific sequence

of inputs that are going to be used it appears to violate a Bell inequality. As mentioned

above, it is always possible to mimic Bell inequality violations with a hidden-variable model

if settings can be predicted in advance. There is thus an apparent contradiction between the

aim of making a random number generator, and the requirement of using random settings

to test the device. It is however possible to carry out the statistical test using only a very

small amount of randomness, much smaller than the amount of randomness generated by

the measurements. Thus, non-trusted devices that violate a Bell inequality can actually be

used as randomness expanders in which a small random seed is expanded into a much longer

random string.

Experimental generation of private random numbers. Finally, a proof-of-principle

experiment of the theoretical formalism was demonstrated, by performing a Bell violation

between two atoms located in two separated traps (see Figure 2). These traps should then be

seen as the physical realizations of the abstract boxes in the Figure 1. The different measure-

ment can be chosen by sending different micro-wave pulses into the atoms. The measurement

results have two outcomes, which correspond to whether the atom emits fluorescence light

back after the pulse.
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Figure 2: Experimental setup for randomness generation. The figure shows the schematic repre-
sentation of the experimental setup. The two particles in the two separated traps correspond to the
two devices in Figure 1. The choice of measurements is done by micro-wave pulses impinging the
particles. The outcomes can take two possible values, corresponding to whether fluorescence light is
detected at the detectors.

In the experiment, data were recorded over a period of approximately one month to observe

a violation of the simplest Bell inequality, namely the Clauser-Horne-Shimony-Holt (CHSH)

inequality [12]. From the observed violation, and using the previous theoretical tools, the

generation of 42 new random bits in the quantum setup was certified. Admittedly, the gen-

eration rate was very, very far from being competitive when compared to any of the existing

random number generators. But, for the first time, new intrinsic quantum randomness was

certified in an experiment without invoking any detailed model of the devices.

5. Open questions

The results reviewed in the last section have formalized the connection between Bell violation

and intrinsic quantum randomness. We are however still far from fully understanding this

connection. We conclude this work with a list of open questions related to the previous

discussion.

• Bell violation versus non-locality and entanglement. As repeatedly mentioned,

Bell inequality violation and randomness are related. One could even think that the

more non-local some correlations – in the sense of producing larger violations of Bell

inequalities – the more random they are. This intuitive picture however has been

questioned by the recent results of [13]. There, it was shown that little amounts of non-

locality may be enough to certify the presence of completely random bits. It is then

an open question to understand the relation between these two quantum properties,

namely non-locality and randomness, and when and why a Bell inequality violation

leads to perfect random outputs. Also, the extension of all these results to more complex

scenarios, consisting of more than two systems, has hardly been explored.

• More efficient schemes. The previous point referred to the fundamental under-

standing of the relation between quantum non-locality and intrinsic randomness. From
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a more practical point of view, it would be interesting to understand how this link

can be exploited to construct very efficient protocols for randomness generation. For

instance, in the scheme of [10] the improvement in terms of randomness was quadratic,

in the sense that the randomness produced by the setup was of the order of the square

of the initial randomness needed for the Bell test (see also [14] for a careful security

analysis of this protocol). The intuition says, however, that it should be possible to get

an exponential improvement, in the sense that the randomness produced is exponen-

tially larger than the initial seed. In fact, a recent work provides a protocol attaining

an exponential improvement [15], although unfortunately the security proof only works

in a noiseless situation.

• Imperfect randomness at the inputs. Another interesting theoretical question is

related to how the lack of randomness in the choice of the settings in the Bell experiment

affects the randomness of the generated outputs. Some results in this direction were

presented in [16, 17, 18]. The problem of randomness amplification, introduced in [19],

is intimately connected to this point. Up to now, we have focused our analysis in

randomness expansion, in which an initial seed of perfect random bits is given and the

goal is to produce a larger amount of random bits. In randomness amplification, a

generator of imperfect random bits is given. The goal is to improve the quality of the

random bits. While expansion is more focused on quantitative statements, amplification

is concerned on the quality of the random outputs. Thus, the generation rate is not an

important parameter in this scheme. It is a known result that randomness amplification

is impossible classically [20]. In [19] a first scheme for randomness amplification was

provided using, again, Bell inequalities. While this result is remarkable, unfortunately,

it only works for initial random symbols of already quite good quality and without any

noise. More recently, we have derived a scheme that allows one to amplify any arbitrary

initial randomness to perfect random bits [21].

• Loopholes and Bell tests. The described scheme for randomness generation are

based on the observation of a Bell inequality violation. Strictly speaking, a proper

Bell inequality violation has never been observed. All the existing experiments in this

sense suffer from technological problems that do not allow excluding a deterministic

and no-signalling explanation for the observed data. In other words, exploiting the

imperfections in the devices, one can construct ad-hoc EPR models reproducing the

measurement results. These models are highly artificial (for instance a photon deciding

to produce a click in a detector depending on which measurement is applied) and have

to be changed from experiment to experiment. It is hard to believe that they provide

a valid model for the observed experimental data. But, in view of all the previous

fundamental implications, it would be highly desirable to have a Bell experiment free

of any loophole, even those that are extremely artificial.

In the case of randomness generation, it suffices to have a Bell test which is free from

the so-called detection loophole. Standard Bell tests use photons. This is often prob-

lematic because detecting a photon is challenging and many of them are actually lost.
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Losses in the Bell setup is precisely what the detection loophole exploits to provide a

classical explanation for some apparently non-local correlations. In the experimental

demonstration discussed above, the Bell violation was observed between atoms, which

have a much higher detection efficiency, and, thus, allow a proper Bell violation for ran-

domness generation. More recently, detection-loophole-free Bell violations have been

observed in a completely optical setup [22], opening the way to schemes for certified

randomness generation with much higher rates.

• Implications. Finally, it would be interesting to interpret all these findings from

a rather speculative, and even philosophical point of view. One of the merits of the

previous formalism is that it offers, for the first time, a quantification of the randomness

generated in physical (quantum) setups. However, the whole analysis boils down to

a fundamental, still rigorously proven connection. Let’s assume that the loopholes

observed in experiments are just a matter of technological imperfections and that Bell

violations will survive once all loopholes are closed. That is, let’s assume that non-local

correlations do exist in Nature. Then, as discussed above, No-signalling + Free-will

→ Randomness. That is, in a scenario in which observers are assumed to have free

will and where instantaneous communication is impossible, the observation of non-

local correlations implies the randomness of the outcomes. What are the philosophical

implications of this connection? Always at a rather speculative level, it is interesting

to study wether randomness can be certified from other physical principles, without

resorting to some initial seed of randomness, or without invoking free will. That is,

can randomness be proven “from scratch”? Probably the answer to this question is

negative. In any case, the quantitative results mentioned above shed light onto it.

Indeed, one could naively argue that all the randomness seen in the measurement

results is a consequence of the initial assumed randomness, or free will. However, the

expansion results prove that this is impossible: new non-previously-existing randomness

is generated by the quantum setup.
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Abstract

We address the issue of the interpretation of quantum mechanics by asking why the issue never
arises in the description of high-energy interactions. We argue that several tenets of quantum
mechanics, specifically the collapse of the wave function, follow directly once one accepts the essential
randomness of fundamental interaction events. We then show that scale separation of fundamental
interactions ensures that the decoherent measurement can be unambiguously separated from the
random quantum events. Finally, we argue that the fundamental symmetries of space and time
guarantee the existence of a unique preferred basis. We argue that this set of ideas might lead to an
interpretation of quantum mechanics, or rather, show in which sense an “interpretation” is (or is
not) necessary.

1. The quantum world and its “paradoxes”

It is a commonplace statement that the laws of quantum mechanics are strange and to some

extent paradoxical: a statement which is reflected not only in the titles of popular science

books (see e.g. [1, 2]) but also in chapter headings of textbooks (e.g. “Abandoning realism”

in Chapter 3.7 of [3]) or even titles of papers (see e.g. [4]). Of course, in popular science

this situation is by no means unique: relativity, say, (even special relativity) is also often

described as puzzling and paradoxical. However, as any physicist (in fact, any decent physics

undergraduate) knows, special relativity expresses the kinematic properties of physical laws

in a way which is neither more complicated nor less intuitive than Galilean relativity. Indeed,

both special relativity and Galilean relativity are easily understood by reflecting on simple

thought experiments. The only reason why Einsteinian relativity is somewhat less intuitive

than its Galilean counterpart is that the thought experiments on which it is based can be

easily referred to everyday experience —such as the original discussion by Galileo of moving

ships [5]— while the thought experiments of relativity require objects that move close to the

speed of light. Indeed, the idea that relativity would be part of the common-sense everyday
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experience of living beings moving close to the speed of light has been exploited in the classic

popular presentation by G. Gamow [6].

However, quantum mechanics is different. On the one hand, there is overwhelming evidence

that quantum mechanics provides the underlying grammar for all fundamental physical laws,

with no evidence of deviations from it, either at a fundamental level (i.e., when shorter dis-

tances are tested) or at a macroscopic level (i.e., when the quantum behavior of systems

consisting of an ever larger number of degrees of freedom is tested). On the other hand,

the standard formulation of quantum mechanics requires introducing, in the process of mea-

surement, the interaction of the quantum system with a classical measuring apparatus. Most

physicist would argue that this is surely an approximation, in that quantum mechanics applies

at all scales, and there is no such thing as a classical realm. Certainly, as mentioned, there

is not a shred of experimental evidence of macroscopic deviations from quantum behavior

which would allow for a separation between quantum and classical worlds.

But then, if the measurement process as usually formulated is an approximation, it is an

approximation to what? There seems to be no full consensus on the exact nature of the

quantum to classical transition and therefore, while most would agree that measurement is

driven by decoherence caused by entanglement with a macroscopic measuring apparatus (see

e.g. Sect. 20.3 of [7] for a standard textbook presentation), there seems to remain some

fundamental underlying lack of understanding. The laws of quantum mechanics are funda-

mentally strange, because an interpretation is required in order to explain what they really

mean. Indeed, there exist numerous “interpretations” of quantum mechanics (see e.g. 3.7

of [3]): effectively, different interpretations of quantum mechanics amount to an explanation

of what the standard set of quantum-mechanical rules are supposed to approximate — with

the Copenhagen interpretation consisting of acceptance of the rules at face value.

Yet, in all contexts in which quantum mechanics is being used, the way it should be used

is absolutely clear. To the best of our knowledge, there is not a single case in which the

prediction of quantum mechanics are ambiguous, even less a case in which an interpretation

is required in order to resolve the ambiguity. It is thus natural to turn to the everyday use of

quantum mechanics as a way to resolve its strangeness: after all, if we know what the theory

means in all possible contexts, what more is there to say?

In the sequel, we will briefly discuss some aspects of quantum mechanics in light of their

use in the context of high-energy physics, i.e. the physics of interactions at the shortest

distance scales which are probed in experiments such as those which are being performed

at the Large Hadron Collider of CERN [8]. We will show how many of these aspects are

taken for granted when using theoretical calculations to obtain predictions which may be

tested against experiment, and how this makes many aspects of quantum mechanics look

rather less paradoxical than they might appear at first. We will suggest that this set of
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ideas might perhaps lead to a full-fledged “interpretation” of quantum mechanics, which we

dub the “High-Energy Interpretation of Quantum Mechanics”: though, in actual fact, what

we are really talking about is, somewhat more modestly, the way of looking at quantum

mechanics which is suggested by its use in the context of high-energy physics. It will be

left to the reader to decide whether at present, or perhaps at some later stage, this deserves

the somewhat exalted name of “interpretation”. It should be clear from the onset, however,

that we will not be presenting any new results, and merely collecting some ideas that upon

reflection are obvious: certainly obvious to any high-energy physicist.

2. Randomness and collapse of the wave function

The basic quantities which are computed and compared to experimental results in high-

energy physics are scattering cross-sections (and decay rates). A fundamental feature of this

comparison of theory with data is that it involves accepting the fundamentally random nature

of physical events.

Take the simplest scattering process, elastic electron-positron scattering (Bhabha scattering),

as it was for instance observed at the LEP collider of CERN [9] (where, among other things, it

was used to measure the luminosity of the machine). Quantum electrodynamics, i.e. quantum

mechanics applied to the electromagnetic interaction, and its extension to also include the

weak interaction (the electroweak standard model) provide us with a prediction —a very

precise prediction indeed— for the angular distribution of the outgoing electron-positron pair.

In each individual scattering event, the outgoing particles exit in one particular direction.

Their energy is fixed by conservation of the incoming particle energy, and their momenta must

be equal and opposite by conservation of the total momentum. But the exit angle is not fixed.

Quantum mechanics tells us that if the experiment is repeated many times, we can predict

on average the angular distribution of the outgoing particles (to astounding accuracy), but

not their exit angle in each individual instance. This angular distribution is computed as a

function of the initial conditions, i.e. the momenta of the pair of incoming, colliding particles,

and it is fully determined by them. Unlike in a classical scattering event, where uncertainty

in the final state is only related to imperfect knowledge of the initial conditions, or, possibly,

of the structure of colliding objects, this randomness has to do with the fundamental nature

of reality. Even when observing the scattering of electrons (which are pointlike object with

no structure) with fully determined initial momenta the exit direction cannot be predicted.

Once the particles do exit in one specific direction, we can take this as initial condition for

a subsequent quantum mechanical event. For example, if the colliding particles were muons,

instead of electrons (muon colliders have not been built yet, but are actively studied [10]) one

might compute the chance that either of the two outgoing muons will then decay. Quantum

mechanics then provides us with a determination of the probability that each muon may

decay at any given time, and the angular distribution and energy of its decays products, as a

51



High-energy quantum mechanics Volume 6
Winter 2014

function of the initial muon momentum, and indeed such bread-and-butter calculations are

routinely performed and used for example in the calibration of particle detectors.

Summarizing, individual high-energy interactions are random: what the laws of physics allow

us to do is predict their behavior on average as a function of the initial conditions. The

outcome (the final state of the interaction) can then be taken as a new initial condition for

a subsequent calculation and prediction.

It should be clear that this simple situation is at the root of the so-called “collapse of the

wave function”. The wave function of the initial colliding particle pair is the initial condition:

it provides us with the information on the state of the system.1 Its knowledge only allows us

to compute probabilities of outcomes, which are then observables. After the observation of

an actual outcome, our information on the state of the system (which we may use as initial

condition for a subsequent measurement) changes. But the information on the state of the

system is encoded in the wave function, so the wave function must change when we observe

an actual individual outcome. After the measurement, the wave function no longer gives us

a probability: rather, it is in the state which corresponds to the observed outcome. We can

then use this new wave function to compute probabilities of subsequent events.

It is thus recognized that if one accepts that individual events are fundamentally random, and

their outcome can only be predicted on average, then it follows that the information on the

state of the system changes discontinuously when an individual outcome is observed. Often

in popular presentations this discontinuous change is described with statements such as “the

observer perturbs the system”. But this seems at best to miss the main point, and in the

worse case rather misleading: when observing the outcome of an experiment (“performing a

measurement”) what does change, and discontinuously at that, is the observer’s information

on the state of the system.2

Acceptance of this simple fact —the fundamental randomness of individual events— helps in

dispelling some of the mystery that sometimes appears to shroud many of the basic tenets

of quantum mechanics. For example, the postulate of quantum mechanics states that an

observable is associated to a Hermitean operator follows from the fact that the outcome of

an experiment (i.e. the outcome of a measurement) is not unique. In our example, we assign

a different state of the system |𝑖⟩ to each direction of the electron-positron pair. It is perhaps

worth noticing that in any realistic situation the set of such states is always discrete. For

example, a detector can measure the particle momenta only with a certain resolution, so the

outgoing angle can only take a discrete set of values. Indeed, experimental results for angular

distributions are presented in the form of histograms, in which the value of the momentum is

1This information might actually be incomplete; use of a density matrix formalism allows a treatment of
this more general case, but this is besides our point now.

2The somewhat quaint description of the measurement as a perturbation of the system can be traced to
Heisenberg (see e.g. [11]).
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provided in discrete bins.3 So, after detecting the outgoing pair, the system is found in one

of the states |𝑖⟩, which are each characterized by a different value of some observable, say an

angle 𝜃𝑖. The system is to be found with probability 𝑝𝑖 in state |𝑖⟩.

The observed mean value of the angle is

⟨𝜃⟩ =
∑︁
𝑖

𝜃𝑖𝑝𝑖 (4.1)

We can rewrite this by defining an operator 𝜃, as the matrix in the space spanned by states

|𝑖⟩ which has values 𝜃𝑖 on the diagonal. This definition is natural in that the mean value of 𝜃

is then found by tracing the product of this matrix with a density matrix 𝜌, in turn defined

as the matrix which has the probabilities 𝑝𝑖 of outcomes in the diagonal:

⟨𝜃⟩ = Tr𝜃𝜌. (4.2)

The Hermitean nature of 𝜃 (and 𝜌) then simply follows from the assumptions that the out-

comes of the experiment are distinct (i.e. orthogonal), and that they are each characterized

by a real number (the eigenvalues — not necessarily distinct!). It should be clear that in this

line of argument only the simple principle of the statistical nature of experimental results

has been used: the observable is an operator because after the measurement there is a dis-

tribution of distinct outcomes. This does still not fully derive the Born rule - the fact that

the state of the system can be viewed as the superposition

|𝜓⟩ =
∑︁
𝑖

𝑐𝑖|𝑖⟩ (4.3)

such that 𝑝𝑖 = |𝑐𝑖|2, though it is clear that Eq. (4.2) goes a long way in this direction.

We have thus understood the meaning of two basic axioms of quantum mechanics —the

measurement and collapse of the wave function, and observables as Hermitean operators—

and we have a strong hint on the nature of another one — the Born rule. Many consequences

which are derived from them also appear perhaps less surprising and unusual, once seen

as statements about fundamentally random physical events of which only the probability

distribution can be predicted.

While many examples could be given, we consider here only one of the simplest if not the

simplest, namely the uncertainty principle. If fundamental physical events are random, then

their distribution is characterized not only by a mean value Eq. (4.1), but also by a standard

3Clearly, this is also due to the fact that the number of individual events on which each experimental
measurement is based is finite, but even in the limit of a very large number of events the spacing of measured
momentum values can never be finer than the detector resolution.
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deviation

∆2𝜃 ≡ 𝜎2
𝜃 = ⟨𝜃2⟩ − ⟨𝜃⟩2. (4.4)

The uncertainty principle is then merely a statement about the mutual size of standard

deviations of measurements of distinct observables for a system in a given state. Needless

to say, the standard deviation is a property of the set of repetitions of the experiment, not

of any individual instance. It may be surprising that some pairs of observables cannot be

simultaneously sharp (because the product of their standard deviations is bounded from

below) in some states, or perhaps even in all states. But it is clear that, again, this is not

a statement about what the observer does to the system, rather it is a statement about an

ensemble of repetitions of an experiment performed on many identically prepared system.4

3. Superposition and scale separation

The Bhabha scattering process discussed in Sect. 2. can proceed through several “channels”,

as the jargon goes. Namely, the incoming pair can produce either a photon or a 𝑍, each of

which can then go into the given final state.5 In fact, at LEP1 (the first phase of running of

LEP) the energy of the collision was tuned in such a way that real 𝑍s were being produced

— the energy of the collision was tuned to be equal to the mass of the particle, so one

could actually view the 𝑍 channel as consisting of production of a 𝑍 particle followed by its

subsequent decay. Yet, of course, the probability for producing the final electron-positron

pair is not obtained by combining the probabilities of going through the 𝑍 and photon final

states, rather, by combining the amplitudes.

It might be interesting to ask to which extent this postulate of quantum mechanics —that

amplitudes, not probabilities are combined— could be derived starting with the argument

of the previous section, based on fundamental underlying randomness, and imposing further

consistency conditions.6 Here however we will not pursue this line of argument, and instead

ask whether this is problematic, and if not, why not.

The fact that events are random does not seem paradoxical or contradictory per se: one

can simply conceive factual reality as a sequence of events of which only the probability is

determined a priori. The future can be viewed as an infinitely branching tree, of which only

one branch is realized. The repeatability of situations (initial conditions) makes predictivity

possible, on a statistical if not on a deterministic basis.

4This amounts to realizing that the uncertainty principle relates the uncertainty of pairs of observables
before a measurement. The value of the uncertainty of an observable after the measurement of another
observable which does not commute with it is a separate issue, and has in fact been studied recently [12]

5More intermediate states are possible in higher orders of perturbation theory.
6On top of these, the only remaining postulate of quantum mechanics is time evolution, i.e. the Schrödinger

equation. This can be derived from the requirement that quantum mechanics preserves the canonical struc-
ture, i.e. that time translations are generated by the Hamiltonian, or, equivalently, that time translation
invariance implies energy conservation.
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However, the fact that amplitudes, rather than probabilities, should be combined, does seem

to entail some complications, in that it implies that the branching tree cannot be defined

with excessive resolution. For example, in the classic double slit experiment we cannot view

the trajectory that leads to the detection of a particle in a specific point of the screen as

a sequence of random events, the first of which leads the particle randomly (though with

fixed probability) from the source to one of the slits, times a second event which leads it

randomly (though with fixed probability) from the slit to the screen: this would correspond

to composing probabilities, and it would not lead to the observed interference pattern.

Nevertheless, it is to some extent possible to decompose the evolution of a quantum system.

Namely, one may define a “consistent history” [13], i.e. a set of branchings such that indeed

the history of a given quantum system can be viewed as a sequence of intermediate random

events. Of course, this is possible to the extent that the different branchings do not interfere

with each other. In other words, provided the branching tree is sufficiently “coarse grained”

one can view the evolution of the system as a sequence of random events, but if it is excessively

fine grained, this becomes impossible because then alternative histories interfere, so there is

no sense in which only one of them could have been actually realized: if the paths through

the two slits interfere, then there is no sense in which the particle could have actually passed

through either.7

Be that as it may, one might wonder why in practice in the application to any high-energy

physics experiment these issues clearly never arise. One never has to ask which is the random

event: in the example above, it is the elementary electron-positron scattering. One never has

to ask what is the initial condition: it is provided by the wave function of the initial electron-

positron pairs, which at a collider are momentum eigenstates. And there is likewise no doubt

about what is the measurement: it is the observation of the outgoing electron and positron

in the detector, which, because the detector is designed to determine the values of the energy

and momentum of the outgoing particles, leads to an initial condition for subsequent events

—a final state wave function— which also corresponds to momentum eigenstates.8

The answer to the question of why this is so is clear upon a minute’s reflection: scale separa-

tion is the reason why one never has to deal with the issue of what is the random event and

what is the measurement, or, in the language of the consistent histories, the issue of what

are the projection operators and what is the amount of coarse-graining required to consis-

tently define the history. In our example, the scale which defines the elementary interaction

is that of the electroweak interaction: in a scattering event at LEP it would be of the order

7However, one may define a generalized probability over the quantum evolution of a system which satisfies
all criteria of standard probability, but not positivity. Whenever the set of probabilities of all individual
branches do satisfy positivity, then the histories are sufficiently coarse grained, i.e., the question of which
sequence of random event has led from the initial to the final condition does have a meaning — it is a
“settlable bet” [14].

8The measurement itself can then be unproblematically described in the language of decoherence e.g.
summarized, as already mentioned, in Sect. 20.3 of [7].
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of 100 GeV, corresponding9 to a length scale of about 1016 cm−1. The initial states are not

really momentum eigenstates: they are wave packets, and in fact the standard expression

for the scattering cross-section involves a factor to account for the flux of incoming particle

derived (as explained in any good textbook [15]) assuming the incoming particles to be given

by wave packets whose momentum uncertainty is small in comparison to the momentum scale

of the interaction, so their wave function is spread over much larger distances (for example,

100 MeV, corresponding to 1013 cm−1): if the momentum scale of ∆𝑝 is by a factor of say

1000 smaller, the associate ∆𝑥 is by a factor 1000 larger.

The incoming particles are typically prepared in a bunch, spread over much larger distance

scales, and with approximately constant particle density (a proton bunch at the LHC has

a size of about 10𝜇𝑚 = 10−3 𝑐𝑚). Likewise, the final state is observed at distances which

are macroscopically large in comparison to the distance of the interaction: even the closest

detector, such as the pixel detectors of LHC experiments, observe particles at distances of

about 10𝜇𝑚 = 10−3 𝑐𝑚 from the interaction point. They reveal states whose momentum

uncertainty is again much smaller than that of the interaction which is being studied, and

which are seen by reconstructing tracks whose width (i.e., position uncertainty) is typical of

distance scales of the solid-state electronic devices which are used to detect them, i.e. again

a few 𝜇𝑚 at most.

Therefore, the problem does not arise because the characteristic distance scale of the incoming

and outgoing states, on one side, and that of the interaction, on the other side, are separated

by many orders of magnitude. This, in turns, reflects the setup of the devices which are

used to prepare the incoming particles and to detect the outgoing ones. The amount of

coarse-graining is thus fixed by the natural scales of the problem.

Whereas we have illustrated this situation in a particular example, it is in fact generic,

and it provides the language in which high-energy physics experiments are described and

designed, both from a technical, and a more informal point of view. Indeed, the fact that

“in” and “out” states are prepared at scales which are so well separated from the interaction

that they can be described by a free theory is part of the basic underlying formalism of

quantum field theory [16]. That “in” states are momentum eigenstates from the point of

view of the quantum-mechanical computation, but really wave packets from the point of

view of the determination of a macroscopic cross-section is part of the way the cross-section is

computed: as already mentioned, the flux factor, which is an integral part of the cross-section,

is obtained using this assumption in a crucial way. That the “out” states are momentum

eigenstates, measured by reconstruction of a “particle trajectory”, is an accepted fact which

underlies experimental design. Here “particle trajectory” is put in quotes because, of course,

a quantum-mechanical momentum eigenstate has completely uncertain position and thus no

trajectory. But in realistic experiments, as in the above example, one deals with particles

9With ℎ̄𝑐 = 1, so 197 MeV≈ 1013 cm−1 (natural units).
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whose momenta are measured with an uncertainty of, say tens or hundreds of MeV, by

measuring tracks whose width (even less whose lengths) never go below the 𝜇𝑚 scale, at

least six or seven orders of magnitude below the limit set by the uncertainty principle: these

wave-packets may be treated as momentum eigenstates for all practical purposes.

Hence, the separation of scales between preparation, interaction, and detection, guaran-

tees first, that one may view the fundamental interactions of high-energy physics as essen-

tially random events which are preceded and followed by well-define measurement processes

with no ambiguity, and second, that this measurement process, even though fully quantum-

mechanical in nature (because one measures the properties of a single particle, such as a single

electron, which is surely a quantum-mechanical system) can be described in semi-classical

terms, as when stating that a particle’s momentum is determined by looking at the curvature

of its trajectory when it is subject to a magnetic field.

Whereas we have only given the simplest example, it turns out that this separation is at work

even when this semi-classical language is used to describe purely quantum-mechanical phe-

nomena. For example, neutrino oscillations (see e.g. [17] for a textbook presentation) involve

the time-evolution of states which are the superposition of two different energy eigenstates, so

that the superposition coefficients depend on time. The standard language used to describe

them treats the eigenstates as particles that propagate in space as a function of time, though,

again, strictly speaking an energy-momentum eigenstate would have fully uncertain position:

so, in principle, only a description in terms of wave packets would be correct [18], but it turns

out that in practice the standard “semiclassical” description is fully adequate [19] because

the scale of the interaction used to prepare the incoming neutrino beam and to reveal the

outgoing neutrino states is characterized by enormously greater length scales in comparison

to that which drives the neutrino oscillation itself.

In summary, the language of “particle flux”, “interaction” and “particle detection” separates

the act of measurement with that of quantum-mechanical evolution, without having to loose

the quantum-mechanical nature of the incoming and outgoing states, and even without fully

erasing the quantum-mechanical nature of the act of measurement itself.

4. Multiple descriptions and preferred bases

We have seen that our basic example of a simple quantum scattering process can be viewed

as a random event which connects an initial state in which the two incoming particles are

in momentum eigenstates to a final state in which a measurement also reveals them in mo-

mentum eigenstates. It is clear, however, that the choice of basis states for the description of

the fundamental random event is not unique: we could have made, for instance, the choice

of describing the process in terms of position eigenstates.
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There are well known examples in which the same quantum evolution process may be viewed

in different but completely equivalent bases (for instance, for spin systems in which different

spin components are diagonalized [13]). In each basis it is possible to provide a sufficiently

coarse-grained description, so that the full evolution from initial to final state is consistently

expressed as a sequence of random events — so that at each intermediate state it is possible to

say which of the alternative histories is actually being realized by the system. Equivalently, it

is possible a posteriori to settle the bet of which of the paths of the branching history tree the

system is following in a particular sequence of events. Yet, the descriptions might be given in

terms of bases of eigenstates of incompatible (i.e. non-commuting) operators, in such a way

that different inequivalent descriptions of the same history are possible. This means that it is

not possible to state that at some intermediate time the system was objectively in one state,

because in, say, a pair of different, equivalent descriptions (based on an arbitrary basis choice)

the system was respectively in one or another state which belong to incompatible bases.

Therefore, one cannot say that, in that history, the random event of the state being in one

particular eigenstate of either of these two bases “actually happened”. But the requirement

that “something happens” has been advocated [20], quite reasonably, as a requirement for a

satisfactory formulation of quantum mechanics.

Once again, one may wonder why this issue never arises in high-energy physics settings. In our

example, it is clear that the incoming and outgoing particles are in momentum eigenstates

(well, approximate eigenstates, really, as discussed in the previous section), and that the

transitions induced by the fundamental interaction, which the Feynman diagram formalism

treats using standard time-dependent perturbation series and the Dyson series, are transitions

between different momentum eigenstates induced by multiple insertions of the Hamiltonian.

Specifically, one might wonder whether an equivalent description in terms of, say, position

eigenstates would be possible — perhaps with a slightly different experimental setup such

that position, instead of momentum eigenstates are preferentially detected. If this were the

case, one could choose to view the very same elementary interaction as actually leading to

a transition between position eigenstates, and our naive conviction that in each scattering

event a random transition between different momentum eigenstates has happened would be

actually fictitious.

A minutes’ reflection reveals that this is not the case. The reason has to do with the funda-

mental structure of quantum field theory, i.e. the quantum mechanics of space-time systems

with infinite degrees of freedom. Namely, in the nonrelativistic quantum mechanics of one or

many particles in space, the coordinate and momentum representations of the wave function

are entirely equivalent: we can expand the wave function over a set of position eigenstates,

or momentum eigenstates, and none is preferred over the other. Not so in quantum field

theory. Indeed, in (free) field theory the Hamiltonian is diagonalized in the basis of momen-

tum eigenstates: the Hamiltonian in position space describes a system of coupled harmonic
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oscillators, each localized at a point in space, which are diagonalized by normal coordinates

which coincide with momentum eigenstates. This is a consequence of the structure of the

free-field kinetic term as the operator with the smallest number of spacetime derivatives, i.e.,

ultimately, it follows from the fact that elementary excitations of space and time can always

be described at the shortest distances as small oscillations about an equilibrium state.

If one also considers the behavior of the fundamental excitations upon spacetime rotations,

momentum degrees of freedom are supplemented by spin. In the high-energy limit, all ex-

citations are effectively massless, and massless excitations are helicity eigenstates, i.e. they

have spin parallel to the momentum axis. Hence, even in the case of spin degrees of freedom,

there is a preferred basis: than in which spin is quantized along the direction of momentum.

This is the only basis which admits a well-defined short-distance limit. But the existence

of a short-distance limit is a basic requirement for any fundamental theory, i.e. one that is

meaningful at all length scales.10

We must conclude that the basis of momentum eigenstates, supplemented by spin quantized

in the direction of momentum, is selected by the fundamental interaction, for reasons which

have to do with the structure of space and time. This can also be seen when asking what

we mean by “elementary particle”: namely, an eigenstate of mass and spin. This follows

from the requirement that elementary particles be eigenstates of the Casimir invariants of

the Poincaré group, which is the invariance group of spacetime.

It is interesting to observe that scale separation, as discussed in the previous section, guar-

antees that the relevant momentum eigenstates are always uniquely defined. For example,

neutral kaons are produced as mass eigenstates. However, the mass eigenstates are not also

eigenstates of the Hamiltonian which leads to their decay. As a consequence of this, neu-

tral kaons oscillate due to quantum evolution, but the fact that the scale of their masses

(hundreds of MeV) is distinct from the scale of the weak interactions (hundreds of GeV)

guarantees that the kaon decay, which selects the weak eigenstates, is well separated from

the propagation of the mass eigenstates. Indeed, the two different weak eigenstates are dis-

tinguished by the length of their trajectories (“long” and “short”) — here one sees again the

semiclassical picture at work (as in the case of neutrino oscillations) whereby one may talk of

trajectory of a quantum state, meaning that one is talking about a wave packet, which can

be viewed as a momentum eigenstate from the point of view of the fundamental underlying

quantum interaction, because the momentum uncertainty is much smaller than the position

uncertainty.

Admittedly, the argument given here is by no means a general proof. However, to the best of

10Clearly, the same line of argument can be pursued when dealing with internal symmetries, where the scale
separation of different interactions allows one to measure the degrees of freedom of one interaction —such
as, say, the isospin of strongly-interacting neutrons— using decay through another interaction — such as
neutron 𝛽 decay mediated by the weak interaction. See below for another example in neutral kaon decay.
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our knowledge, the textbook situation [13] in which multiple incompatible descriptions of the

same quantum history are possible has never arisen in the context of any realistic high-energy

physics experiment. Our line of argument suggests that this is not accidental, but rather,

that it follows from deep properties of quantum field theory which in turn reflect the way

spacetime symmetries are realized in the theories of fundamental interactions.

5. An interpretation of quantum mechanics?

In this essay, we have addressed the problem of the interpretation of quantum mechanics by

asking why an interpretation does not seem to be necessary at all when applying quantum

mechanics to high-energy physics, i.e., when using quantum mechanics to study the theory of

“fundamental” interactions, namely, those which describe physics at the shortest distances.

We have argued that several tenets (“postulates”) of quantum mechanics follow directly from

recognizing the fundamental randomness of basic (“interaction”) events. These include the

collapse of the wave function and the identification of observables with Hermitean operators.

Furthermore, we have argued that the description of quantum mechanical evolution in terms

of random events which connect distinguishable states (“consistent histories”) is always pos-

sible in this context because of the natural scale separation of fundamental interaction events

which in turn follows from the structure of the interaction itself. Finally, we have argued that

this consistent history description is unique (so that one may view the events which form it

as having “actually happened”) because the basic symmetries of spacetime select momentum

(over position) and helicity (over other components of spin) as preferred bases.

The fact that these considerations apply to the theory of fundamental interactions suggests

that their interest is more than anecdotal. Indeed, standard Wilsonian renormalization group

argument (see Ref. [16]) suggests that the physics at the shortest distance scales is “funda-

mental” in the sense that lower-energy physics can be derived from it in the form of an

effective theory, by integrating out degrees of freedom. If one can put on a firm footing an

argument which shows that no interpretative issues arise when applying quantum mechanics

at these scales, then this suggests that such interpretative issues might be an artifact of the

low-energy effective description.

Of course, this would require first, turning the simple arguments presented here into more

formal proofs, and second, filling in the numerous gaps (e.g. by showing how also the Born

rule is necessary, and so forth). We call the completion of this program the “High-Energy

Interpretation of Quantum Mechanics” — effectively, a way of showing that no interpretation

of quantum mechanics is really needed.
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Abstract

Particle Accelerators have accompanied the adventure toward the infinitely small, the realm of quan-
tum mechanics, for more than eighty years. The growth of accelerators from the hand-size Lawrence
cyclotron to the giant size LHC has been marked by a mixture of continuous development and of
technological breakthroughs: synchronisation of RF field and steering magnetic field, strong focusing,
phase stability, collision mode and finally superconductivity: each step in technology has allowed a
jump into a new land of discovery, from the initial few MeV proton energy to the tera–scale energy
region, where a spatial resolution as small as 10−20m is attained. Accelerators are one the biggest
endeavors of the scientific community, requiring careful planning, a long term effort and sharing of
a common infrastructure. Given the necessary allocation of time and resources, their construction
is usually based on a positive hypothesis (such as the Higgs boson in the case of the LHC), which
requires experimental verification. In this sense, their history shows well to which extent positive
hypothesis plays a fundamental role in science, rather than systematic doubt, as frequently claimed.
After a historical review and a description of the LHC as a case study of modern accelerators, the
possible evolution of accelerators over the next decades will be discussed, including the new large
lepton colliders and the enormous machine for the post-LHC era. Through this work, we emphasize
the role of quantum Mechanics, which is at the root of both the feasibility of particle accelerators
(allowing for example superconducting magnets) and of the new hypothesis about Nature that we
aim to explore (such as the fluctuations of the quantum Higgs field, aka the Higgs boson).

1. Introduction

Particle Accelerators are a domain where Physics and Engineering work closely together

with a cross-fertilization that can rarely be matched in other fields. Particle accelerators

were invented because of the urgency generated by the emergent quantum-mechanics for

breaking open the atomic nucleus.

The principle of accelerating particle was set in motion when Thomson and Rutherford

started to use vacuum tubes to accelerate electrons. In particular since the famous Rutherford

experiment, carried out with Geiger and Mansfield and whose results were published in 1911,

the experimental program of nuclear physics was laid down: to use nuclear particles to
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bombard nuclei in a fixed target. To this day many accelerators are used in exactly this way.

However it took still a few years before the route to follow was clear enough.

Curiously, until the end of the ’30s nuclear physics was the realm of experimental physics

while theoretical physics was concentrated more on issues related to the atom. Rutherford

himself in his 1927 opening talk as President of the Royal Society set the scene:

The advance of science depends to a large extent on the development of new technical
methods and their application [. . . ] From the purely scientific point of view interest is
mainly centered on the application of these high potentials to vacuum tubes in order to
obtain a copious supply of high-speed electrons and high-speed atoms [. . . ] This would
open up an extraordinarily interesting field of investigation which could not fail to give
us information of great value, not only in the constitution of atomic nuclei but in many
other directions.

Such a talk from the “godfather” of modern physics of the time was not without consequence:

one of his students, John Cockroft, in 1928, applied for a research to produce high speed par-

ticles. Cockroft and his colleague Walton designed and built in three years a small accelerator

capable to accelerate hydrogen nuclei to 200,000 eV of kinetic energy. The most interesting

thing is that Cockcroft and all scientist of Rutherford’s group knew that this kinetic energy

was much lower than the higher–than–million eV energy necessary to penetrate in the nu-

cleus. The value of the electric repulsion between positive proton and positive nucleus was

easy to determine: for this reason they bombarded a very light lithium target, to reduce the

potential barrier as much as possible. However, the barrier remained much higher than the

energy of the accelerated proton.

In contrast with their American colleagues —driven mainly by technology—, the cultural

environment of the Rutherford laboratory was impregnated with young quantum mechanics

that was offering a chance of success to their experiment: a barrier can be passed, though

with low probability, thanks to tunneling effect as they realized inspired by discussion with

George Gamow in 1928 (Gamow was among the first and most brilliant scientists who realized

the far-reaching consequences of the Uncertainty Principle of Heisenberg of 1927). When in

1932 Cockroft and Walton observed the first nuclear reaction induced by using 200 keV

artificially accelerated particle beams, it was really a giant leap for physics. Not only a new

domain of exploration (nuclear and then particle physics) was born; not only a new powerful

instrument (accelerator) to extend our knowledge was demonstrated: a direct proof of the

tunnelling effect and of the underlying Uncertainty Principle was brought about, marking the

close ties between accelerators, that were to become the main tool for experimental physics,

and quantum mechanics, the framework for our understanding of the subatomic world.
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2. A brief history of accelerators

2.1 Cockroft-Walton and electrostatic accelerators

Cockroft and Walton should be credited with having first produced a nuclear reaction in 1932:

for this achievement they were awarded the Nobel Prize in 1951. However their accelerator

was not the first in absolute terms: as we shall see other teams were working on the subject

with more promising ideas, but they missed the idea to use tunnelling to defeat the potential

barrier of a nucleus. The Cockroft-Walton (CW) accelerator is a series of capacitors and

diodes that act as voltage multiplier (whose principle was discovered much earlier, in 1919,

by the Swiss physicist Heinrich Greinacher), transforming a low AC voltage into a high DC

voltage (see Figure 1). It is limited to voltages of about a MV at relatively low current, and

currently used as the first stage in a number of applications including power source, power

electronics, X-ray devices, etc.

Figure 1: Cockroft-Walton machine for 400 kV in Manchester.

An evolution of the CW multipliers is the Van der Graaff machine. Robert van der Graaff

was an American student in Oxford in 1928 who, becoming aware of the need of high voltage

to accelerate charged particles, invented a purely electrostatic machine (see Figure 2) that

became widely used for nuclear physics till the 1970s. These so-called Van der Graaf gen-

erators were able to deliver quickly a few MV, and in its most modern version was capable

of reaching 15-20 MV. It has been (and still is) used for heavy ion nuclear physics in its

“Tandem” version that allows using twice the voltage: a negative ion beam is accelerated

from ground to the positive HV terminal. There ions become positive by stripping through a

foil of suitable thickness; then the positive ions can be accelerated again by the same voltage

in the opposite way. However even with this trick the limitation is given by the 2 × 15 MV

static accelerating potential, enabling to reach a few tens of MeV per nucleon. To go beyond

these limits of static field a completely different concept had to be employed.
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Figure 2: The Tandem in the INFN National Laboratory of Legnaro (LNL), Italy, rated for more
than 15 MV.

2.2 Cyclotrons and Synchrotrons: Lawrence and the invention of the Cyclotron

Ernest Orlando Lawrence in 1929, three years before the Cockroft-Walton experiment, had

the idea of a new type of machine. Lawrence was a practical young associate professor at

the University of Berkeley, and had the inspiration of his device by looking at the drawings

of an article published in German by the Norwegian physicist Rolf Wideröe which was the

first to publish a system for cyclic acceleration, that we will discuss later. From the drawings

of the Wideröe publication, Lawrence picked-up the idea that one needs a radiofrequency

system, since an alternating field is not conservative and its voltage can be used to accelerate

particles as many time as needed. Lawrence had the idea to use two electrodes connected at

an AC voltage source. The electrodes are then put in a magnetic field which is perpendicular

to the plane in which the particles travel, thus bending their trajectories in a circular orbit.

By looking at Figure 3, one can see that once the positive particle crosses between the

two electrodes when the voltage is such to accelerate them, gaining kinetic energy. Then

the particle trajectory is bent on a circular orbit by the uniform magnetic field, within the

equipotential region of one electrode. Meanwhile the electrode itself is changing polarity with

respect to the second electrode due to the AC powering. The AC frequency is such that when

the particle has accomplished half circumference, i.e., when it reappears at the gap between

the electrodes the voltage polarity has reversed; therefore the particle is accelerated again

through the accelerating gap before entering in the chamber inside the second electrode,

where it moves again in an equipotential space, meanwhile the electrode potential changes,
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and so forth. The revolution frequency is independent on the kinetic energy:

𝜔𝑐 = (𝑞/𝑚)𝐵 , (5.1)

where 𝜔𝑐 is called cyclotron frequency. Therefore if the frequency of the AC voltage driving the

electrodes is made equal to the frequency of revolution, 𝜔𝑟𝑓 = 𝜔𝑐 (the resonant condition), the

particles always crosses the gap when the potential produces acceleration. At each crossing

of the gap the particle gains energy, makes a larger circle of radius

𝜌 = 𝑚𝑣/𝐵 , (5.2)

so the trajectory is a spiral, which gets larger until the particle are extracted with a suitable

system (usually an electrostatic plate). In this way a relatively low voltage, 1-10 kV could

be summed up hundreds of times to reach energy well beyond the MeV. The accelerated

particles are grouped in bunches, since only the ones that are in the right phase with the

AC voltage can survive the process. Of course the electrodes must be placed in a vacuum

chamber to reduce the energy loss by scattering of the residual atmosphere. Thanks to the

perfect synchronization between the particle revolution and the change of the voltage many

particles can be accelerated at the same time: on each orbit can be a group of particle under

acceleration (see Fig. 3). Because the RF voltage must be accelerating only a fraction of

the spiral can be filled, i.e. the particle are grouped or “bunched”: typically each bunch last

for a ∼ 10 degree of the AC phase, when the electric field is at its peak. Lawrence built his

first cyclotron, rated at 80 KeV with a 4” (10 cm) pole diameter magnet (an equivalent CW

accelerator would have been about 1 m long), using a voltage source of less than 2 kV.

Figure 3: Scheme of a cyclotron.

The success of the first machine was such that he planned and built a series of cyclotrons,

larger and larger in size and energy. In 1932 he built, together with Stan Livingston, a

cyclotron based on an 80 ton, 11” (28 cm) pole diameter magnets, reaching 1.2 MeV, i.e.

six times the energy of the larger size Cockcroft-Walton machine (however missing the first

artificial nuclear disintegration because of the lack of knowledge of quantum mechanics that
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the people in the Rutherford laboratory had!). Significantly the publication was entitled

“The Production of High Speed Light Ions Without the Use of High Voltage”: thanks to

the magnetic fields the particles recirculated 150 times to reach the 1.2 MeV energy using

only a 4 kV voltage source (see Figure 4). Beside building larger and larger machines, and

founding a worldwide approach to this science, Lawrence was a tireless promoter of physics

and its application, a successful fundraiser and the first to propose and to use accelerator for

medicine: in collaboration with his brother, a medical doctor, he treated his mother in the

attempt to cure a cancer. He was awarded the Nobel Prize for Physics in 1939.

Figure 4: One of the first cyclotrons built by Lawrence and Livingstone. The vacuum chamber was
∼15 cm diameter.

2.3 Synchrocyclotrons and Synchrotrons

Lawrence was pushing his machine to larger and larger, since nominally the energy depend

only on the nature of the particle and on the field and size (𝑅=radius) of the magnet:

𝐸 =
1

2

𝑞

𝑚
(𝐵𝑅)2 , (5.3)

valid for the non-relativistic case and where E is in eV, all other quantities in SI units

(International System). However two important problems had to be overcome. The first was

the stability of the particle. An orbit is never precise, the particle having always the position

or the direction of speed not perfect. In one word one need to stabilize the trajectory against
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the inevitable perturbations and deviations from the ideal orbit. This issue was solved by the

discovering that if the magnet was made with the vertical field to slightly decreasing with the

radius, which is something that occurs almost naturally, the particle motion was stabilized

around the stable orbit (weak focusing).

The second is more serious and has to do with relativity. As soon as the proton kinetic

energy is beyond a few tens of MeV the mass increase due to relativity is not anymore

negligible. The higher energy protons take more time to accomplish the revolution and they

accumulate a delay, to the point that they arrive at the accelerating gap when the voltage

is already reversed. Lawrence started building before the war a giant cyclotron of 187” (4.7

meter diameter) and 4500 tons to reach 100 MeV without paying much attention to this

problem (and to his collaborators who were worried about the effect!). The construction of

the cyclotron was then delayed because in 1942 all resources and attention of Lawrence were

diverted to use all magnets as mass spectrometers for uranium separation in the framework

of the Manhattan project. Once the war was over, Lawrence got back to his project and had

the pleasant surprise that the problem of the mass increase was solved: Vladimir Veksler

in the Soviet Union and Edwin McMillan in the USA independently discovered in 1943 the

phase stability principle. We will not discuss this principle which is one of the bases of

modern accelerator theory. However this made possible a “simple trick”: the frequency of

the AC voltage source may be slowly decreased in synchronism with the revolution frequency

decrease. In this way only one bunch of proton could be accelerated at a time, but the

relativistic mass limitation was over. This type of machine is called synchrocyclotron.

The first one, having a 184” magnet pole diameter, built by Lawrence reached 200 MeV

proton kinetic energy. The speed of the proton is 55% that of light and the mass increase is

20%. One of the largest synchrocyclotrons was the one built as the first machine at CERN,

rated at 600 MeV. In the same years just after the war cosmic rays physicists discovered

new particles, among them the charged pions, having the mass within the range of the new

machine. When in 1948 a photographic emulsion was used as a target in the 184” cyclotron

beam, hundreds of traces were clearly visible, some of them revealing the presence of the

new particles. It was the beginning of a new race for discovery, and correctly that moment

is reckoned as being the beginning of High Energy Physics (HEP) as we know it, and from

then on most of its discoveries were made through experiments at accelerator laboratories.

In Figure 5 is reported a famous picture of the 188” cyclotron at the Lawrence Berkeley lab.

The drawback is that to go beyond 1 GeV the magnet become enormous since it has to

accommodate orbits from small radius for injection to large for extraction. For example

the magnet for a synchrocyclotron producing 1 GeV protons would require approximately

25,000 tons of iron, about 2/3 of total weight of the LHC magnets! The difficulty was

overcome thanks to a further evolution of the cyclotron principle. The particles are kept

on a constant orbit by increasing the field in a suitable way to follow the increase of the
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Figure 5: Picture of the 188” cyclotron with E.O. Lawrence, and all staff. The picture renders the
giant size of the magnet.

revolution frequency 𝜔𝑐. Since the RF must be synchronized with the magnetic field, this

machine is called synchrotron. In this way a slim tube is sufficient to contain the particle

motion and only a channel of field needs to be generated, so the magnet can be much smaller

in cross section. However the magnets, and the whole accelerator, get inevitably longer.

At the time the field was determined in practice by the magnetic saturation of the iron in

the yoke - about 1.8 T. The orbit for very energetic particles becomes huge. The relation

between magnetic field, size of the accelerator and beam particle is particularly simple for

fully relativistic particles:

𝐸 ≃ 0.3𝐵𝑅 , (5.4)

where the beam energy 𝐸 is in GeV, the magnetic field 𝐵 is in tesla and the machine radius

is in 𝑚.

2.4 Linacs

The idea of Wideröe that triggered the invention of the cyclotron by Lawrence, was to use a

series of radiofrequency resonators, called RF cavities. The electrodes are connected as shown

in Figure 6, with the particles flowing in a straight line. In this way one does not need dipole

magnets to bend the beam. Each voltage gap is used only once by each particle. As in the

case of a cyclotron only the group of particles that are in phase with the accelerating field can

survive the process, so the particle beam is bunched. Like for the cyclotron the “trick” is that

when the potential between the electrodes changes sign, say from negative (the polarity that

attract protons) to positive, the particles drift peacefully in the equipotential field within the

electrode. However, since the speed increases, and because it takes always the same time to

make a 180 degree phase change for the electrode, the drift in the equipotential space must
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increase. So the electrodes must become progressively longer. Of course when a particle is

relativistic, in practice the electrodes are of constant length. That is why linacs are very

convenient for electrons that are fully relativistic already at a few MeV of kinetic energy.

Linacs for accelerating electrons to a few MeV electrons are very compact (less than 10 m

long), are cheap and are widely used in hospitals for producing X-rays for radiotherapy.

evolution!of!the!cyclotron!principle.!The!particles!are!kept!on!a!constant!orbit!by!increasing!the!field!

in!a!suitable!way!to!follow!the!increase!of!the!revolution!frequency!ωc.!Since!the!RF!must!be!

synchronized!with!the!magnetic!field,!this!machine!is!called!synchrotron.!In!this!way!a!slim!tube!is!

sufficient!to!contain!the!particle!motion!and!only!a!channel!of!field!needs!to!be!generated,!so!the!

magnet!can!be!much!smaller!in!cross!section.!However!the!magnets,!and!the!whole!accelerator,!get!

inevitably!longer.!At!the!time!the!field!was!determined!in!practice!by!the!magnetic!saturation!of!the!

iron!in!the!yoke!=!about!1.8!T.!The!orbit!for!very!energetic!particles!becomes!huge.!The!relation!

between!magnetic!field,!size!of!the!accelerator!and!beam!particle!is!particularly!simple!for!fully!

relativistic!particles:!

!! ≅ 0.3!!!!!!! (4)!

where!the!beam!energy!E!is!in!GeV!,!the!magnetic!field!B!is!in!tesla!and!the!machine!radius!is!in!m.!!

Linacs&
The!idea!of!Wideröe!that!triggered!the!invention!of!the!cyclotron!by!Lawrence,!was!to!use!a!series!of!

radiofrequency!resonators,!called!RF!cavities.!The!electrodes!are!connected!as!shown!in!Fig.!6,!with!

the!particles!flowing!in!a!straight!line.!In!this!way!one!does!not!need!dipole!magnets!to!bend!the!

beam.!Each!voltage!gap!is!used!only!once!by!each!particle.!As!in!the!case!of!a!cyclotron!only!the!

group!of!particles!that!are!in!phase!with!the!accelerating!field!can!survive!the!process,!so!the!particle!

beam!is!bunched.!Like!for!the!cyclotron!the!“trick”!is!that!when!the!potential!between!the!

electrodes!changes!sign,!say!from!negative!(the!polarity!that!attract!protons,!to!positive,!the!

particles!drift!peacefully!in!the!equipotential!field!within!the!electrode.!However,!since!the!speed!

increases,!and!because!it!takes!always!the!same!time!to!make!a!180!degree!phase!change!for!the!

electrode,!the!drift!in!the!equipotential!space!must!increase.!So!the!electrodes!must!become!

progressively!longer.!Of!course!when!a!particle!is!relativistic,!in!practice!the!electrodes!are!of!

constant!length.!That!is!why!linacs!are!very!convenient!for!electrons!that!are!fully!relativistic!already!

at!a!few!MeV!of!kinetic!energy.!Linacs!for!accelerating!electrons!to!a!few!MeV!electrons!are!very!

compact!(less!than!10!m!long),!are!cheap!and!are!widely!used!in!hospitals!for!producing!X=rays!for!

radiotherapy.!

!

Figure!6.!Scheme!of!a!linac.!

A!laboratory!where!linacs!for!electrons!have!been!extensively!developed!is!SLAC,!the!Stanford!Linear!

Accelerator!Center.!The!famous!2=miles!long!linac,!see!Fig.!7,!with!its!30!GeV!electron!beam!allowed!

to!make!the!precise!measurement!of!the!“parton!functions”!that!were!of!key!importance!for!the!

understanding!of!the!nucleon!structure!and!to!confirm!definitively!the!models!based!on!Quarks.!

!

Figure 6: Scheme of a Linac.

A laboratory where linacs for electrons have been extensively developed is SLAC, the Stanford

Linear Accelerator Center. The famous 2-miles long linac (see Figure 7) with its 30 GeV

electron beam allowed to make the precise measurement of the “parton distribution functions”

that were of key importance for the understanding of the nucleon structure and to confirm

definitively the models based on quarks.

Figure 7: The 2-miles linear accelerator at the Standford University.

2.5 Colliders

A further concept that allowed increasing dramatically the “useful energy” of accelerator

beams, making a jump in the physics reach of accelerators, is the use of colliding beams.

The idea was not new, but it seemed impossible to make useful collision between clouds
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of particle (the beam bunches) that were essentially empty. The Austrian scientist Bruno

Touschek, in Italy at the turn of the sixties, was able to convince the management of the

newly founded Frascati Laboratory to build the first electron-positron accumulator and to

make the two beams collide. Technically the function of the collider is similar to the one of

a normal synchrotron, however two beams circulate in opposite sense in the same vacuum

chamber. At the collision particles and antiparticles annihilate and the kinetic and mass

energy is transformed in other new particles, whose mass is generated by the energy released

in the annihilation process: an exquisite quantum mechanical process! A picture of AdA

(“Anelli di Accumulazione”), the first 𝑒+𝑒− collider, is shown in Figure 8

Figure!7.!The!2=miles!linear!accelerator!at!the!Standford!University.!

Colliders&
A!further!concept!that!allowed!increasing!dramatically!the!“useful!energy”!of!accelerator!beams,!

making!a!jump!in!the!physics!reach!of!accelerators,!is!the!use!of!colliding!beams.!The!idea!was!not!

new,!but!it!seemed!impossible!to!make!useful!collision!between!clouds!of!particle!(the!beam!

bunches)!that!were!essentially!empty.!The!Austrian!scientist!Bruno!Touschek,!in!Italy!at!the!turn!of!

the!sixties,!was!able!to!convince!the!management!of!the!newly!founded!Frascati!Laboratory!to!build!

the!first!electron=positron!accumulator!and!to!make!the!two!beams!collide.!Technically!the!function!

of!the!collider!is!similar!to!then!one!of!a!normal!synchrotron,!however!two!beams!circulate!in!

opposite!sense!in!the!same!vacuum!chamber.!At!the!collision!particles!and!antiparticles!annihilate!

and!the!kinetic!and!mass!energy!is!transformed!in!other!new!particles,!whose!mass!is!generated!by!

the!energy!released!in!the!annihilation!process:!an!exquisite!quantum!mechanical!process!!!.!A!

picture!of!AdA!(“Anelli!di!Accumulazione”),!the!first!e+e=!collider,!is!shown!in!Fig.!8.!

!

Figure!8.!The!first!collider:!ADA!(Anello!di!Accumulazione)!at!the!Laboratori!of!Frascati!(LNF),!Italy.!Figure 8: The first 𝑒+𝑒− collider: ADA (Anello di Accumulazione) at the Laboratori of Frascati
(LNF), Italy.

Several Nobel Prize discoveries have been made at collider experiments. One of the most

important is the discovery of the vector bosons, 𝑊+,𝑊− and 𝑍0, for which Carlo Rubbia
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and Simon van der Meer were awarded the Nobel Prize in 1984. The declared motivation for

this award was that they had made a decisive contribution to the large project that led to

discovery of the weak force mediators. Both Rubbia and van der Meer had worked previously

at the first hadron collider, the CERN Intersecting Storage Rings (ISR), and thanks to

technology developed there were able to propose the courageous idea of transforming a fixed

target proton synchrotron, the CERN SPS, into a colliding beam accelerator. Here we do

not discuss the technical issues but remark the fact that the large enterprise was possible

because a positive hypothesis had to be verified. It was an essential “brick” of the unified

quantum field theory, now usually called the “Standard Model” (SM). It would have been

difficult to persuade the funding agencies to allocate the money and resources necessary for

the project if it had only been based on “doubts”. It is not systematic doubt that can be the

basis of such a large project, rather the reasonable likelihood that something should be in the

region to be explored. Somehow the story of the 𝑍 and 𝑊 is very similar to that of the LHC

and Higgs boson. The positive hypothesis (the theory) cannot be taken for granted before

experimental proof, however it gives an explanation that takes into account all elements of a

complex picture, and so it becomes reasonable to start an adventure such as to build a new

accelerator with its experiments.

3. Superconductivity and the further energy jump

K. H. Onnes discovered zero resistance in a mercury sample at 4 K on 8 April 1911: how-

ever, it was not until November 1911 that he realized it was a new, completely unexpected,

phenomenon, later called superconductivity. Already in 1913, the same year he received the

Nobel Prize, he was dreaming of the possibility of designing a 10-tesla magnet, opening a

new frontier for the exploration of the properties of matter. However very soon he had to

record the “annoying” fact that the superconductivity is limited, in addition by a critical

temperature, also by a critical field and a critical current. This was the first sign, at that

time impossible to decode, of the quantum mechanical character of superconductivity.

After the phenomenological theory based on the two-fluid model of Gorter and Casimir and

the phenomenological electromagnetic theory of F. and H. London, the theory of Ginzburg-

Landau made use of quantum-mechanical concepts to offer a deeper comprehension of su-

perconductivity. It uses the concept of the complex order parameter field 𝜓, whose squared

modulus is proportional to the fraction of electrons that condense into the superfluid state.

This phenomenological quantum theory correctly predicts the coherence length 𝜉 in which

the superconducting fluid density can vary and the exponential decay of a magnetic field in

a superconductor, dominated by the London penetration depth 𝜆. It has been noted that

the exponential decay is equivalent to the Higgs mechanism. Then finally the BCS theory

(Bardeen-Cooper-Schrieffer) proposed in 1957 describes superconductivity as a microscopic

effect caused by a condensation of Cooper pairs into a boson-like state. The theory is also

used in nuclear physics to describe the pairing interaction between nucleons in an atomic
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nucleus. The binding energy of the Cooper pair is very small: a few meV, so a sample needs

to be cooled below that threshold in order to reduce the thermal energy to allow supercon-

ductivity to occur. Superconductivity appears at cryogenic temperatures — indeed, in the

range 1-20 K for classical superconductors. Only in the oxide superconductors, discovered by

Bednorz and Muller in 1986, can the critical temperature 𝑇𝑐 be as high as 140 K (curiously

the record is held by a mercury composite, so the first superconductor is still the best, in

terms of 𝑇𝑐).

It is wondrous to observe that a boson condensation occurring at very low temperature,

below 10 K, provides the ground for the main technology that has enabled the construction

of the collider leading to the discovery of the Higgs boson condensate, which occurs at a

temperature of greater than 1015 K!

In the same period when the BCS theory was devised, the first practical alloys capable of

achieving significant critical current in a large field were discovered. In the sixties Nb-Ti

was discovered, from which superconducting magnets were built and improved over more

than thirty years. It is interesting to note that the main improvement has to do with an-

other exquisite quantum-mechanical effect in superconductor. Because of the wave nature of

Cooper pairs, the magnetic flux in a superconducting material is quantized, the flux quantum

being:

Ψ0 = ℎ/2𝑒 ≃ 2 10−15 Wb , (5.5)

where the fact that the electric charge is 2𝑒 is considered one of the most compelling evidence

that the current carrier is an electron pair. Incidentally, the measure of magnetic quantum

flux in superconductor, though the Josephson effect, provide the most precise measure of

the Planck constant, the fundamental constant of quantum mechanics. Coming back to a

practical superconductor, because of the quantization, the magnetic field is disposed in an

array of flux quanta, called also flux vortices since each flux bundle is surrounded by a vortex

of persistent supercurrent (first hypothesized by Abrikosov — see Figure 9). Actually, this

penetration of the magnetic flux in quanta is a critical ingredient of the mechanism allowing

a type II superconductor to remain superconducting also in presence of fields of 10-20 tesla or

more. However this has a drawback: when a transport current is fed into a superconductor,

the interaction between flux bundles and the resistance-less current is such that the flux

vortices start to move, generating heat and eventually driving the superconductor into the

normal state.

A crucial point of superconductor technology is to find ways to “pin”, literally, the flux

vortices, in such a way that there is no dissipation, despite the large transport current.

Pinning can be obtained by generation of suitable defects: if the core of the vortices is non-

superconducting, it has the energetic advantage of containing a zone that is already normal

without having to spend the energy to drive it into the normal state. The stronger the

pinning mechanism the higher the critical current density 𝐽𝑐 that can be transported by a
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It!is!wondrous!to!observe!that!a!boson!condensation!occurring!at!very!low!temperature,!below!10!K,!

provides!the!ground!for!the!main!technology!that!has!enabled!the!construction!of!the!collider!

leading!to!the!discovery!of!the!Higgs!boson!condensate,!which!occurs!at!a!temperature!of!greater!

than!1015!K!!

In!the!same!period!when!the!BCS!theory!was!devised,!the!first!practical!alloys!capable!of!achieving!

significant!critical!current!in!a!large!field!were!discovered.!In!the!sixties!Nb=Ti!was!discovered,!from!

which!superconducting!magnets!were!built!and!improved!over!more!than!thirty!years.!It!is!

interesting!to!note!that!the!main!improvement!has!to!do!with!another!exquisite!quantum=

mechanical!effect!in!superconductor.!Because!of!the!wave!nature!of!Cooper!pairs,!the!magnetic!flux!

in!a!superconducting!material!is!quantized,!the!flux!quantum!being:!Φ0!=!h/2e!≅!210
=15!Wb,!where!

the!fact!that!the!electric!charge!is!2e!is!considered!one!of!the!most!compelling!evidence!that!the!

current!carrier!is!an!electron!pair.!Incidentally,!the!measure!of!magnetic!quantum!flux!in!

superconductor,!though!the!Josephson!effect,!provide!the!most!precise!measure!of!the!Planck!

constant,!the!fundamental!constant!of!quantum!mechanics.!Coming!back!to!a!practical!

superconductor,!because!of!the!quantization,!the!magnetic!field!is!disposed!in!an!array!of!flux!

quanta,!called!also!flux!vortices!since!each!flux!bundle!is!surrounded!by!a!vortex!of!persistent!

supercurrent!(first!hypothesized!by!Abrikosov),!see!Fig.!9.!Actually,!this!penetration!of!the!magnetic!

flux!in!quanta!is!a!critical!ingredient!of!the!mechanism!allowing!a!type!II!superconductor!to!remain!

superconducting!also!in!presence!of!fields!of!10=20!tesla!or!more.!However!this!has!a!drawback:!

when!a!transport!current!is!fed!into!a!superconductor,!the!interaction!between!flux!bundles!and!the!

resistance=less!current!is!such!that!the!flux!vortices!start!to!move,!generating!heat!and!eventually!

driving!the!superconductor!into!the!normal!state.!!

!

Figure!9.!Scheme!of!the!quantization!of!the!magnetic!flux!in!a!superconducting!slab!(left!picture),!with!shown!the!

superconducting!current!vortex!surrounding!the!normal!zone!where!field!is!pinned,!see!text!for!details.!On!the!right!picture!

is!reported!a!famous!photo!that!demonstrated!the!existence!of!the!flux!bundles!(V.Essman!and!H.!Trable!in!MPI!fur!

Metallforschung)!

A!crucial!point!of!superconductor!technology!is!to!find!ways!to!“pin”,!literally,!the!flux!vortices,!in!

such!a!way!that!there!is!no!dissipation,!despite!the!large!transport!current.!Pinning!can!be!obtained!

by!generation!of!suitable!defects:!if!the!core!of!the!vortices!is!non=superconducting,!it!has!the!

energetic!advantage!of!containing!a!zone!that!is!already!normal!without!having!to!spend!the!energy!

to!drive!it!into!the!normal!state.!The!stronger!the!pinning!mechanism!the!higher!the!critical!current!

density!Jc!that!can!be!transported!by!a!superconductor,!according!to!:!Jc!×!B!=!fp,!where!B!is!the!

average!field!(basically!given!by!the!density!of!flux!vortices)!and!fp!being!the!volume!density!of!the!

pinning!force!given!by!the!pinning!mechanism!and!the!number!of!pinning!centres.!Thanks!to!

continuous!improvement!in!metallurgy!and!pinning!technology,!the!current!density!of!Nb=Ti!

Figure 9: Scheme of the quantization of the magnetic flux in a superconducting slab (left picture),
with shown the superconducting current vortex surrounding the normal zone where field is pinned,
see text for details. On the right picture is reported a famous photo that demonstrated the existence
of the flux bundles (V. Essman and H. Trable in MPI fur Metallforschung).

superconductor, according to

𝐽𝑐 ×𝐵 = 𝑓𝜌 , (5.6)

where 𝐵 is the average field (basically given by the density of flux vortices) and 𝑓𝜌 being

the volume density of the pinning force given by the pinning mechanism and the number of

pinning centres. Thanks to continuous improvement in metallurgy and pinning technology,

the current density of Nb-Ti continued to improve over the years, according to the graph of

Figure 10. Once the current was available magnet designers and engineers were able to take

advantage of it by making more and more powerful accelerator magnets, as shown in Figure

11.

continued!to!improve!over!the!years,!according!to!the!graph!of!Fig.!9.!Once!the!current!was!available!
magnet!designers!and!engineers!were!able!to!take!advantage!of!it!by!making!more!and!more!
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Superconductivity!has!brought!a!clear!advantage!in!accelerator!technology.!In!case!of!circular!
accelerators,!whose!maximum!energy!is!determined!by!eq!(4),!the!advantage!of!high!magnetic!field!
is!evident.!LHC!is!a!ring!of!27!km!in!circumference!(18!km!covered!by!dipole!field)!and!reaches!
7!TeV/beam!by!using!dipole!magnets!that!produce!a!field!of!8.3!T.!A!sophisticated!cryogenic!system!
maintains!the!Nb=Ti!superconducting!dipoles!at!1.9!K,!requiring!about!40!MW!of!wall!plug!power.!
This!is!considerable!electric!power,!but!if!LHC!had!been!built!with!normal!technology!employing!
resistive!magnets,!limited!by!iron!saturation!at!1.8!T,!it!would!have!required!a!ring!of!100!km!in!
circumference!and!900!MW!of!electric!power!(!the!power!delivered!by!a!large!nuclear!plant)!to!
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Figure 10: Evolution of the critical current density for the Nb-Ti alloy during the years.

Superconductivity has brought a clear advantage in accelerator technology. In case of circular

accelerators, whose maximum energy is determined by eq (5.4), the advantage of high mag-

netic field is evident. LHC is a ring of 27 km in circumference (18 km covered by dipole field)

and reaches 7 TeV/beam by using dipole magnets that produce a field of 8.3 T. A sophis-

ticated cryogenic system maintains the Nb-Ti superconducting dipoles at 1.9 K, requiring

about 40 MW of wall plug power. This is considerable electric power, but if LHC had been
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Figure 11: Evolution of the operating field for past colliders (diamonds) vs. time. All accelerators
magnets made use so far of Nb-Ti superconductors. The two future projects, HL-LHC and HE-LHC,
will be discussed later in the text.

built with normal technology employing resistive magnets, limited by iron saturation at 1.8

T, it would have required a ring of 100 km in circumference and 900 MW of electric power

(the power delivered by a large nuclear plant) to achieve the same energy. A tunnel of that

length and such power consumption would have resulted in a prohibitive cost of investment

and an unreasonably high cost of operation. From the pioneering work of Tevatron, the case

for superconducting magnets for high energy proton synchrotron and colliders is clear and

understood.

Less compelling is the case of SC radiofrequency (SCRF) cavities. In case of a linear accel-

erator the voltage of a cavity is used only once and the energy is just the sum of the voltage

of the series of cavities: 𝐸 = 𝐺𝐿, where 𝐺 is the electric field, or voltage gradient, and 𝐿

is just the length of the accelerating structures. Actually the highest gradient values are

held by normal conducting cavities. For the CLIC project, cavities capable of 100 MV/m

are employed, while SCRF is basically limited to 30 MV/m. However the dissipation on the

cavity wall in the copper is such that normal conducting linacs all works with a low duty

cycle, while the dissipation-free SCRF can work in CW (Continuous Wave, the RF equivalent

of D.C.) or with much higher duty cycle and bunch length; duty cycle is required in SCRF

not because of dissipation, rather to have time to refill the cavity with power after the beam

has taken away the energy from the cavity. A summary of HEP accelerator is reported in

Figure 12, showing the importance of projects based on the use of superconductivity. With

the notable exception of CLIC, superconductivity dominates the scene over the last 30 years.
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work!of!Tevatron,!the!case!for!superconducting!magnets!for!high!energy!proton!synchrotron!and!
colliders!is!clear!and!understood.!

Less!compelling!is!the!case!of!SC!radiofrequency!(SCRF)!cavities.!In!case!of!a!linear!accelerator!the!
voltage!of!a!cavity!is!used!only!once!and!the!energy!is!just!the!sum!of!the!voltage!of!the!series!of!
cavities:!E!=!G!L!,!where!G!is!the!electric!field,!or!voltage!gradient,!and!L!is!just!the!length!of!the!
accelerating!structures.!Actually!the!highest!gradient!values!are!held!by!normal!conducting!cavities.!
For!the!CLIC!project,!cavities!capable!of!100!MV/m!are!employed,!while!SCRF!is!basically!limited!to!
30!MV/m.!However!the!dissipation!on!the!cavity!wall!in!the!copper!is!such!that!normal!conducting!
linacs!all!works!with!a!low!duty!cycle,!while!the!dissipation=free!SCRF!can!work!in!CW!(Continuous!
Wave,!the!RF!equivalent!of!D.C.)!or!with!much!higher!duty!cycle!and!bunch!length;!duty!cycle!is!
required!in!SCRF!not!because!of!dissipation,!rather!to!have!time!to!refill!the!cavity!with!power!after!
the!beam!has!taken!away!the!energy!from!the!cavity.!

A!summary!of!HEP!accelerator!is!reported!in!Fig.!11,!showing!the!importance!of!projects!based!on!
the!use!of!superconductivity.!With!the!notable!exception!of!CLIC,!superconductivity!dominates!the!
scene!over!the!last!30!years.!

!

Figure!11.!Collider!energy!vs.!time!(non=complete!compilation).!The!energy!is!reported!in!terms!of!
center=of=mass!of!the!collision.!Evidenced!are!the!accelerators!based!on!superconducting!
technologies.!

Figure 12: Collider energy vs. time (non-complete compilation). The energy is reported in terms of
center-of-mass of the collision. Evidenced are the accelerators based on superconducting technologies.

4. LHC: the accelerator and the contribution of superconductivity

to the discovery of the Higgs Boson

In terms of technology and know-how the LHC is the culmination of thirty years of develop-

ment of hadron colliders and superconducting technology. Thanks to ISR p-p and SPS p-pbar

colliders, CERN and the community learnt how to deal with hadron colliders. Then thanks

to the ISR lowbeta insertion (the first accelerator making use of SC magnets in operation),

to the R&D for the ill-fated Isabelle project and especially thanks to the pioneering work on

the Tevatron (the first really large enterprise relying on superconductivity), this technology

has become an essential ingredient of any new project. The 𝑒𝑝 collider HERA at DESY, and

the ions collider RHIC at BNL (installed in the tunnel remaining after the cancellation of

Isabelle) marked the era of industrialization of superconducting accelerator magnets. Finally

the LHC made the great jump, by pushing the technology of classical Nb-Ti close to its limit

(see Fig.10). Also apparent in that plot is the gap left by the SSC, the 86 km long p-p collider

in Texas that rivalled the LHC until it was halted by US Congress in 1993.

LHC magnets are based on Nb-Ti/copper composite, arranged in flat cables as shown schemat-

ically in Figure 13. For the accelerator magnets about 7000 km of wide, 13 kA superconduct-

ing cable was manufactured. All cable units have been tested at 4.2K and a sample (few per

cent) at 1.9 K. Indeed to boost the performance of critical current, the magnets are cooled

at 1.9 K by mean of superfluid helium.
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LHC:&the&accelerator&and&the&contribution&of&superconductivity&to&the&
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In!terms!of!technology!and!know=how!the!LHC!is!the!culmination!of!thirty!years!of!development!of!
hadron!colliders!and!superconducting!technology.!Thanks!to!ISR!p=p!and!SPS!p=pbar!colliders,!CERN!
and!the!community!learnt!how!to!deal!with!hadron!colliders.!Then!thanks!to!the!ISR!low!–beta!
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Isabelle!project!and!especially!thanks!to!the!pioneering!work!on!the!Tevatron!(the!first!really!large!
enterprise!relying!on!superconductivity),!this!technology!has!become!an!essential!ingredient!of!any!
new!project.!The!e=p!collider!HERA!!at!DESY,!and!the!ions!collider!RHIC!at!BNL!(installed!in!the!tunnel!
remaining!after!the!cancellation!of!!Isabelle)!marked!the!era!of!industrialization!of!superconducting!
accelerator!magnets.!Finally!the!LHC!made!the!great!jump,!by!pushing!the!technology!of!classical!Nb=
Ti!close!to!its!limit,!see!Fig.10.!Also!apparent!in!that!plot!is!the!gap!left!by!the!SSC,!the!86!km!long!p=p!
collider!in!Texas!that!rivalled!the!LHC!until!it!was!halted!by!US!Congress!in!1993.!!

LHC!magnets!are!based!on!Nb=Ti/copper!composite,!arranged!in!flat!cables!as!shown!schematically!
in!Fig.!12.!!For!the!accelerator!magnets!about!7000!km!of!wide,!13!kA!superconducting!cable!was!
manufactured.!All!cable!units!have!been!tested!at!4.2K!and!a!sample!(few!per!cent)!at!1.9!K.!Indeed!
to!boost!the!performance!of!critical!current,!the!magnets!are!cooled!at!1.9!K!by!mean!of!superfluid!
helium.!

!

Figure!12.!Schematic!view!of!accelerator!magnet!superconducting!cable,!composed!of!strands!(wires)!which!are!a!
composite!of!copper!and!Nb=Ti!fine!filaments.!

The!main!LHC!dipoles!are!shown!schematically!in!Fig.!13!in!an!artistic!view.!The!critical!points!of!
accelerator!magnet!design!can!be!summarized!as!follows:!

• Necessity!of!operating!at!very!high!current!density,!Joverall!≅!400!A/mm2.!To!put!this!figure!
into!context,!the!large!superconducting!magnets!for!particle!detectors!and!for!fusion!
tokomaks!are!operated!at!about!40!A/mm2.!

Figure 13: Schematic view of accelerator magnet superconducting cable, composed of strands (wires)
which are a composite of copper and Nb-Ti fine filaments.

The main LHC dipoles are shown schematically in Figure 14 in an artistic view. The critical

points of accelerator magnet design can be summarized as follows:

• Necessity of operating at very high current density, 𝐽overall ≃ 400 𝐴/𝑚𝑚2. To put this

figure into context, the large superconducting magnets for particle detectors and for

fusion tokomaks are operated at about 40 𝐴/𝑚𝑚2.

• The stored energy and the high current density make the protection of the magnets a

challenge. The 7 MJ of magnetic energy a dipole unit must be discharged in about 100

ms to avoid excessive heating in the hot spot of the superconducting coils, which would

cause thermal stresses, damage to insulation and too high voltages.

• The field quality must be controlled in each magnet to better than 10−4, which implies

to control the position of the conductor at the 10-30 𝜇𝑚 level over the 15 m length of

magnet units; and this in presence of strong forces, since 𝐹 ∝ 𝐽𝐵, and both 𝐽 and 𝐵

are very large.

These challenges are really a step beyond what was done with previous accelerators, as Figure

11 shows. It took more than twenty years to develop the LHC superconducting magnets

from the first ideas presented at the Lausanne workshop in 1984. The first model magnet

was tested in 1988 and the first full size prototype was tested at CERN in June 1994; the

last production dipole was delivered to CERN on 7 November 2006. In Figure 15 the LHC

Magnet timeline is reported. Thanks to the 8.3 T dipole magnets covering 18 km or 2/3 of

the ring, protons in the LHC can reach a momentum of 7 TeV/c. The associated wavelength

is about 𝜆 = ℎ/𝑝 ≃ 10−19 m, i.e. 0.1 actometer or 100 zeptometer, inaugurating a new prefix

in the space scale - another quantum mechanical effect of our accelerator!
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• The!stored!energy!and!the!high!current!density!make!the!protection!of!the!magnets!a!
challenge.!The!7!MJ!of!magnetic!energy!a!dipole!unit!must!be!discharged!in!about!100!ms!to!
avoid!excessive!heating!in!the!hot!spot!of!the!superconducting!coils,!which!would!cause!
thermal!stresses,!damage!to!insulation!and!too!high!voltages!.!

• The!field!quality!must!be!controlled!in!each!magnet!to!better!than!10=4,!which!implies!to!
control!the!position!of!the!conductor!at!the!10=30!µm!level!over!the!15!m!length!of!magnet!
units;!and!this!in!presence!of!strong!forces,!since!F!∝!J!B,!and!both!J!and!B!are!very!large.!

!

!

Fig.!13.!Artistic!view!of!!the!LHC!dipole!in!its!crypostat.!

These!challenges!are!really!a!step!beyond!what!was!done!with!previous!accelerators,!as!the!Fig.10!
shows.!It!took!more!than!twenty!years!to!develop!the!LHC!superconducting!magnets!from!the!first!
ideas!presented!at!the!Lausanne!workshop!in!1984.!!The!first!model!magnet!was!tested!in!1988!and!
the!first!full!size!prototype!was!tested!at!CERN!in!June!1994;!the!last!production!dipole!was!delivered!
to!CERN!on!7!November!2006.!In!Fig.!14!the!LHC!Magnet!timeline!is!reported.!

Thanks!to!the!8.3!T!dipole!magnets!covering!18!km!or!2/3!of!the!ring,!protons!in!the!LHC!can!reach!a!
momentum!of!7!TeV/c.!!The!associated!wavelength!is!about!λ=!h/p!≅!10=19!m,!i.e.!0.1!actometer!or!
100!zeptometer,!inaugurating!a!new!prefix!in!the!space!scale!=!another!quantum!mechanical!effect!
of!our!accelerator!!

Figure 14: Artistic view of the LHC dipole in its crypostat.

!

Figure!14.!The!LHC!construction!timeline!form!conception!(Lausanne!workshop!1984)!to!the!achievement!of!the!beam!
energy!record!in!December!2009.!

The!particle!detectors!also!employ!large!and!powerful!superconducting!magnets.!Magnetic!field!in!
detector!magnets!is!required!for!charge!identification!of!the!particles!and!for!spectrometry.!If!the!
detectors!are!placed!outside!the!magnetic!field,!the!resolution!in!momentum!of!various!particles!is!
proportional!to!B⋅L,!where!L!is!the!path!length!inside!the!field!B!of!the!particle.!This!is!a!dependence!
on!field!and!length!very!similar!to!the!one!of!accelerator.!However,!if!the!particle!detectors!are!
placed!inside!the!magnetic!field,!i.e.!the!resolution!is!given!by!accurately!reconstructing!the!particle!

track!in!order!to!allow!the!measurement!of!the!sagitta,!the!resolution!scales!as:!∆!! = !
!!!!!(5)!

From!eq.!(5)!one!can!see!that!large!volume!pays!off!much!more!than!higher!field.!This!is!one!of!the!
reasons!why!modern!detectors!are!enormous!with!huge!magnets,!in!most!cases!superconducting.!In!
Fig.!15!a!picture!of!the!main!superconducting!magnets!of!the!the!ATLAS!experiment,!the!Barrel!
Toroid,!is!reported.!Because!of!the!toroid!configuration!the!average!field!is!relatively!low,!about!1!T!
however!the!volume!is!enormous,!with!a!diameter!of!20!m!and!a!length!of!more!than!25!m.!

Figure 15: The LHC construction timeline form conception (Lausanne workshop 1984) to the
achievement of the beam energy record in December 2009.

The particle detectors also employ large and powerful superconducting magnets. Magnetic

field in detector magnets is required for charge identification of the particles and for spec-

trometry. If the detectors are placed outside the magnetic field, the resolution in momentum

of various particles is proportional to 𝐵𝐿, where 𝐿 is the path length inside the field 𝐵 of

the particle. This is a dependence on field and length very similar to the one of accelerator.

However, if the particle detectors are placed inside the magnetic field, i.e. the resolution is

given by accurately reconstructing the particle track in order to allow the measurement of

the sagitta, the resolution scales as:

∆𝑝

𝑝
=

1

𝐵𝐿2
(5.7)

From Eq. (5.7) one can see that large volume pays off much more than higher field. This

is one of the reasons why modern detectors are enormous with huge magnets, in most cases
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superconducting. In Fig. 15 a picture of the main superconducting magnets of the the

ATLAS experiment, the Barrel Toroid, is reported. Because of the toroid configuration the

average field is relatively low, about 1 T however the volume is enormous, with a diameter

of 20 m and a length of more than 25 m.

!

Figure15.!The!ATLAS!barrel!toroid!superconducting!magnet!is!shown!right!after!assembly!in!the!P1!cavern!of!LHC.!This!was!

the!status!before!the!assembly!of!all!particle!detectors!and!before!the!positioning!of!the!End!Cap!and!the!Solenoid!

superconducting!magnets.!!

A!well=known!picture!from!the!ATLAS!experiment!is!presented!In!Fig.!16.!This!picture!shows!the!final!

decay!of!a!Higgs!event!into!four!muons.!The!precision!of!the!reconstruction!of!the!muon!momentum!

is!critically!based!on!a!large,!air=cored!superconducting!toroid,!which!with!its!25!m!length!is!one!of!

the!largest!SC!magnets!ever!built.!Although!the!useful!field!is!fairly!modest!(about!1!T!average,!with!

a!peak!of!4!T!on!the!coils),!the!very!large!size!(more!than!20!m!in!transverse!dimension)!bends!the!

trajectories!of!energetic!muons!with!a!sagitta!of!more!than!0.5!mm.!By!means!of!an!accurate!

detector!system!this!can!be!measured!with!10=50!µm!accuracy,!to!provide!a!precise!determination!

of!momentum.!

!

Figure!16.!An!event!which!is!compatible!with!the!production!of!a!!Higgs!particle!decaying!into!2Z!and!then!into!4µ!which!

are!represented!by!the!red!traces!that!on!this!scales!appear!as!straight!lines.!

Figure 16: The ATLAS barrel toroid superconducting magnet is shown right after assembly in the
P1 cavern of LHC. This was the status before the assembly of all particle detectors and before the
positioning of the End Cap and the Solenoid superconducting magnets.

A well-known picture from the ATLAS experiment is presented in Figure 16. This picture

shows the final decay of a Higgs event into four muons. The precision of the reconstruction of

the muon momentum is critically based on a large, air-cored superconducting toroid, which

with its 25 m length is one of the largest SC magnets ever built. Although the useful field is

fairly modest (about 1 T average, with a peak of 4 T on the coils), the very large size (more

than 20 m in transverse dimension) bends the trajectories of energetic muons with a sagitta

of more than 0.5 mm. By means of an accurate detector system this can be measured with

10-50 𝜇𝑚 accuracy, to provide a precise determination of momentum.

5. Outlook to the future

In the compilation shown in Fig. 11, together with many accelerators from of the past, a

number of future projects are envisaged. We do not know today what will be the next step

for HEP, and then which accelerator will provide the best instrument for the future of our

science. Only after LHC will have given results at maximum energy, 13-14 TeV, after 2015,

can we have an idea where to look for finding the trace of physics beyond the standard model.

So we review briefly the main accelerator projects for HEP.
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Figure15.!The!ATLAS!barrel!toroid!superconducting!magnet!is!shown!right!after!assembly!in!the!P1!cavern!of!LHC.!This!was!

the!status!before!the!assembly!of!all!particle!detectors!and!before!the!positioning!of!the!End!Cap!and!the!Solenoid!

superconducting!magnets.!!

A!well=known!picture!from!the!ATLAS!experiment!is!presented!In!Fig.!16.!This!picture!shows!the!final!

decay!of!a!Higgs!event!into!four!muons.!The!precision!of!the!reconstruction!of!the!muon!momentum!

is!critically!based!on!a!large,!air=cored!superconducting!toroid,!which!with!its!25!m!length!is!one!of!

the!largest!SC!magnets!ever!built.!Although!the!useful!field!is!fairly!modest!(about!1!T!average,!with!

a!peak!of!4!T!on!the!coils),!the!very!large!size!(more!than!20!m!in!transverse!dimension)!bends!the!

trajectories!of!energetic!muons!with!a!sagitta!of!more!than!0.5!mm.!By!means!of!an!accurate!

detector!system!this!can!be!measured!with!10=50!µm!accuracy,!to!provide!a!precise!determination!

of!momentum.!

!

Figure!16.!An!event!which!is!compatible!with!the!production!of!a!!Higgs!particle!decaying!into!2Z!and!then!into!4µ!which!

are!represented!by!the!red!traces!that!on!this!scales!appear!as!straight!lines.!

Figure 17: An event which is compatible with the production of a Higgs particle decaying into 2𝑍
and then into 4𝜇 which are represented by the red traces that on this scales appear as straight lines.

5.1 High Luminosity LHC

LHC is designed to provide an integrated luminosity of 300 fb−1, a figure that should be

reached in about 2020-2022, see Figure 12. Then, limitations of the machine and detectors,

including possible radiation damage of some components, call for a program of hardware

consolidation. This also provides the opportunity to replace some components with new more

advanced devices that should allow reaching, over the following ten years, the extremely high

level of 3000 fb−1. To this end we need to replace some magnets with magnets based on a

more advanced superconductor, Nb3Sn, which allows going beyond the 10 T wall in Nb-Ti

magnet technology. For the High Luminosity LHC (nicknamed as HiLumi) dipoles rated at

11 T and quadrupoles capable of more than 12 T are needed, as shown by the pink region

labelled as HL-LHC of the plot in Fig. 10. The number is relatively small, some 10 dipoles

and 20 quadrupoles, which make this program affordable in terms of cost, but it will be

necessary to prove the new technology by extensive testing of full-size magnets before risking

their installation in the accelerator.

We also need to develop a new type of superconducting RF cavity, in order to increase further

luminosity by cancelling the geometric reduction factor due to the finite crossing angle. These

devices are called Compact Crab Cavities and they are able to kick the beam transversally

rather than longitudinally, as a usual cavity does to increase energy. We will require four

cryo-modules, each equipped with four cavities.

The project has been recently singled out as first priority in the approved European Strategy
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for High Energy Physics and is now in an advanced phase of design and prototyping.

5.2 High Energy LHC (HE-LHC)

Once HiLumi LHC has exhausted its physics program, around 2035, the LHC will be available

for other use. An obvious possibility is to go beyond the LHC energy, but for this we would

need more powerful magnets. Already HiLumi LHC will set the technology standard to 12-13

T, well beyond the 8.3 T of LHC. Recently a program has been launched in Europe to reach

the new threshold of 20 T for dipole magnets (see Figure 10). This is a very challenging

development which will requires at least ten year for R&D, because it requires use of HTS,

the High Temperature Superconductors (the ceramic copper oxides based on Bismuth or

Yttrium) in addition to pushing Nb3Sn technology to the limit; then another ten years would

be required for construction followed by five more for installation and commissioning. The

program fits well with the life span of HiLumi and would aim at providing p-p collisions at

26-33 TeV c.o.m. by 2035-2040.

5.3 Very High Energy LHC (VHE-LHC)

This project is based on the same technology of High Energy LHC but would be in a new

larger tunnel. The goal is to reach 100 TeV c.o.m. for p-p collisions. In Figure 18 the sketch

of such tunnel in the CERN region is shown, for both cases: an 80 km and a 100 km tunnel.

In the first case to reach 100 TeV would require the 20 T magnets that are also pursued for

High Energy LHC, while in the second case the longer tunnel allow decreasing the magnetic

field down to 16 T. This last choice is attractive because it is a level that could in principle

be covered by using Nb3Sn, and should not require HTS.

A design study has just started for this larger machine, under the name of Future Circular

Collider (FCC). This study will include the possibility of using the same tunnel to house an

𝑒+𝑒− collider and eventually 𝑒𝑝 collisions.

5.4 International Linear Collider (ILC)

This project consists of a 30 km linear accelerator, for 𝑒+𝑒− collisions, based on SCRF

cavities capable of electric field of 30 MV/m with moderate power consumption (thanks

to Superconductivity and to an appropriate duty cycle). The project has been pursued

in an international collaboration after agreeing in 2003-2004 to select between the normal

conducting technology of SLAC (NLC, Next Linear Collider based on 3 GHz copper cavities)

and the SCRF 1.3 GHz project called TESLA, pursued by Europe, based in the DESY

laboratory in Hamburg. The SCRF project was chosen and since then the community has
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Very%High%Energy%LHC%(VHE3LHC)%
This!project!is!based!on!the!same!technology!of!High!Energy!LHC!but!would!be!in!a!new!larger!

tunnel.!The!goal!is!to!reach!100!TeV!c.o.m.!for!p=p!collisions.!In!Fig.!17!the!sketch!of!such!tunnel!in!

the!CERN!region!is!shown,!for!both!cases:!an!80!km!and!a!100!km!tunnel.!

In!the!first!case!to!reach!it!100!TeV!would!require!the!20!T!magnets!that!are!also!pursued!for!High!

Energy!LHC,!while!in!the!second!case!the!longer!tunnel!allow!decreasing!the!magnetic!field!down!to!

16!T.!This!last!choice!is!attractive!because!it!is!a!level!that!could!in!principle!be!covered!by!using!

Nb3Sn,!and!should!not!require!HTS.!

!A!design!study!has!just!started!for!this!larger!machine,!under!the!name!of!Future!Circular!Collider!

(FCC).!This!study!will!include!the!possibility!of!using!the!same!tunnel!to!house!an!e+=e=!collider!and!

eventually!e=p!collisions.!

!

Figure!17.!The!Geneva!region!with!the!footprint!of!the!LHC!tunnel!(white!circle),!of!the!80!km!tunnel!for!VHE=LHC!(yellow!

dashed!circle)!and!of!the!100!km!tunnel!(yellow,!solid!line).!

International%Linear%Collider%(ILC)%
This!project!consists!of!a!30!km!linear!accelerator,!for!e+=e=!collisions,!based!on!SCRF!cavities!capable!

of!electric!field!of!30!MV/m!with!moderate!power!consumption!(thanks!to!Superconductivity!and!to!

an!appropriate!duty!cycle).!The!project!has!been!pursued!in!an!international!collaboration!after!

agreeing!in!2003=2004!to!select!between!the!normal!conducting!technology!of!SLAC!(NLC,!Next!

Linear!Collider!based!on!3!GHz!copper!cavities)!and!the!SCRF!1.3!GHz!project!called!TESLA,!pursued!

by!Europe,!based!in!the!DESY!laboratory!in!Hamburg.!The!SCRF!project!was!chosen!and!since!then!

the!community!has!worked!hard!to!bring!the!project!to!a!good!state!of!maturity.!However,!given!the!

high!cost,!only!one!Nation!is!so!far!considering!to!host!such!a!project:!Japan.!Should!the!plan!for!

construction!go!ahead,!the!project!would!most!likely!be!staged:!first!it!will!built!the!machine!for!250!

GeV!c.o.m,!and!then!it!would!be!upgraded!to!500!GeV.!The!study!began!some!20!year!ago!targeting!

the!TeV!region,!but!this!now!appears!to!be!out!of!reach!for!such!a!machine.!The!500!GeV!project!is!

budgeted!nominally!at!7!G$,!and!the!time!scale!is!such!that!physics!data=taking!could!start!around!

2030.!

Figure 18: The Geneva region with the footprint of the LHC tunnel (white circle), of the 80 km
tunnel for VHE-LHC (yellow dashed circle) and of the 100 km tunnel (yellow, solid line).

worked hard to bring the project to a good state of maturity. However, given the high

cost, only one Nation is so far considering to host such a project: Japan. Should the plan for

construction go ahead, the project would most likely be staged: first it will build the machine

for 250 GeV c.o.m, and then it would upgrade it to 500 GeV. The study began some 20 years

ago targeting the TeV region, but this now appears to be out of reach for such a machine.

The 500 GeV project is budgeted nominally at 7 G$, and the time scale is such that physics

data-taking could start around 2030.

5.5 Compact Linear Collider (CLIC)

This machine is an 𝑒+𝑒− collider powered via a parallel drive beam, and is based on the use

of high frequency copper cavities. The frequency is now 12 GHz (after having been 30 GHz

for many years). Here superconductivity is only required for the wiggler magnets, at the

heart of the damping rings, which are necessary to reduce the transverse size of the beams.

The electric field in the cavities is up to 100 MV/m which in principle would allow, with a 50

km long tunnel, to reach 3 TeV c.o.m. In terms of a rough energy scale, CLIC would match

the HE-LHC but would stay largely below VHE-LHC, but of course with the much cleaner

collisions of leptons. A drawback of this accelerator is the high power consumption, about

600 MW (LHC and its injectors consume less than 150 MW and a HE-LHC would consume

about 200 MW, including the injector chain). The CLIC collaboration has produced a Design

Study and is now considering a roadmap featuring a staged approach. In principle one could

have 500 GeV from CLIC initially and only later implement 1-3 TeV, in a second phase. The

project is however less mature than ILC.
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6. Conclusion

To satisfy the need for better instruments to investigate the infinitely small, the realm of

quantum mechanics has been explored by the use of increasingly sophisticated accelerator

and particle detectors. In the last 30 years accelerator technology has been dominated by

a technology that can be considered to be a macroscopic effect of quantum mechanics: su-

perconductivity. The similarity between the boson condensation which is at the base of the

superconductivity and the one at the base of the Higgs mechanism (proven thanks to the

superconductivity-based LHC) is intriguing. Even more fascinating is that the field is not

yet at its limit and new exciting projects, capable to explore new lands beyond the realm of

the Standard Model, are under construction or in a design phase.
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Abstract

The discovery of quantum theory in the first quarter of the twentieth century brought about the
greatest revolution in our understanding of the nature of the physical world since the discoveries of
Isaac Newton in the late seventeenth century. Compared to this revolution, even the great discovery
of relativity theory seem to have been no more than variations on a classical theme. With the advent
of quantum theory, the physical world, which in our everyday experience of it seems so clear and
reliable, was found to be cloudy and fitful at its subatomic roots.

Modern quantum mechanics was brought to birth in its fully articulated form by the dis-

coveries of Erwin Schroedinger and Werner Heisenberg in the anni mirabiles of 1925-26. At

first sight the approaches of the two men seemed quite different, but the equivalence of their

theories was soon established. At the same time, Paul Dirac was able to identify the nature

of the critical difference between quantum physics and classical Newtonian physics, by his

formulation of the superposition principle. This permits the existence in quantum mechanics

of states that mix properties that classical physics and commonsense would say were totally

immiscible. In the everyday world there is a state where the billieard ball is “here” and

a state where it is “there’. In the quantum world there are also states of an electron in

which it is in an unpicturable mixture, or superposition, of these two possibilities. This fact

immediately implies the cloudy unvisualisability of the quantum world and further analysis

shows that the probabilities of finding the electron “here” or “there” after an act of exper-

imental measurement are related to the proportions in which the two states are present in

the superposition.

The superposition principle implies that the logic that holds in the quantum world is different

from the classical logic of Aristotle and everyday commonsense. The latter depends upon

the law of the excluded middle, namely that there is no possibility intermediate between

A (“here”) and not-A (“there”), but in the quantum world there is an infinite range of
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intermediate possibilities, corresponding to the superposition of A and not-A. Consequently

a new form of quantum logic has to hold.

The superposition principle helps to explain the otherwise seemingly oxymoronic property

of the wave/particle duality of light, whose discovery played a leading role in bringing quan-

tum mechanics to birth. Anyone in 1899 could have “proved” that it was impossible for

something to behave sometimes like a wave (spread-out and oscillating) and sometimes like a

particle (a little bullet). The superposition principle explains this counterintuitive possibility

of wave/particle duality because it allows there to be states which have an indefinite number

of particles present in them, since they are superpositions of the states with different definite

particle numbers. It turns out that it is these states that possess wavelike properties (that

is, have a definite phase).

Quantum cloudiness found expression in a quantitative form when Heisenberg discovered the

uncertainty principle. In the classical world, one can know both momentum (how a particle

is moving) and position (where it is). Through an analysis of the measurement process that

took careful account of the fact that there is an irreducible degree of disturbance involved

in the act of measurement due to the non-zero amount of energy carried by a single photon,

Heisenberg showed that in quantum mechanics the more accurately one tried to measure

position, the greater would be the uncontrollable disturbance to the particle’s momentum,

and vice versa. In the quantum world, therefore, one has access to only half the definite

knowledge that one can attain in the classical world of everyday.

In consequence, quantum mechanics does not permit exact prediction of all details of future

behaviour. Its character is necessarily statistical. All physicists accept this, but philosoph-

ically there are two possible ways of interpreting the source of this unpredictability. Is its

character epistemological or ontological? If it is simply epistemological, all events are in fact

tightly determined, but the physicist does not have access to knowledge of all the factors in-

volved in the determination. An everyday example would be the fall of dice, highly sensitive

to the smallest details of the shaking process. However, if unpredictability is an ontological

property, it must arise from an intrinsic indeterminism present in the subatomic processes.

In other words, the issue is whether the uncertainty principle is a principle of unavoidable

ignorance or is it the sign of an actual degree of causal openness present in physical processes?

In the early days of quantum mechanics, the physicists, under the paternal influence of

Niels Bohr, endorsed the second option, a move which came to be called the Copenhagen

interpretation. However, in the 1950s, David Bohm produced an alternative interpretation

that led to exactly the same experimental consequences, but which was fully deterministic

in its character. Bohm achieved this remarkable feat by divorcing wave and particle, which

Bohr had decreed were inseparably complementary aspects of a single entity. In Bohm’s

theory there are not only particles, which are uncompromisingly objective in character, but

86



The nature of physical reality Volume 6
Winter 2014

also a hidden wave that encodes instantaneous knowledge of the whole environment. This

wave influences the motion of the quasi-classical particles in a very highly sensitive manner

which succeeds in producing statistical consequences that agree with experimental findings.

Bohr and Bohm present strikingly different pictures of the nature of the physical world,

but the empirical equivalence between the consequences of their two theories means that

the choice between them cannot be made on physical grounds alone. It requires an act of

metaphysical decision. Almost all physicists side with Bohr against Bohm, not just because

he was first in the field but also because Bohm’s theory, though clever and instructive,

seems to be too contrived to be metaphysically persuasive. For example, Bohm’s wave must

satisfy a wave equation and to get the right results this must be the Schroedinger equation.

In conventional quantum theory, this equation arises from following a persuasive line of

argument, but Bohm has simply to borrow it ad hoc from Schroedinger.

This controversy leads to the acknowledgement of a significant philosophical insight: The

nature of causality is constrained by physics but not fully determined by it. Making the choice

between Bohr’s indeterminism and Bohm’s determinism requires recourse to metaphysical

assessment. Two other philosophical insights can also be derived from quantum physics.

First, there is no universal epistemology. Entities can only be known in a manner that

accords with their actual natures. The uncertainty principle implies that any attempt to

know the quantum world with a classical clarity is condemned to failure. Secondly: There

is no universal form that rationality has to take. The discussion of quantum logic makes

the point. The essence of rationality is to seek to respond to the actual nature of the

entities under consideration, and it cannot be laid down a priori what this will be. In the

late 1920s, the distinguished biologist J.B.S. Haldane, commenting on the discoveries of his

physicist colleagues, said that the universe had not only turned out to be queerer than we

thought, but queerer than we could have thought without the nudge of nature pushing us in

a counterintuitive direction.

Quantum mechanics has been extraordinarily successful in the account that it gives of the

subatomic physical world. Quantum electrodynamics (the theory of the interaction of pho-

tons and electrons) has led to calculations whose answers are in agreement with experimental

measurements to an exquisite degree of accuracy. Nevertheless, perhaps the greatest quan-

tum paradox is that, more than 80 years after the great foundational discoveries, we still do

not fully understand the theory. The central unresolved problem relates to the attempt to

understand how the clear and realiable world of our everyday experience actually emerges

from its cloudy and fitful quantum substrate. The issue can be illustrated by reference to

the measurement problem: if an electron is in a state which is a superposition of “here” and

“there”, how does it come about on a particular occasion of measurement that the particular

answer ’here’ is obtained? Currently there is no entirely satisfactory or universally accepted

answer to this wholly reasonable question. Niels Bohr had suggested that it is the interven-
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tion of classical measuring apparatus that produces the definite result, but this is to give an

unacceptably dualist picture of the physical world, populated by both quantum entities and

classical apparatus, while we know that those measuring instruments are themselves com-

posed of quantum constituents. A recent insight called decoherence, which takes into account

the influence on quantum entities of their interactions with their environment, such as with

low-grade background radiation, shows how this interaction can induce a more classical-like

behaviour, but this idea still does not explain how a particular result emerges on a particular

occasion. Other suggestions have included supposing that it is the interaction with human

consciousness that induces the specific result (but does this mean that before consciousness

evolved no quantum process had a definite outcome?), or that all possible outcomes occur,

but in the different worlds of an edlessly proliferating multiverse (a proposal of astonishing

ontological prodigality). None of these proposals seem wholly satisfactory.

The truth of the matter is that our knowledge of the physical world is distinctly patchy, with

connections between different domains (classical, quantum) ill-understood. The problem of

quantum chaology further illustrates the point. The exquisite sensitivity of chaotic systems

is such that their future behaviour soon appears to come to depend on fine details of their

circumstances that lie below the limits of the uncertainty principle. However, quantum the-

ory and chaos theory cannot be combined, since they are mutually incompatible. Quantum

mechanics has a scale, giving a meaning to “large” or “small” in terms of Planck’s funda-

mental constant, while the fractal character of chaos theory means that it is scale-free, the

same all the way down.

The surprising strangeness of the quantum world has been further revealed by the discovery

of quantum entanglement. Einstein had been one of the grandfathers of quantum mechanics

through his 1905 explanation of the photoelectric effect in terms of the particle aspect of

light, but he came to loathe his grandchild. Einstein had a passionate belief in the indepen-

dent reality of the physical world, but he wrongly came to believe that this could only be

defended if that world were unproblematically objective in the sense of classical physics. In

consequence, he was always trying to show that there was something incomplete in quantum

mechanics. In the 1930s, working with two young colleagues, he felt he had found the Achilles

heel of the theory. They showed that conventional quantum theory implied that there was a

counterintuitive entanglement between two quantum entities which had interacted with each

other that resulted in their retaining a power of instantaneous mutual influence, however

far they had subsequently separated. Einstein felt that this was too “spooky” to be true.

However, after his death, some clever experiments performed in Paris in the 1980s showed

that quantum entanglement in indeed a property of nature. It appears that even the sub-

atomic quantum world cannot be treated purely atomistically. The physical world is deeply

relational.

All the strange consequences of quantum mechanics have encouraged some philosophers of
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science to take the positivist stance of suggesting that quantum physics is not about what

the microscopic subatomic world is actually like, but it is simply a way to make calculations

that agree with the results of macroscopic measurements. Almost all physicists reject this

view in favour of a realist account of quantum physics. If science were not telling us what

the physical world is actually like, the labour of scientific research would lose much of its

motivation. Defence of this realist position appeals to intelligibility as the grounds for its

belief in reality. We believe that there are photons and electrons because that belief grants

powerful understanding of great swathes of more directly accessible empirical experience, from

the periodic table of chemistry, to the phenomenon of superconductivity, to the construction

of devices such as the laser, and much more. This proven fertility would seem to be an

unbelievably happy accident unless there actually were such entities whose properties are

being invoked.

Quantum mechanics has shown us that the physical world is suprising in its character, ex-

hibiting properties that were beyond our myopic powers of prevision to anticipate. In conse-

quence, the natural question for the scientist to ask about a proposition, both within science

and beyond it, is not “Is it reasonable?”, as if we felt we knew beforehand the shape that

rationality had to take. Instead, there is a different question to ask, “What makes you think

that might be the case?” This question is open, in the sense that it does not attempt to

lay down beforehand the shape of an acceptable account of the nature of reality, but it is

also demanding, in the sense that if a surprising answer is given, adequately motivating ev-

idence must be offered in its support before it will be accepted. I personally am content to

approach my beliefs, including my religious belief, in just this manner. Perhaps this is the

most important lesson of all that we can learn from quantum mechanics.
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