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Abstract

Quantum Physics is a cornerstone of modern science and technology, yet a
comprehensive approach to integrating it into school curricula and communicating
its foundations to policymakers, industrial stakeholders, and the general public has
yet to be established. In this paper, we discuss the rationale for introducing
entanglement and Bell's Inequalities (Bl) to a non-expert audience, and how these
topics have been presented in the exhibition “Dire l'indicibile” (“Speaking the
unspeakable”), as a part of the Italian Quantum Weeks project. Our approach meets
the challenge of simplifying quantum concepts without sacrificing their core
meaning, specifically avoiding the risks of oversimplification and inaccuracy. Through
interactive activities, including a card game demonstration and the staging of CHSH
experiments, participants explore the fundamental differences between classical and
quantum probabilistic predictions. They gain insights into the significance of Bl
verification experiments and the implications of the 2022 Nobel Prize in Physics.
Preliminary results from both informal and formal assessment sessions are
encouraging, suggesting the effectiveness of this approach.

Keywords: Quantum science and technology; Quantum education; Bell's
Inequalities; Entanglement

1 Introduction
The story of the Einstein-Podolsky-Rosen (EPR) paradox [1] and Bell’s Inequalities (BI)
[2, 3] stands as a paradigmatic example in the history of 20th-century physics, one that
deserves communication to both students and the general public. This narrative begins
with the achievements of quantum mechanics (QM), the most successful physical theory
ever developed to describe the natural world [4], and the epistemological challenges it
introduces. A central aspect of these challenges is the existence of entangled states, as
formalized by the axiomatic framework of quantum mechanics completed in the 1930s.
In their seminal 1935 paper, Einstein, Podolsky, and Rosen [1] describe the alleged para-
dox which derives from combining the ‘natural’ assumption of reality and locality with
the implications of QM rules, as applied to highly non classical states - specifically, entan-
gled states. The consequences of their Gedankenexperiment suggest therefore that at least

one of these assumptions must be false. Their conclusion was that, as realism and local-
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ity should be considered as indispensable, quantum mechanics must be incomplete and
necessitating a broader theory to resolve its apparent paradoxes. The EPR problem, for-
mulated in 1935, remained a theoretical exercise until the mid-1960s. During this period,
intense debate arose over which assumption—realism, locality, or the completeness of
quantum mechanics—should be abandoned. The de Broglie-Bohm hidden-variable the-
ory emerged as a prominent attempt to provide a causal completion of quantum mechan-
ics [5, 6], while adherents of the Copenhagen interpretation chose to accept quantum the-
ory as it stood, effectively dismissing realism and/or locality as essential components of a
factual description of nature.

In 1964, John Bell reformulated the EPR problem by assuming the existence of hidden
variables and derived constraints on the correlations between measurement outcomes
performed on the two components of a bipartite quantum system. These constraints, now
known as BI, are very general and rely solely on the assumptions of realism and local-
ity. Crucially, they are violated when the bipartite state under consideration is entangled.
This violation became a decisive experimental criterion for determining whether quan-
tum physics could be considered a complete theory. The significance of BI lies in their
transformation of the metaphysical problem posed by EPR into a falsifiable mathemati-
cal statement, open to experimental verification. In the decades following Bell’s work, the
central challenge shifted to designing reliable experiments capable of testing the violation
of these inequalities. It was not until 2016 [7] that experiments were conducted which
closed all major experimental and conceptual loopholes, achieving universal acceptance.
As a result, the violation of BI has become one of the most rigorously tested and scruti-
nized classes of experiments in the history of physics.

The story of the alleged EPR paradox and of BI holds even greater significance today,
as the notion of entanglement, once confined to the foundations of physics, is now rev-
olutionizing both technology and culture. The Second Quantum Revolution [8], driven
by remarkable advances in the preparation, manipulation, and control of quantum sys-
tems over the past three decades, now promises to transform both industry and society
at large [9]. Indeed, at the heart of this transformation lies the concept of entanglement, a
cornerstone of quantum theory. The groundbreaking contributions to this field were rec-
ognized by the 2022 Nobel Prize in Physics, awarded to Alain Aspect, John F. Clauser, and
Anton Zeilinger for their pioneering experiments with entangled photons, which confirmed
the violation of Bell’s inequalities and laid the foundation for quantum information sci-
ence [10]. Their work not only validated the fundamental principles of quantum physics
but also provided a critical impetus for the development of quantum technologies, such
as quantum computing and quantum cryptography, which rely on the unique properties
of entangled particles.

We decided to make this story the core of our effort to communicate the concepts of
Quantum Physics (QP) towards high-school students and general public. Though be-
ing aware of the inherent difficulty to grasp quantum concepts, the interactive exhibi-
tion, “Dire I'indicibile” (“Speaking the unspeakable”), designed within the Italian Quantum
Weeks project [11], strives to make QP approachable to everyone, using common language
and specially designed objects that provide tangible models to understand quantum be-
havior [12, 13].

This initiative aims to bridge the gap between complex scientific truths and public un-
derstanding, accepting the challenge of simplifying quantum concepts without diluting
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their essence, avoiding the pitfalls of oversimplification and inaccuracy. The visitors of the
exhibition are introduced to the basic concepts of QP, i.e., definition of quantum states,
superpositions, quantum measurements, non commutativity of observables, and entan-
glement, through visual analogies and demonstrators. Explicit reference to key results,
such as Feynman’s double slit and Stern-Gerlach experiments, are used to connect ab-
stract concepts to physical evidence. Details of this path can be found in [11] and will be
published elsewhere [13].

In the context of education and outreach activities triggered by the ongoing Second
Quantum Revolution, several efforts have been made to update the way students and gen-
eral public are introduced to quantum concepts [14—17]. Nevertheless, entanglement and
its foundational relevance remain the most challenging concepts to communicate [18, 19].
Attempts have been made exploiting simulations and games [20-24], often avoiding any
explicit reference to the mathematical formalism with the result of just giving suggestions
and allusive explanations. Communicating the concept of entanglement poses a major
challenge, in part because widespread misconceptions persist. In particular, a critical step
is clarifying the distinction between classical and quantum correlations, a difference that
is often overlooked or misrepresented. Indeed, while it is true that entangled particles ex-
hibit strong correlations, perfect correlations are not unique to quantum mechanics as
they can also occur in classical systems.

In this paper, we focus specifically on entanglement and BI, drawing from the recent No-
bel Prize-winning research. The paper is organized as follows: in Sect. 2 we introduce the
notion of entanglement, while Sect. 3 presents BI in the Clauser—Horne—Shimony—Holt
(CHSH) form [25]. Section 4 outlines our narrative approach to explaining entanglement,
the EPR paradox, and BI, while Sects. 5 and 6 describe interactive activities demonstrating
the CHSH inequality and recreating Nobel Prize-winning experiments. Section 7 presents
the educational implementation of this framework and its validation. Section 8 closes the
paper with some concluding remarks.

2 Entanglement

Talking about entanglement is essential as it is a fundamental phenomenon that under-
pins much of QP non-intuitive and revolutionary aspects. Entanglement describes the
deep and inherent correlations that may be established between quantum systems, chal-
lenging classical notions of locality and realism. It plays a crucial role in both theoretical
foundations and practical applications of quantum physics, making it a topic of significant
interest and importance. Erwin Schrddinger, regarded entanglement as the characteristic
trait of quantum mechanics, the one that enforces its entire departure from classical lines
of thought [26]. This statement underscores the unique nature of entanglement, where
physical systems become so deeply connected that the state of one cannot be described
independently of the state of the other. An entangled state cannot be created through lo-
cal operations on the two components of a bipartite system, even if the two experimenters
(say, Alice and Bob) are allowed to communicate. For entanglement to occur, the two sys-
tems must interact, resulting in a combined system that can only be described by a single
wave function describing the properties of the entangled pair. This means that the con-
cept of an independent ‘state’ for each subsystem loses significance, as there is no way
to describe the properties of one subsystem without reference to the entire system. Con-
sequently, observing the outcome of a measurement on one subsystem (Alice’s) allows
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for a precise prediction of the corresponding measurement outcome on the other (Bob’s)
!, Entangled states are mathematically described by a non-factorizable superpositions of
different classical options for the state of multipartite systems. For a bipartite system, the
overall state is entangled if it cannot be expressed as the tensor product of two states de-
scribing the two sub-systems independently.

To highlight the structure of entangled states, let us consider one of the maximally-

entangled Bell’s states

1

ﬁ(|0>A|1)B_ [1)410)B) , (1)

W 5) =
which can be viewed as a superposition of the two classical configurations |0)4|1)s and
|1)4|0)p. The state in Eq. (1) cannot be written as the product of the states describing
Alice’s and Bob’s sub-systems separately, that is [V 5) # (a]0)a + b[1)4) (c|0)5 + d|1)p) for
any choice of the coefficients a, b, c and d. We note that the structure of the entangled state
in Eq. (1) implies that the output values of a measurement on system A are perfectly anti-
correlated with those of the same measurement on system B. The state remains entangled
also when the basis in both subsystems are rotated by an angle 6. In fact, by defining:
|0p) =cosB|0) +sinf|1) and |1p) = —sinB|0) + cosB|1), we get

1

ﬁ(|09)A|19>B—|19>A|09>B) . (2)

Wy 5) =
This property is crucial for the discussion of the EPR paradox (see below). An important
point to emphasize here is that the local states (measured by the two independent re-
searchers) are mixed states in any basis: if Alice measures her state independently of Bob,
the observable phenomenology indicates a maximally mixed state

1
pa =7 (10044 (01 + [1)aa(ll) . ®3)

In any rigorous dissemination program, it is essential to clarify the distinction between
this mixed state and the “corresponding” superposition state, ¥4 = (|0)4 —|1)4) /+/2. The
mixed state expresses our knowledge that the state is in either |0)4 or |1)4, whereas the
superposition conveys the more challenging notion of the system existing simultaneously
in both |0)4 and |1) 4.

In trying to communicate the concept of entanglement in an easily-understandable
way, it is quite common to dwell on the idea of perfect correlation (or, equivalently, anti-
correlation), thus conveying the profoundly misleading message that entangled states are
nonclassical because they are perfectly correlated. Indeed, this is plain wrong, as also in
classical physics we can produce mixed states that are perfectly correlated to each other
in some variables: e.g. we could generate pairs of particles having the same color, the same
size and the same weight, so that when Alice observes one property on her part of the sys-
tem, she can perfectly forecast the output of Bob’s measurement of the same observable.

!Notice that neither in the exhibition, nor in this paper, we discussed the difference between entanglement (the property
of quantum state of being not preparable by local operations and classical communication) and the stronger notion of
Bell-nonlocality (the property of a state to lead to violation of BI with a suitable set of measurements performed at two
distant sites).
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There is no quantumness in this result and the emphasis on the perfect correlations within
entangled states can be misleading. What is dramatically different for entangled states is
that we can also change the measurement and observe a different property, which was not
prepared before, and still observe perfect correlations. Moreover, those new observables

could also be non-commuting with the others, as pointed out by EPR argument.

3 Correlations and Bl in the CHSH formulation

The standard way BI are usually introduced in textbooks, which is the one probed in No-
bel experiments, is the CHSH formulation [25]. To understand how the CHSH inequality
works, we can think of an experiment in which two people, Alice and Bob, who are in two
laboratories far apart, each measure one of two parts of a bipartite system. Each experi-
menter can make measurements on their system: Alice can choose between two possible
experiments (“A;” and “A,”), as can Bob (“B;” and “B,”). The measured quantities are as-
sumed to be dichotomic, so that the result of each individual measurement can be +1 or
—1. Alice and Bob randomly and independently choose which measurement to take and
record the value obtained for each repetition of the experiment. There are four possibil-
ities for the product of the measurement values: A; - By, A1 - By, Ay - By, A; - By, each of
which has value +1 or —1. Alice and Bob build correlation functions by calculating the av-
erage of the products of the results of all pairs of measurements taken on a large numbers
of repetitions of the experiments, namely (A; - B1), (A1 - Ba), (A2 B1), (A3 - By), each having
a value in the interval [-1,1]. The CHSH approach is based on introducing the following

algebraic sum of quantities

S=A;-Bi+A1-By+Ay-B;—Ay-B,. (4)
By taking the average of Eq. (4) one obtains

(S) = (A1-B1) + (A1 By) + (A2 - B1) — (A2 - By). (5)

The CHSH inequality is a theorem that, under the assumptions of local realism and the
possible existence of hidden variables, establishes the following bound on the quantity
S: 1(S)] < 2, out of a possible range of |(S)| < 4 [27]. The two limiting cases, (S) = +2,
correspond to systems that are perfectly correlated and anti-correlated, respectively. This
result is general and rests on the assumptions of realism and locality. Specifically, these
hypotheses are implicitly invoked when we assign to each measurement outcome A; and B;
(for i = 1,2) a well-defined, fixed value (£1), no matter whether they have been measured
or not, and independently on the outcome of the measurement of the other experimenter.
CHSH inequality therefore holds true for all classically correlated systems.

As mentioned above, this results holds true also if hidden variables are present [2], as
long as realism and locality are considered. When moving from classical to quantum sys-
tems, things change drastically. In fact, when the maximally entangled Bell’s states de-
scribed in Eq. (1) are considered, QP predicts the violation of CHSH inequality, with |S|
becoming as large as 2+/2 [28]. This fundamental result is therefore in contradiction with
the hypothesis of realism and locality and testing it experimentally is the route Bell indi-

cated to probe QP completeness.
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4 EPR paradox and Bell’s inequalities for all audiences

In this Section, we describe the educational path we have been using to introduce first the
idea of entangled state and then the EPR argument, in a few informal and formal environ-
ments. To introduce the concept of entanglement, we present the case of the fundamental
two-electron state of Helium (He) atom, which corresponds to two electrons with antipar-
allel 1/2-spins - by virtue of the Pauli exclusion principle.

In the exhibition, this system can be introduced quite naturally, having previously pre-
sented and discussed (i) atomic orbitals as examples of quantum states and (ii) spin and its
properties as probed by the Stern-Gerlach experiment. Moreover, the idea of two antipar-
allel electrons occupying the He 1s orbital is somewhat familiar from standard high-school
chemistry curriculum. Since the spins of the two electrons are perfectly anti-correlated in
any direction, the correct mathematical form of the overall two-electron state is that of a

singlet state

1

V2

(W) = —= (I thl D=1l 1)) (6)

which is indeed one of the Bell’s states. This example, illustrating that entanglement is
a true property of physical systems, allows us to explain the meaning of Eq. (6) and to
explicitly emphasize that, as there is no privileged orientation in the atom, it must be true
for all directions, as in Eq. (2).

In the second step, we fully describe the EPR argument, pointing out the role played by
entanglement. The system considered by EPR (in Bohm’s formulation of the paradox [29])
is that of two electrons having total spin S = 0 in the state in Eq. (6), no matter how they are
generated. The two electrons are spatially separated and sent to two experimenters, Alice
and Bob, who can measure the spin of the electron along different axes. Looking at the
form of the state, it is easy to be convinced that when Alice measures the spin along one
axis, the value of spin measured by Bob along the same axis is also defined with certainty.
The result is independent of the distance between Alice and Bob. In their discussion, in
addition to the validity of quantum theory, EPR make two assumptions:

(i) Realism: “If we can predict with certainty the result of a measurement on a system
without interacting with it in any way, the measurement must correspond to a real
property” [1, p. 777]. A layperson’s interpretation of this idea is that the properties of
physical systems (i.e., the observables) hold definite values regardless of whether we
measure them or not. In other words, “the moon remains in the sky even if we are
not observing it” [30].

(i) Locality: the information obtained from a measurement on one of two isolated
systems cannot produce a real change in the other, that is, the measurements made
by Bob cannot depend on those made by Alice if their distance is sufficiently large.
The result of any measurement performed at Bob’s site cannot depend on any
actions taken by Alice—such as reading the result of her measurement—if they are
outside each other’s light-cone (or, to avoid the concept of a light-cone, if they are far
enough apart that they cannot communicate, even by the fastest channel allowed by
relativity).

In the EPR experiment, given the value of Alice’s measurement of a spin component, the

outcome of Bob’s measurement of the same component can be predicted with certainty,
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without any action on Bob’s part. Thus, for the realism hypothesis, the value of Bob’s elec-
tron spin corresponding to the outcome of Alice’s measurement must refer to a real prop-
erty. If now Bob makes a measurement of another spin component at a different angle on
the same electron, after the measurement he comes to know with certainty the value of
that component. Consequently, Bob knows with certainty the values of two spin compo-
nents that are mutually incompatible according to QP. This contradiction is known as the
EPR paradox. We have three possible exits from the paradox:
(i) realism does not hold, i.e., it is not true that there are elements of reality
pre-existing the measurements;

(ii) locality does not hold, i.e., the measurement on one part of the entangled state

instantaneously determines the change in the state of the other part;

(iii) QP is incomplete. It is well known that EPR’s preference was for this third solution.
This discussion is accessible to non-experts, provided that the mathematical characteri-
zation of entangled states is introduced, i.e., Eq. (6) is discussed. Bl are then introduced as
a quantitative translation of EPR argument in terms of correlations. They are in fact based
on the same assumptions of realism and locality, possibly complemented by the existence
of hidden variables, whose role in their formulation must be carefully discussed. In this
framework, in order to correctly communicate the meaning and relevance of Eq. (5), two
key concepts need to be carefully addressed:

(i) The fact that realism and locality assumptions can not actually be taken for granted
as ‘natural. While Einstein-Podolsky-Rosen were partially justified in arguing that
any complete physical theory should satisfy both realist requirements (as
exemplified by the ‘moon’ argument) and local causality constraints (rejecting
“spooky action at a distance”), their conclusions ultimately proved incompatible
with experimental evidence.

(i) The quantitative characterization of statistical correlation and its fundamental
distinction from causation. Bell’s crucial insight was recognizing that correlations
provide a mathematical framework to test the EPR argument through experimental
predictions. Moreover, since statistical descriptions inherently represent incomplete
information, it should be clear that observed correlations between variables cannot
be interpreted as causal relationships. A canonical example illustrates this principle:
while sunburn incidence and icecream consumption exhibit strong seasonal
correlation, consuming icecream does not cause sunburns. Both phenomena instead
share a common causal factor — increased solar radiation during hot months.

Within this framework, we examined the transition from classical correlation to BI viola-
tion and its implications. We began by considering the differences between probabilistic
predictions in classical and quantum physics. In classical physics, a probabilistic descrip-
tion is required only when information about the system is incomplete — namely, in the
presence of unknown (hidden) variables. In contrast, quantum mechanics posits that the
outcomes of an experiment are probabilistically distributed even when complete informa-
tion about the system state is available. This fundamental discrepancy with classical pre-
dictions is essential for understanding the foundations of QP and can be clarified through
the example of BI and their experimental violation. This, along with the supposed ‘inno-
cence’ of the assumptions (realism and locality) and the simplicity of the algebra involved,

makes BI particularly well-suited for introducing key aspects of QP.
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It is important to note that while BI were originally introduced to address the EPR dis-
cussion, they are not a theorem exclusively about QP. Rather, they apply to any theory
that seeks to describe nature, providing a mean to determine whether such a theory can
be made local-realist by incorporating hidden variables. In other words, BI allow us to
pose a fundamental question to nature itself: ‘Is there an ultimate local-realist theory that
describes you?’

5 Understanding CHSH inequality with cards

Communicating BI to the general public poses a clear challenge due to their mathemat-
ical nature. In the probability-based formulation, a straightforward demonstration of BI
validity using Venn diagrams has been proposed in several papers [31, 32]. On the other
hand, the CHSH formulation of BI presented in Sect. 3 is abstract, with the definition of
(S) appearing somewhat ad hoc. Nevertheless, we believe this formulation is valuable in an
educational context for two main reasons: (i) experimental evidence of BI violation (e.g.,
Nobel Prize-winning experiments) directly refers to the CHSH formulation; and (ii) the
CHSH approach explicitly introduces and calculates correlations, allowing us to clearly
highlight the crucial differences between classical and quantum correlations in entangled
states. To support this, we designed a simple ‘card game’ to illustrate CHSH inequalities
and help audiences understand their meaning and significance using only basic math.

As shown in Fig. 1, the objects to be measured are playing cards, characterized by two
dichotomous properties: the color of their back (blue/red) and that of their front (black for
spades and clubs, red for hearts and diamonds). As the system is classic, both properties
can be measured for each card, the outcome of each measurement being +1 (blue = -1,
red = 1; spades and clubs = -1, hearts and diamonds = 1). The dealer (Charlie) prepares
two decks of N cards and gives the players (Alice and Bob) one deck of cards each. In
this way, the two decks can be seen as formed by N pairs of cards, characterized by two
properties whose correlation we are interested in establishing and quantifying. Each player
starts to measure the cards, being careful to maintain the given original order, that is, to
preserve the possible correlation within each pair, and compiles a table as shown in Fig. 3,
where the outcomes of all measurements are registered. It is important here to notice that
being the system classical, we are able to measure all the quantities at the same time and
calculate the value of S; with i = 1,..N, for each row — i.e. each pair of cards. Though this
could be considered a gimmick of the game - as in the real experiment only the average
(S) can be evaluated and has a precise statistical meaning — it allows us to easily convince
everybody of the validity of CHSH inequality. Indeed, it is easy to recognize that for each
row, whatever the colors of the card pair (see for instance the examples reported in Fig. 1),
S; can assume only the values 2. This means that the mean value (S) =), S;/N must be
bound between +2 as well, i.e. [(S)] < 2.

This simple card game provides an elementary way to show CHSH inequality. Moreover,
it allows to naturally introduce the idea of perfect correlation between the properties of
the two ensembles ((S) = 2, when the cards of each pair are identical), as well as perfect
anticorrelation ((S) = —2, when all the cards in each pair have opposite values) and all the
cases in between (as for instance (S) = 0 when no correlation at all is present). In presenting
this game, a few crucial aspects should be highlighted and discussed:

(i) Perfect correlation or anti-correlation do exist in classical systems. It is not a
prerogative of quantum states, nor of entangled ones.
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1) 1) 1)
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Figure 1 In the CHSH game two decks of cards are given to Alice and Bob, respectively. They measure both
properties of each card, i.e. the color of the back A, B1, and the color of the front A,, By. A value of (+1) is
associated to red back, (-1) to blue backs. Analogously, (+1) corresponds to red suits (heart & diamonds) and
(-1) to black ones (spades & clubs). For each pair of cards indexed by i, they evaluate all terms A - Ay, Ay - By,
etc) and calculate S;. As shown in the example, for every possible combination of cards S is either +2 or -2.
The average (S) is therefore bound between -2 and +2, whatever the chosen ensemble. The value (S) = -2
corresponds to perfectly anti-correlated decks, while we obtain (S) = +2 for perfectly correlated decks. Total
randomness will resultin (S) =0, as a result of equal number of S; = +2 and -2

(i) However we prepare the system, as long as the properties of the cards are “real’ i.e.
we are dealing with the tangible, macroscopic cards, there is no way CHSH
inequality can be violated.

(iii) A crucial difference between the classical CHSH game and the quantum one is that
for the latter it is not possible to jointly measure all properties, i.e. (as mentioned
above), the quantity S cannot be assigned an experimental value at each run. This
difference should be declared, making it explicit that calculating S; for each pair was
meant to simplify the math. In a true experiment (either classical or quantum), the
value of (S) is determined summing all the correlation functions by calculating the
average of the products of the results of all pairs of measurements, i.e. by averaging
each column of the table, rather than averaging over S;. As long as the number of
measurements is large enough the two procedures are equivalent and lead to the
same result. This emphasizes the statistical nature of the experimental result,
clarifying the importance of collecting a large number of data, and of avoiding any
possible bias in the choice of the quantities to be measured.

(iv) CHSH inequality holds true also in the hypothesis of hidden variables, if realism
and locality are assumed. The proof of this result is one of the key achievements of
Bell's work [2]. While the proof involves advanced mathematics and is too complex
to be presented to a general audience, the statement itself can — and should — be
clearly formulated and explained.

The discussion of the results of the CHSH game paves the way to the presentation and

discussion of the Nobel Prize-winning experiments. In order to highlight the key issues
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Figure 2 In this version of the CHSH pairs of ping pong balls of different color and different solidity are
prepared by Charlie and closed in two boxes with lateral apertures to perform the measurements. The boxes
are then given to Alice and Bob who can just measure one property at a time: the color is observed by direct
inspection while the solidity is tested with a finger. The measurement protocol follows that described in the
caption of Fig. 1

of these experiments, we involve the public in the staging — a sort of ‘living crib’ — of the
experiment, which is described in detail in the next Section.

6 Staging the Nobel prize-winning experiments

Conducting (or even simulating) the Nobel prize-winning experiments with a source of
entangles states in a educational context — though in principle possible [33-35] — requires
sophisticated equipments and long acquisition times, making it unfeasible for our exhibi-
tion. We therefore decided to stage the experiment, directly involving the public in playing
its fundamental phases. At the very beginning we make it clear that - as we are obviously
not dealing with true entangled objects — the staging is meant to describe and understand
the key phases of the experiment and not to reproduce its results.

The entangled system is represented by any set of items characterized by two differ-
ent dichotomous properties. In our case, we have used either cards as before, or small
balls with different colors (green/yellow) and solidity (soft/hard) (see Fig. 2). The true ex-
periment should be performed with two different pairs of non commuting observables,
among which Alice and Bob should choose, e.g. photon polarizations at 0°/45° for Alice
and 22.5°/ — 22.5° for Bob (see below the description of Aspect’s experiment). Neverthe-
less, we decided to keep it simple and used the same set of observables for both Alice
and Bob. The “quantum” nature of these object is staged by keeping them closed in small
boxes, so that they cannot be seen until measured. Moreover, the boxes are designed so
that only one property at a time can be sampled. In the case of the small balls for instance,
we can observe the color by peeking through a small hole, while we can feel their solidity
with a finger, without looking into. In the case of cards, the box opening guarantees that
only one side of the card (back or front) can be observed. As schematized in Fig. 3, panel
a), the staged experiment proceed through the three phases:

(i) Preparation of the entangled state: The person featuring Charlie prepares pairs of
‘entangled’ items; as previously stated the items are not actually entangled, but are
prepared so that each pair is anti-correlated, as shown in Fig. 3 (i). All possible
combination of anti-correlated pairs are considered. Once prepared, Charlie puts
each item, separately, in a different closed box and sends them to Alice’s and Bob’s
labs (which are located at two different tables).
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(i) Measure (iii) Data analysis
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Figure 3 Phases of the staged Nobel prize-winning experiment. (i) Charlie prepares pair of “entangled cards”
and send them to Alice and Bob; (ii) Alice and Bob randomly chose and perform one measure; (jii) Charlie
collect the measurement result and calculates (S). Three groups of students play A, B and C, while the others
bring the “entangled cards” from Cto Aand B

(ii) Measure and data collection: Alice and Bob, featured again by two people among
the public, stay in their labs and receive their boxed item, which represent their part
of the entangled system. Independently and without communicating, they
randomly choose the type of measurement to be performed by throwing a coin.
The importance of the true randomness and independence of their choices is
highlighted, as it will be recalled afterwards, when the results of the actual
experiment are revised. As mentioned before, the boxes are designed so that only
the chosen property can be measured, while the other remains unknown
(undefined, in the quantum case). This procedure is repeated for a number of pairs,
and each time Alice and Bob separately record the results of their measurements in
a table in their logbook. At variance with the previous CHSH game, only half of the
items in their tables will be filled, as shown in Fig. 3 (ii).

(iii) Data Analysis and evaluation of (S): In the final step, Charlie collects both tables
and calculates the value of (S). This is done by taking the average of each product
column; on the average only one fourth of the cells in each column are filled. At this
stage, the obtained value of (S) is not important. Instead, it is relevant to show how
the statistics is performed and to make it clear that by performing a large enough
set of measurements, the correlation values evaluated by averaging over a subset of
the total possible pairs represents a statistically significant sample.

Having people playing the different phases of the experiment, even if only in a staged

version of it, makes it easier to get a clearer idea of the fundamental conceptual steps.

Then, the real experiment can be discussed, both making use of computer simulations,

for instance, the one provided by the Flytrap project [15, 36], and presenting one historical
experiment, such as the one of the Nobel Prize Alain Aspect [37]. Flytrap simulation of the
experiment allows performing step-by step measurements and verifying the violation of BI
(when statistics is high enough). As to Aspect’s experiment, performed in the early 1980s,
the key points of the experimental setup are described. First of all, pairs of polarization-

entangled photons are generated by a cascaded emission process in Calcium atoms, then
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the photons propagate to Alice’s and Bob’s laboratories where their polarization is mea-
sured. One of the key points of Aspect’s setup is that Alice and Bob randomly choose the
polarization measurement basis — i.e. the orientation angle of the polarimeters — during
photon time of flight: this is to avoid any possible influence between the measurements in
the two laboratories. Aspect’s results for the values of (S) demonstrate a violation of the
classical limit 2 by 50 standard deviations. Overall, the experiments conducted by the
Nobel Prize awardees have proven two key points:

(i) BI are indeed violated, meaning that EPR’s assumption was incorrect and the ‘true
theory of nature’ cannot be local-realistic, even with the inclusion of hidden
variables.

(i) The degree of violation aligns precisely with the predictions of quantum mechanics,
indicating that, to the best of our current knowledge, QP is the most accurate theory
describing nature.

7 Path implementation and preliminary validation
The formal methodological approach described above has been successfully implemented
to teach entanglement, the EPR paradox, and Bl in diverse educational contexts, including:

« Quantum Technologies Summer Schools for 12th-grade students (Como, 20202024,

« Online extracurricular courses for 13th-grade students [16]

+ Professional development programs for in-service high school teachers

« Public outreach events through the Italian Quantum Weeks initiative [11].

Notice that the educational framework outlined in Sect. 6 formed the foundation of the
2023 public exhibition “Dire lindicibile” (“Speaking the unspeakable”), presented in multi-
ple Italian cities. Participants were guided through the exhibition by physics PhD students,
with tours lasting approximately 90 minutes. While rigorous assessment of learning out-
comes remains challenging in such an informal settings, we conducted participant surveys
to gauge interest and satisfaction. Although not constituting formal validation, the results
demonstrated strong public engagement and appreciation for the content. The successful
maintenance of visitor attention throughout the abstract conceptual journey represents
a significant achievement in science communication. Free-response comments revealed
particular appreciation for:

+ The guides’ pedagogical skills in making complex concepts accessible

« Interactive elements requiring active participant involvement.

These findings suggest that both facilitator expertise and hands-on engagement compo-
nents are crucial success factors for science outreach initiatives. A more structured im-
plementation of our educational pathway was conducted through a three-day intensive
program at the FIM Department in Modena, involving 26 12th-grade students (19 male,
7 female) from science-focused high schools (Liceo Scientifico and Liceo delle Scienze Ap-
plicate). Participant motivations included:

« Specific interest in physics (14 students)

« General interest in science (10 students)

« Non-academic motivations (3 students)

An introduction to QP is actually part of the fifth year (13th grade) of Italian high school
scientific curriculum and it usually follows an historical approach, introducing the old
quantum theory (Plank’s equation, Bohr’s atom, photoelectric effect).

As probed by informal inquiry, most of the pupils in their 12th year had no previous
knowledge on the subject. In Fig. 4 (a), we report, as a cloud of words, the answers to the
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Figure 4 Words and sentences that students associate with quantum physics, visualized as a word cloud (in
[talian). The histogram displays the most frequently used terms (translated into English)

preliminary question “which concepts and words do you associate with quantum mechan-
ics?” It is interesting to briefly comment on the most cited words and concepts. Among
55 answers, only three were structured sentences (“Branch of modern physics that deals
with the study of matter and waves at the size of the atomic and subatomic order’, “Dou-
ble slit experiment, atomic structure, orbitals, interactions between atoms, string the-
ory, subatomic, quanta, waves” but also “not applicable to reality”). At the other extreme,
ten answers just provided scientist’ names (Bohr, Einstein, Heisenberg, Schrodinger and
Planck, but also Maxwell and Huygens!). As shown in Fig. 4 (b), the most cited words were
‘numbers’ (most likely referring to quantum numbers), ‘waves’ and ‘particles; followed by
‘quanta’ and ‘probability’ It is interesting to note that ‘relativity’ is also indicated several
times. ‘Entanglement’ is mentioned twice and EPR once. When asked, only one pupil was
able to tell what he knew about entanglement: “two entangled particles - even when far-
thest apart — remain in relation to each other”

To gather information on the path effectiveness, at the end of the stage, pupils’ under-
standing was probed with a post-test, consisting both in open and multiple-choice items,
as reported in Table 1. Open questions regarded (1) the definition of entanglement, (2)
the meaning of the hidden variables proposed by Einstein, and (3) the difference between
correlation and causation. We recognize that answers to (1) are quite difficult to evaluate:
while none of the pupils was able to provide a correct and complete definition of entan-
glement, most of them provided at least partially correct answers. As there is significant
arbitrariness in how these answers can be evaluated, we decided not to further pursue this
analysis (we can provide the original answers to the interested reader upon request).

On the other hand, as far as question (2) is concerned, most answers (17/26) capture the
key point, that is the fact that hidden variables would provide a deterministic explanation
of the probabilistic nature of QP. Examples of considered correct answers are: “unknown
variables that, if known, could be used to determine the state of an undetermined quantic

” «

situation’, “Variables used to demonstrate that physics is deterministic and not probabilis-
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Table 1 List of the three open questions and of the sentences corresponding to multiple-choice
questions (Q1) and (Q2). Correct (incorrect) answers are indicated with v* (x) symbols. Two sentences
(indicated by #) in (Q2) present subtle (minor) flaws: in sentence N, the term “the polarization” is used,
without specifying its direction, in sentence O “quantum photons” are mentioned, suggesting that
classical photons may also exist. A summary of pupils' answers are reported in Fig. 5

Open questions

1. Use your own words to explain what it means that two particles are entangled

2. What are the hidden variables hypothesized by Einstein?

3. "Correlation does not imply causation”: explain the meaning of this sentence and provide some examples.

Q1 sentences

a. Bell inequalities are always verified in nature

b. Bell inequalities are always verified under the assumption of realism and locality

c. Bell inequalities are always verified under the assumption of realism and non-locality
d. Bell inequalities violates the laws of relativity

e. Bell inequalities are always violates in quantum systems

f. Bell inequalities are violated in some quantum systems

N X X X N X

Q2 sentences

A. Charlie produces a pair of entangled photons

B. Charlie measures the photons

C. Alice and Bob agree on which polarization direction should be measured

D. Charlie sends one photon to Alice and the other to Bob

E. Charlie each time choose randomly weather to send a photon to Alice or to Bob

F. Alice receives a photon of the pair, Bob the other

G. Alice and Bob measure along the same polarization directions and write down the results
H. Both Alice and Bob measure their photon, only along one polarization direction

(chosen randomly) and write down the result

I. Alice and Bob measure all polarization direction of each photon

L. Charlie produces a pair of quantum photons

M. Alice receives both photons and than she sends them to Bob

N. Alice and Bob measure the polarization of their photon

O. Charlie produces one single entangled photon at a time

P Alice and Bob choose the polarization direction to measure randomly and independently
Q. Alice and Bob measurements are not commutative

R. Alice and Bob measurements are commutative

X N X N X X N

X NN X FE X OE XL

” «

tic”, “Einstein believed that quantum physics was not really based on probability, but that
some hidden variables do exist (even if somehow inaccessible for us), which - if known -
would allow us to measure and predict exactly all quantum phenomena” (7/26) answers
were considered incorrect, as they mainly focus on the fact that these variables are un-
known, e.g., “Hidden variables are variables which can not be seen nor predict’, “Variables
which we do not take into account, not thinking they may have an effect on what we are
observing”). (2/26) pupils did not answer.

It is interesting to note that question (3), was answered correctly only by (10/26) pupils.
Among them, only one pupil provided a novel example, different from the one proposed
during the class. Among wrong answers, most of them (8/26) confuse causality (causalitc)
with randomness (casualita), while (4/26) confuse the idea of spurious correlation with
that of correlation without causation. This result shows that this key concept is not trivial,
and that (at least in Italy) special care in the use of the similar terms (causalita/casualita)
should be always taken.

Concerning the multiple-choice part of the test, pupils were asked to choose among sev-
eral statements the ones that correctly describe BI (Q1) and the statements which describe
the fundamental phases of the CHSH experiments (Q2), as enlisted in Table 1.

A summary of the results of (Q1) and (Q2) answers is reported in Fig. 5. Regarding (Q1),

the two correct answers were chosen by the majority of pupils — 10 students (50%) and
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(Q1) Which of the following sentences (Q2) Which of the following sentences
regarding Bell’s inequalities are correct? regarding CHSH experiment are correct?
v A 16 (70% )
X a 3 (12%) X Bif-0(0%)
X C 2 (9%)
v b 12 (50%) v D 19 (83%)
X E 2 (9%)
xc VF 19 (83%)
X G j— (13%)
xd 4 u7%) vV H 16 (70%)
xe 1 (14%) X 1 |-0(0%)
L 1 (48%)
v f 20(84% X M[-0(0%)
N 9 (39%)
0 5 10 15 2 S — (9%)
v P 14 (61%)
v nc 18 (78%)
X c—3 (13%)

0 5 10 15 20

Figure 5 (Q1) Among 26 pupils that answered to Q1 (see Table 1 for the list of the sentences), 12 recognize as
correct both sentence (b) and (f). Only four chose only wrong sentences, while two did not answer. (Q2)
Among 23 pupils that answered to Q2, 9 pupils selected all correct sentences, 7 made one mistake or fail to
recognize one correct sentence, 2 pupils choose more than one wrong sentences, 5 fail to recognize more
than one correct answer. For both questions, it was possible to chose more than one answer.

20 students (83%), respectively — while each of the four incorrect answers was selected
by four students or fewer. It is interesting to note that the most chosen wrong answer (4
students) concerns an alleged “violation of the laws of relativity” While the sentence in
itself is completely wrong and has also no logical meaning, this choice suggests — as it can
be expected — that QP non locality is the most difficult consequence of BI violation to be
understood and accepted.

Concerning question (Q2), as detailed in the caption of Fig. 5, almost 80% of the pupils
chose the correct sentences regarding Charlie, Alice and Bob roles (sentences A, D, F),
the random choice of Alice and Bob measurements (H and P), and that the observables
measured by A and B are not commutative. Moreover, more than 60% of the pupils selected
all the correct answers or made only one mistake, while less than 20% provided no answer
or made several mistakes.

Finally, participants were asked (Q3) to chronologically order the phases they selected
in (Q2). The results of this assessment component are summarized in Fig. 5. For Q3, we
accepted two correct sequences:

+ The basic sequence: A —-D - F—> Q - H

+ An extended sequence including additional phases L and O
Fifteen students correctly identified the temporal ordering, with phases H and Q con-
sidered chronologically interchangeable. Among the wrong choices, the most notable is
failing to select (H), that is the phase of the experiment when Alice and Bob randomly
choose the polarization to be measured, perform the measurement and write down the
result. While acknowledging limitations in sample size (26 participants) and assessment
design (open-response questions with limited multiple-choice items), the outcomes ap-
pear positive and promising. These results suggest that:

« Motivated high school students can successfully engage with this complex subject

matter

+ Meaningful learning outcomes can be achieved through targeted pedagogical

approaches.
This interpretation is supported by the participant feedback results shown in Fig. 6, which
demonstrates strong overall satisfaction with the program. Particularly noteworthy are
the high scores in both assessment performance and positive survey responses, indicating
both cognitive gains and effective engagement.
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Figure 6 Results of the final feedback survey. Pupils were asked to (anonymously) state their agreement to
the reported sentences

8 Conclusion

In recent years, with the emergence of quantum technologies, initiatives aimed at dissem-
inating awareness about the foundations of Quantum Physics to the general public have
become increasingly numerous. In this context, entanglement and its consequences are
frequently used primarily to capture the public imagination, often waiving scientific rigor
and sometimes leading to profound misconceptions. In fact, we believe that sharing the
story of entanglement, the EPR paradox, and BI is essential, as these concepts are now
woven into our cultural heritage and exemplify a landmark of scientific progress—one of
the most remarkable achievements of twentieth-century physics. Furthermore, retracing
the journey to experimentally verify BI violations over decades of precise, delicate work
offers invaluable insights into the scientific process itself.

The real challenge lies in finding a way to explain the core character of this rather unique
physical situation, so different from everyday experience, while avoiding misleading mes-
sages and misconceptions. Our experience has demonstrated that it is indeed possible to
communicate these complex ideas to non-experts with only minimal use of mathematics,
focusing on key elements like the structure of the entangled state and the derivation of
BI. While a mathematical foundation is crucial, it must be paired with accessible, engag-
ing communication that employs analogies and actively involves the audience. Integrating
‘gaming’ activities proved to be a crucial factor in the success of our educational approach,
fostering curiosity and a hands-on understanding that brought these abstract concepts to
life. In particular, any educational path regarding entanglement and EPR should address
the issue of effectively presenting the Nobel Prize-winning experiments that eventually
provided evidence for BI violation. Reproducing the real experiments based on entangled
photon sources, though in principle possible even with off-the-shelf apparatuses, is never-
theless beyond the possibilities of most educational initiatives. We showed that our staging
activity is a valuable and viable solution to this problem. Besides the ease of implementa-
tion, this approach introduces personal experience and elements of embodied cognition,
facilitating grasping and retaining the key meaning of the otherwise quite cumbersome

and complex experimental steps.
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In conclusion, we believe that our strategy, which uses ad-hoc designed staging activities
to convey reasoning, offers an effective and engaging way to communicate the profound
implications of quantum entanglement and its experimental verification, making these
concepts accessible to a broader audience.
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